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ABSTRACT 

 

This thesis is comprised of two parts. In the first part, I show the application of seismic S-wave cross-

borehole tomography in different geological environments and find optimal processing and 

interpretation flows adapted to different exploration questions. In general, S-wave tomographic imaging 

offers many additional parameter estimates and interpretational insight compared to P-wave tomography 

on its own. In the first case study, I show that prior to the construction of a large infrastructural project, 

cross-borehole P- and S-wave tomography can be effectively used to derive elastic parameters, and 

detect a large weak zone in highly weathered and karstic limestone. In the second case study, I used 

S-wave tomography, in conjunction with MASW and SCPT measurements, to improve an earthquake 

velocity model, by increasing the reliability of the near-surface S-wave velocity, and detecting zones of 

variable surface wave amplification. These two case studies were complemented with S-wave 

measurements in an overconsolidated clay environment, were different processing and interpretational 

capabilities of S-wave tomography were developed. One of the disadvantages of interpreting S-wave 

velocities, is the lower measurement accuracy of the S-wave traveltimes compared to P-wave 

traveltimes. To overcome this limitation, I propose a new method, whereby the less accurate S-wave 

traveltimes are structurally coupled to the more accurate P-wave traveltimes. This joint-inversion 

approach resulted in more accurate S-wave tomographic images, enhancing the interpretational 

capabilities. Further, I show that anisotropy plays an important role when interpreting S-wave data. 

Measurements with two directional sources produced differently polarised S-waves, which travelled at 

different velocities. The measurements show that S-wave anisotropy is far more severe compared to P-

wave anisotropy, especially in a near-surface environment, and could be a reason for the reduction in 

accuracy, if an isotropic approach is taken. Parameters for a vertically transversely isotropic (VTI) 

medium were estimated by jointly inverting P- and S-wave traveltimes, which markedly improved the 

data fit and resolution of the tomographic images.  

 

The second part of the thesis shows the benefit of enhancing legacy seismic data from the Kalahari-

Karoo Basin, Botswana. The curvelet transform is employed to reduce noise, thereby enhancing the 

interpretational capabilities of the post-stack reflection seismic sections. I show that the reflection 

seismic method, and in particular re-utilising legacy data, is an invaluable tool to prospect for coalbed 

methane resources in Botswana.  
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1. INTRODUCTION  

 

Geophysical surveys provide cost-effective means for the exploration of geological structures. Seismic 

traveltime tomography in particular is a high-resolution method commonly applied to various fields. 

Seismic data for tomographic analysis has been acquired for geotechnical site characterisation 

(Yamamoto et al., 1994; Angioni et al., 2003; Rumpf and Tronicke 2014), hydrogeological studies 

(Fechner, 1998; Paasche et al., 2006; Doetsch et al., 2010), mining exploration (Seebold et al., 1999), 

the monitoring of radioactive nuclear waste (Wong et al., 1983; Marelli et al., 2010), and reservoir 

characterisation (Macrides et al., 1988; Zhang et al., 2012). Commonly only the P-wave is interpreted 

in such surveys (Paasche et al., 2011). In this thesis, I evaluate S-wave tomography in different 

geological settings and find optimal processing and interpretation flows adapted to different exploration 

questions. In general, I show that jointly measuring and interpreting P- and S-waves offers many new 

insights compared to P-wave data on their own.  

 

Firstly, S-wave measurements for tomographic analysis are advantageous for geotechnical applications, 

as they do not suffer from sampling biases as is the case with direct push technologies, such as the 

Standard Penetration Test (SPT) or the Cone Penetration Test (CPT) (Andrus and Stokoe, 2000; Clayton 

et al., 2012). In addition, the S-wave velocity is a mechanical soil property and directly related to the 

small-strain Shear modulus (Mayne, 2001). Jointly interpreting both the P- and S-wave data enables the 

determination of additional elastic parameters such as Poissonôs ratio, Youngôs modulus and the Bulk 

modulus, which, as shown by Dietrich and Tronicke (2009), can aid the geological interpretation. 

 

Secondly, different directional seismic sources can be employed while maintaining the same acquisition 

geometry. Thus, a jointly measured dataset consisting of different traveltimes (P- and S-wave 

traveltimes) can be acquired. These traveltimes enable the estimation of the P- and S-wave velocity, by 

jointly inverting the different datasets. Often a direct parameter coupling or a structural coupling is 

emplaced (Gallardo and Meju, 2003, 2004; Moorkamp et al., 2011). Such a joint inversion ensures that 

the error is minimised taking all data into consideration and that the resulting tomographic images are 

compatible. Generating and interpreting only P-wave data does not offer this capability.  

 

Finally, when employing directional sources in an anisotropic environment, different S-wave modes are 

generated, such as a horizontally polarised S-wave (SH-wave) and a vertically polarised S-wave (SV-

wave) (Ku and Mayne, 2014; Mackens et al., 2017). Recording these different S-wave mode traveltimes, 

enables an anisotropy parameters estimation. Zhou et al. (2008) describe such an anisotropy parameter 

estimation, which they realise with an inversion based on the traveltime perturbation equation. 

 



17 

 

The second part of the thesis focuses on the application of the curvelet transform to reflection seismic 

data. The curvelet transform is a multi-resolution transform and was originally designed to denoise 

images (Starck et al. 2002; Candès and Guo 2002; Candès and Donoho 2004). Recently, the curvelet 

transform has been successfully applied to reflection seismic data for denoising purposes (Hennenfent 

and Herrmann, 2006; Neelamani et al., 2008; Shan et al., 2009; Górszczyk et al., 2014, Naghizadeh and 

Sacchi, 2018). I show that legacy reflection seismic data can be cost-effectively denoised and enhanced 

by manipulating the data in the curvelet domain. 

 

This thesis complements the work of the Seismic Research Centre at the University of the 

Witwatersrand. Over the last 10 years the seismology research group has worked with 2 and 3D 

reflection seismic data from the Witwatersrand Basin, the Bushveld Complex and the Orange Basin, 

with geological and geophysical logs, conducted laboratory rock physics and generated synthetic 

seismograms. This thesis expands the research groupôs know-how for near-surface studies, both in terms 

of techniques, notably joint-inversion of P- and S-waves, the estimation of anisotropy and the application 

of the curvelet transform, and in terms of the type of data, notably crosshole and coalbed methane 

reflection data from the Kalahari-Karoo Basin. 

 

1.1 Structure of the Thesis 

The thesis is based on five papers and organised as follows. 

 

Chapter 2 serves as an overview of the geophysical theory addressed in the subsequent publications. 

First, the theory of seismic tomography, with the different inversion algorithms, is covered. Then the 

advantages of generating and interpreting S-waves in conjunction with P-waves for geotechnical site 

characterisation is discussed, prior to introducing the concept of seismic anisotropy. Further, the 

acquisition of seismic data for tomographic analysis is described, with the different equipment shown. 

Finally, the curvelet transform and its ability to denoise seismic data is introduced.  

 

Chapter 3, Paper I  shows the application of a co-located P- and S-wave tomography survey in Kuala 

Lumpur to delineate a large zone of weakness for a geotechnical site characterisation of a large-scale 

infrastructural project. Conducting such a co-located survey showed a better interpretation capability 

than a P- or S-wave tomogram on its own. Elastic parameters, i.e. P- to S-wave velocity ratio, Poissonôs 

ratio, bulk modulus, Youngôs modulus and the shear modulus were derived from the P- and S-wave 

tomography data. This enhanced the interpretation, as areas with limited traveltime accuracy and thus, 

an increase in tomographic error, could be identified, and the extent of a large cavity could be estimated 

more reliably. 
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As the papers first author, I lead the data acquisition, processed and interpreted the data and wrote the 

paper. The second author, Thomas Fechner, had the original idea of acquiring and interpreting co-

located P- and S-wave tomography data. The third and fourth author, my PhD supervisors Musa Manzi 

and Raymond Durrheim, read the manuscripts and provided thoughtful comments.  

 

Chapter 4, Paper II  describes different measurements conducted to derive the S-wave velocity in the 

area of the onshore Groningen gas field in the Netherlands up to a depth of 30 m. These measurements 

include offset seismic cone penetration tests (OSCPT), multichannel analysis of surface waves 

(MASW), microtremor array, cross-borehole tomography and suspension P-S logging. Specifically, 

MASW, OSCPT and tomography measurements revealed considerable lateral S-wave velocity 

variations of the unconsolidated sediments. The measured S-wave profiles were used to update the 

velocity model in the Groningen gas field and will be useful for a better seismic hazard and risk analysis 

in the future.  

 

The primary authors of the paper, Rik Noorlandt, Pauline Kruiver, Marco de Kleine, Marios Karaoulis 

and Ger de Lange of Deltares were responsible for the geophysical project management, data integration 

and wrote the majority of the paper. I contributed by leading the tomography data acquisition, analysing 

the data and writing of the tomography section in the paper. Other co-authors contributed for data 

acquisition and analysis, or were project partners. 

 

Chapter 5, Paper III  discusses seismic cross-borehole measurements in a near-surface aquifer 

environment at the SAFIRA research facility in Zeitz, Germany. Two different directional sources were 

employed, a horizontal and vertical source, and the data were recorded with a tri-axial multi-level 

receiver array. The two different directional sources produced P-waves, horizontally polarised S-waves 

and vertically polarised S-waves. A joint-inversion utilising cross-gradient constraints improved the S-

wave tomograms and enabled a better interpretation than the individually inverted tomograms on their 

own. 

 

As first author, my contribution to the paper was the following. I had the original idea of testing with 

two directional sources to acquire data for tomographic analysis in an overconsolidated environment. I 

initiated a search for a suitable test site, conceptualised the survey and lead the data acquisition on-site. 

I further had the idea of jointly interpreting the data, wrote the inversion code, analysed the data and 

wrote the paper. The second author, Thomas Fechner, had the idea of manufacturing the equipment that 

was used, supported me with the survey conceptualisation, helped with the data acquisition, partially 

funded the project and read and improved the manuscripts. The third and fourth author, my supervisors 

Musa Manzi and Raymond Durrheim, read the manuscripts and provided thoughtful comments. 
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Chapter 6, Paper IV discusses the same seismic dataset for tomographic analysis of Paper III . 

However, in this paper, anisotropy effects are examined in more detail. First, a polarisation analysis is 

conducted, which revealed an anisotropy zone that can be approximated by a vertically transversely 

isotropic (VTI) medium. Then, a joint-inversion for VTI anisotropy parameters is proposed utilising 

cross-gradient constraints to stabilise the inversion. Finally, an inversion for the anisotropy parameters 

is conducted, which shows considerable (10% to 15%) S-wave anisotropy. In comparison the P-wave 

anisotropy is negligible, leading to the interpretation that S-wave anisotropy is far more severe in a near-

surface environment compared to P-wave anisotropy.  

 

The author contributions for this paper are similar to the ones for Paper III, since the same dataset was 

used. As first author, I had the idea of deriving anisotropy parameters by inverting the traveltimes, wrote 

the joint-inversion code, analysed the data and wrote the paper. The second and third author were my 

supervisors Musa Manzi and Raymond Durrheim, who read and improved the manuscripts. Fourth 

author, Thomas Fechner, had the same contribution as for Paper III. 

 

Chapter 7, Paper V shows the application of the curvelet transform to enhance legacy seismic data 

from the Kalahari-Karoo Basin, Botswana. Since the discovery of coalbed methane (CBM) resources, 

these seismic data, initially acquired in the 1980s, became relevant again. The paper describes an 

effective procedure to denoise legacy post-stack reflection seismic data, by operating in the curvelet 

domain and manipulating the curvelet coefficients by different thresholding techniques.  

 

My contribution as first author was the following. I wrote the code for denoising the data, processed the 

data and wrote the paper. The second author, Musa Manzi, had the original idea of applying the curvelet 

transform to data from the Kalahari-Karoo Basin and read and improved the manuscripts. Third author, 

Raymond Durrheim, also read and improved the manuscripts. 

 

Chapter 8 concludes the findings and provides an outlook for future research. 
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2. GEOPHYSICAL THEORY  

 

2.1 Seismic Tomography 

Computerised tomography has its origin in medical imaging, where for example X-Ray or ultrasound 

sources and receivers are closely placed around a patient to produce detailed images used for diagnoses 

(e.g. Kak, 1979). The geophysical community caught on to the new opportunities provided by 

tomographic imaging, both in the exploration and global geophysical spheres. For example, tomographic 

imaging based on seismic traveltimes from earthquake sources proved highly successful in imaging the 

circulation of material in the mantle (van der Hilst et al., 1997), subduction slabs (van der Hilst et al., 

1991; Pavlis et al., 2012), and mantle plumes (Zhao, 2004). The first application of tomographic imaging 

in an exploration seismological setting was conducted by Bois et al. in 1972 between two reservoir 

wells. Since then, cross-borehole seismic tomography has evolved to a commonly applied high-

resolution method. 

 

The principle of seismic tomography is to estimate physical property distributions by using a number of 

different projections. These projections are usually the traveltimes along a raypath, but can also be 

amplitudes (Quan and Harris, 1997), or more recently the full seismic waveform (Lüth et al., 2014). 

Figure 2.1 shows the principle of tomography by sampling a medium in between two vertical boreholes. 

The lines show the projections, in this context they are the raypaths of the seismic waves. From the 

traveltime inversion a physical property, such as seismic slowness, can be estimated. 

 

 

Figure 2.1: Principle of cross-borehole seismic traveltime tomography. The lines show the sampling of 

the medium and are the raypaths, i.e. the projections. From a traveltime inversion a physical property 

distribution, for example a 2D P-wave slowness distribution, can be estimated. 

 

Seismic tomography is a subset of inverse theory, whereby a function, i.e. the physical property, is 

reconstructed from its line or plane integrals (Natterer, 1986). In other words, the measured projections 

are the Radon Transform (Rf) of a physical property function (f) summed along a line (L) 
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 ὙὪὒ ὪὼȿὨὼȿȢ (2.1) 

The challenge is to find the physical property (f), from the measurements (Rf), through the inverse Radon 

Transform, for which there are many different approaches. These can be categorised into transform 

methods, such as filtered backprojection and Fourier techniques, and series expansion methods, such as 

the Simultaneous Iterative Reconstruction Technique (SIRT) algorithm and least-squares methods 

(Stewart, 1991). 

 

Most of these methods, discretise the medium into many different cells, with the medium property 

assumed constant in each cell. Generally in seismic tomography, we have to sum the model property in 

a given cell with the distance the ray has travelled in that particular cell. This principle of discretisation 

and summation for a single raypath is shown in Figure 2.2. 

 

Figure 2.2: Principle of discretisation in seismic tomography. A raypath passes through cells m2, m3 and 

m4. The traveltime (ʐ) is a sum of all model cell properties and the raypath segment distances of x2, x3 

and x4 (modified from Vesnaver and Böhm, 2000). 

 

The raypath associated with the traveltime (ʐ) in Figure 2.2, passes through cells m2, m3 and m4. Thus, 

the traveltime (ʐ) is given by 

 ʐ ØÍ ØÍ ØÍȟ (2.2) 

with the model slowness (Í ) and raypath segments (Ø), that correspond to the ith raypath. The raypath 

segments, i.e. lengths of the ray in each cell, are simply the traveltime derivatives (or Jacobian matrix) 

with respect to the slowness model  

 Ø
‬ʐ

‬Í
Ȣ (2.3) 
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Thus, for many raypaths, equation 2.2 can be expressed in matrix form as 

 Ⱳ
‬ʐ

‬Í
Í ἔἵȟ (2.4) 

with the Jacobian matrix (ἔ), the discretised slowness model (m), and the observed traveltimes ( ). 

 

Equation 2.4 is non-linear, in that the raypaths (Ø) are dependent on the slowness model (ἵ ) and need 

to be updated after the computation of a new model (ἵ ), at iteration k + 1. Therefore, equation 2.4 

is iteratively solved, starting with a first guessed model (e.g. the average velocity for all traveltimes with 

straight, linear raypaths). Subsequent raytracing provides calculated traveltimes, which are then 

subtracted from the observed traveltimes, forming a traveltime residual. Thus, the slowness model is 

updated by solving for a model perturbation (ɝἵ) that fits the traveltime residual (ɝ) 

 ἔɝἵ ɝȢ (2.5) 

The model (ἵ) is then updated by adding the perturbation (ɝἵ) 

 ἵ ἵ ɝἵ Ȣ (2.6) 

Further iterations are computed, starting with a raytracing through this updated model (ἵ ). 

 

Because, a raypath generally only passes through a very limited number of model cells, the Jacobian (ἔ) 

has the following features. Firstly, J consists mainly of zeros (in general approximately 1% are non-

zero). Secondly, the matrix is usually large. Even for a relatively small traveltime inversion, we have at 

least 1,000 traveltimes and 10 x 20 model cells. The Jacobian (ἔ) would then have 200,000 (mostly zero) 

entries. Thirdly, the matrix is ill-conditioned, with condition numbers as large as ρπ not uncommon 

(Scales et al., 1988). Finally, even though the matrix has generally more rows than columns (i.e. more 

traveltimes to fit than model cells), it is generally still an under-determined or mixed-determined 

problem that needs to be solved. For that reason, no single solution exists to equation 2.5 and it is usually 

not possible, to simply compute the generalised inverse (ἔ ) and solve for the model perturbations 

(ɝἵ) with 

 ɝἵ ἔ ɝ . (2.7) 

Since there is no unique model to fit all the observations ( ), equation 2.5 is generally solved in a least-

squares sense and an objective function is defined that is subsequently minimised. There are different 

methods to achieve this. In this thesis, I used two different approaches. Firstly, I solve equation 2.5 by 

using the software GeotomCG, which employs the Simultaneous Iterative Reconstruction Technique 

(SIRT) algorithm. I used this algorithm in Chapter 3 and 4, for example to invert P- and S-wave 
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traveltimes and estimate P- and S-wave velocities in a karstic environment in Kuala Lumpur and to 

obtain elastic properties prior to construction of a Mass Rapid Transit station. Secondly, equation 2.5 

can be solved with an LSQR algorithm, which I used in Chapter 5 to perform a joint-inversion for P- 

and S-wave traveltimes to estimate the velocities at the SAFIRA site, and in Chapter 6 to estimate 

anisotropy parameters, also at the SAFIRA site. 

 

2.1.1 SIRT algorithm 

The SIRT algorithm is based on the Kaczmarz method (1937) of solving simultaneous equations and 

first proposed by Dines and Lytle (1979), and summarised by Stewart (1991). Mathematically, equation 

2.5 is solved, expressed as 

 ɝʐ ØɝÍȟ (2.8) 

with the traveltime residuals (ɝʐ), the model slowness (Í ) and raypath segments (Ø), subject to the 

constraint that the model perturbations should be as small as possible, i.e.  

 ÍÉÎ ɝÍ Ȣ (2.9) 

Using a Lagrange multiplier (‗), an objective function (ὑ) is formulated for equation 2.8 with constraint 

2.9 as (Al-Yahya, 1985, p. 135) 

 ὑ ɝÍ ‗ØɝÍ ‗ɝʐȢ (2.10) 

This objective function (equation 2.10) needs to be minimised. Thus, the derivative with respect to the 

model parameter (‬ὑ‬ɝάϳ ) should be zero, i.e. 

 
‬ὑ

‬ɝÍ
ςɝÍ ‗Ø πȟ (2.11) 

 ɝÍ
‗Ø

ς
Ȣ (2.12) 

When substituting equation 2.12 into 2.8, we can solve for the Lagrange multiplier (‗) 

 ‗
ςɝʐ

ВØ
Ȣ (2.13) 

With the known Lagrange multiplier (equation 2.13), the model perturbation (equation 2.12) is stated as 

 ῳά
ɝʐØ

ВØ
Ȣ (2.14) 

This equation can be understood as the multiplication of two factors. Factor one is given by ɝʐ ВØ 

and is the total slowness error. Factor two is given by Ø ВØ and is the proportion of the i th ray in a 
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particular j th cell. Thus, the product of these two factors is the (smallest possible) slowness error that is 

proportionally assigned to the cell (Stewart, 1991). This is essentially the algebraic reconstruction 

technique (ART), whereby the model (ɝÍ  is continuously updated, raypath by raypath. 

 

A better approach is to update the perturbation contributions only at the end, after all perturbation 

contributions are determined. This is how the SIRT algorithm works. In other words, the jth cell slowness 

(Í ) is updated simultaneously using all of the slowness errors that are computed for the raypaths that 

intersect that jth cell, such that  

 ɝÍ
ρ

ὔ
ɝÍȟ (2.15) 

with the number of raypaths (ὔ) that intersect cell Í .  

 

This model slowness perturbation (ɝÍ, equation 2.15), is added to the previous slowness model (Í) by 

using equation 2.6. Subsequently, a raytracing algorithm, in case of GeotomCG a raytracing algorithm 

of Um and Thurber (1987), is employed, which finds new raypath segments. The process of finding a 

new slowness perturbation (equations 2.14 and 2.15) is then repeated. The stopping criteria is usually 

limited by the number of iterations (e.g. 20 raytracing and SIRT iterations). 

 

2.1.2 LSQR algorithm 

For the SIRT algorithm the objective function (equation 2.10) was defined with the constraint of 

minimising the model perturbation update. Alternatively, an objective function can be defined directly 

from the fundamental tomographic equation 2.5 by minimising a residual error (Ἲ) of the form (Scales 

et al., 1988) 

 Ἲ᷆᷆ Ў᷆ ἔЎἵ᷆ȟ     Ð ρȢ (2.16) 

Generally, for the sake of simplicity, the least-squares version of equation 2.16 is chosen, although some 

publications show that the choice of an Љρ norm, or an Љς norm with the removal of outliers, i.e.  

ρ Ð ς, may be better, since outliers effect the least-squares Љς norm more (Nolet, 1987, p. 14). 

Nonetheless, the least-squares version of equation 2.16 is given by 

 Ἲ᷆᷆ Ў᷆ ἔЎἵ᷆ȟ (2.17) 

 ἺἺ Ў ἔЎἵ Ў ἔЎἵ ȟ (2.18) 

 ἺἺ Ў Ўἵ ἔ Ў ἔЎἵ ȟ (2.19) 
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 ἺἺ Ўά ὐὐЎά Ўά ὐЎ† Ў†ὐЎά Ў†Ў†ȟ (2.20) 

 ἺἺ ς
ρ

ς
Ўἵ ἔἔЎἵ Ўἵ ἔЎ Ў ЎȢ (2.21) 

 

Minimising ἺἺ resembles the minimisation of the quadratic form in matrix notation, where the problem 

 ÍÉÎὀἋὀ ὀἪ Ἃὀ Ἢ. (2.22) 

Therefore, when finding the minimum of ἺἺ (equation 2.21), the least-squares version of equation 2.5 

emerges as 

 Ўἵ ἔἔ ἔЎ . (2.23) 

 

The problem with this least-squares version is its sensitivity to noise. For that reason the objective 

function is defined with an additional Tikhonov regularisation term ( ), such that 

 Ἲ᷆᷆ Ў᷆ ἔЎἵ᷆ ᷆Ўἵ  ᷆ (2.24) 

and the least-squares version then given by 

 Ўἵ ἔἔ ἔЎ . (2.25) 

These least-squares equations (equations 2.23 and 2.25) can be solved with an LSQR algorithm (Paige 

and Saunders, 1982), which is a variant of the conjugate gradient algorithm (Nolet, 1987). The LSQR 

algorithm is better, both in terms of error and convergence (Nolet, 1984; Nolet, 1985), than the SIRT 

algorithm, and employs a factorisation of the matrix product ἔἔ (or ἔἔ ) into an orthogonal 

matrix (Ἕ) and an upper triangular matrix (ἠ), i.e. QR-factorisation. Finding the inverse of this factored 

matrix Ἕἠ  is then straightforward, since the inverse of an orthogonal matrix is equivalent to its 

transpose, i.e. Ἕ Ἕ , and the inverse of an upper triangular matrix can be found easily by back 

substitution. Algorithmically, LSQR is iterative and has a stopping criteria based on convergence 

criteria, the residual or the number of iterations.  

 

Equivalent to the SIRT algorithm, the slowness perturbation update Ўἵ is added to the known slowness 

model ἵ (equation 2.6). This process is repeated by starting with the next curved raytracing iteration 

through this new slowness model, until all curved raytracing iterations are performed and the resulting 

computed traveltimes are similar enough, e.g. root-mean-square error, to the observed traveltimes. 
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2.1.3 Joint-inversion 

Previously, the model consisted only of a single parameter, e.g. P-wave slowness or S-wave slowness. 

When interpreting P- and S-wave traveltimes, recorded with the same acquisition geometry, then two 

model parameters, P-wave slowness and S-wave slowness, can be estimated by jointly inverting the P- 

and S-wave traveltimes. The simplest version of such a joint-inversion would be to expand the Jacobian 

matrix to accommodate both P- and S-wave raypath lengths, as well as the traveltime residual vector Ў† 

for both P- and S-wave traveltime residuals (Tryggvason et al., 2002; Moorkamp et al., 2011). Then the 

inversion result produces a model perturbation vector Ўἵ for both the P- and S-wave velocity. Thus, 

the Jacobian (ἔ), model perturbation vector (Ўἵ) and residual traveltime vector (Ў) are then given by 

 ἔ
ἔ π
π ἔ

, (2.26) 

 Ўἵ
Ўἵ
Ўἵ

ȟ (2.27) 

 Ў
Ў
Ў

, (2.28) 

with the subscripts P and S denoting P-wave and S-wave data. Everything else remains the same, such 

as the objective function and the solution using an LSQR algorithm.  

 

The problem with this simple approach is the following. Firstly, the S-wave travels at a far lower velocity 

than the P-wave. Depending on the velocity ratio (ÖȾÖ) the difference in traveltime is a factor of 

approximately 2 (consolidated rock, see Chapter 3) to 10 (near-surface soft sediments, see Chapter 4 

and 5). Thus, when minimising the residual error, largely the S-wave traveltimes are fitted to a better S-

wave slowness model. The P-wave traveltimes are only poorly fitted, since they play a small or even 

negligible role towards the error. Thus, an accurate S-wave slowness model is obtained, but a poor P-

wave slowness model. For this reason, I introduced a factor that compensates for this resolution 

difference. This factor (‍) is defined as the difference in standard deviation between the P- and S-wave 

traveltimes. Hence, the Jacobian and regularisation () are expressed as 

 ἔ
‍ἔ π
π ἔ

ȟ (2.29) 

 
‍ π
π

. (2.30) 

Such a joint-inversion approach was chosen in Chapter 5 and Chapter 6, with an additional structural 

constraint, i.e. cross-gradient constraints, to ensure good agreement between the resulting models. 
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2.2 S-wave Velocities for Geotechnical Site Characterisation 

Usually P-waves are used more frequently for high-resolution cross-borehole seismic surveys for 

tomographic analysis than S-waves (Paasche et al., 2014). However, estimating the S-wave velocity has 

many advantages for geotechnical site characterization (Andrus and Stokoe, 2000; Clayton et al., 2012). 

Firstly, the S-wave velocity can be obtained in areas that are otherwise difficult to sample by drilling. 

Secondly, S-wave velocity measurements do not suffer from sampling biases as is the case with direct 

push technologies, such as the Standard Penetration Test (SPT) or the Cone Penetration Test (CPT). 

Thirdly, the S-wave velocity is a mechanical soil property and directly related to the small-strain Shear 

modulus ('), expressed by the relationship 

 ' ʍÖȟ (2.31) 

with the bulk density (ʍ) and the elastic shear wave velocity (Ö) that is generated at very small strain 

amplitudes of less than ρπϷ (Sully and Campanella, 1995). The relationship between the Shear 

modulus (G) and the shear strain (ɾ) is shown below in Figure 2.3. The Shear modulus increases with 

a decrease in the shear strain, which depends on the amplitude of a seismic vibration (!) and the S-wave 

velocity (Ö). 

 

Figure 2.3: Relationship between the Shear modulus (G) and the shear strain (ɾ), modified after Mayne 

(2001) is shown. Note the inverse relationship between G and ɾ and the flattening out of G for very 

small ɾ. This flattening out is referred to as the maximum Shear modulus '. The Shear modulus axis 

is linear and magnitudes of G are dependent on the material. 

 

This Shear modulus increases steadily for smaller shear strains, with the relationship flattening out for 

very small shear strains. This area is denoted as the maximum Shear modulus (' ), or also denoted 

 '. Even though the Shear modulus does not approach an asymptote, but instead continuously increases 

with smaller shear strains (Cox, 1856), this flattening out is practically considered as the upper stiffness 
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limit of the soil and is therefore an important parameter in geotechnical engineering (Clayton et al., 

2012). For example it is used to determine the deflection of shallow and deep foundations, retaining 

walls and embankments (Mayne, 2001). It is also used to evaluate the liquefaction resistance of soils in 

earthquake prone environments (Andrus and Stokoe, 2000; Tokimatsu and Uchida, 1990). Importantly, 

' applies to both drained and undrained environments, as the pore water pressure does not take effect 

at these small strains (Mayne, 2001). 

 

Further elastic parameters can be calculated if both the P- and S-wave velocities are known. Among 

them are Poissonôs ratio (ʉ), Youngôs modulus (%), the bulk modulus (K), and the ratio between the P-

wave and S-wave velocity (ÖȾÖ). These elastic parameters can be determined by 

 ʉ
Ö ςÖ

ςÖ Ö
ȟ (2.32) 

 % ς' ρ ʉȟ (2.33) 

 +
%

σ φʉ
ȟ (2.34) 

with the P-wave velocity (Ö), the S-wave velocity (Ö), and the small strain shear stiffness ('). 

 

The S-wave velocity of an earth material can be determined by a number of different seismic methods. 

Principally, they can be divided into surface and borehole methods. Among the surface methods it is 

possible to determine the S-wave velocity using refraction seismic or analysing surface waves, e.g. using 

the Continuous Surface Wave (CSW) or the Multichannel Analysis of Surface Waves (MASW) methods 

(Clayton et al., 2012). Borehole methods include the Downhole Test (DHT) and the Crosshole Test 

(CHT). In addition, S-wave velocities are often measured in conjunction with a direct-push system such 

as the seismic cone penetration testing (SCPT). Chapter 4 discusses different methods to estimate the S-

wave velocity, which is then used to improve the characterisation of ground motion recording stations 

at the microtremor and earthquake-prone Groningen reservoir in the Netherlands. However, all of these 

methods, with the exception of refraction seismic S-wave surveys, obtain a 1D S-wave velocity 

measurement along a profile or depth interval. 

 

Of the above methods, crosshole testing is similar to the S-wave tomography method that I used in 

Chapters 3, 4, 5 and 6. For a CHT at least two cased boreholes are required to lower an S-wave source 

in one borehole and a receiver in the other to an equal elevation. Subsequently, S-waves are generated 

at the source, which travel through the medium before being recorded at the receiver. The arrival time 

of the S-wave is picked, usually by either the crossover method (Tanimoto and Kurzeme, 1973; Mackens 

et al., 2017), or by the cross correlation method (Lee and Santamarina, 2004), in the case that three co-
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linear boreholes with two in-line receivers are available. This arrival time is then used in conjunction 

with the distance between the boreholes to determine the S-wave velocity, see ASTM D4428 (2000) for 

a standardised procedure used in industry. 

 

There are several limitations for the CHT (Clayton et al., 2012). First, straight ray paths between the 

source and receiver are assumed. Thus, the obtained S-wave velocities are averaged values in 

heterogeneous environments with lateral S-wave velocity variations. In addition, the S-wave raypath 

may lie somewhere else altogether, e.g. along stiffer horizontal layers. Secondly, picking of S-wave 

arrivals can be challenging and at times prone to error. This is often the case, since each depth interval 

displays only a single measurement. The S-wave traveltime trends can thus be difficult to detect. Thirdly, 

the inter-borehole material is sampled for only horizontal raypaths. Consequently, the obtained S-wave 

velocities rely on only a few 1D measurements. 

 

To overcome these limitations of the CHT, I used the S-wave tomography method to estimate S-wave 

velocities. In addition, the usage of different directional sources, produced S-waves with different 

polarisations, which travelled at different velocities in an anisotropic environment.  

 

2.3 Seismic Anisotropy 

In an anisotropic medium, waves travelling in different directions possess different velocities. In other 

words, the seismic velocity is angle dependent (Thomsen, 2002). The seismic velocity refers to both P- 

and S-waves, and for all frequencies. The angle sometimes refers to the azimuthal angle, when the 

medium is also called a horizontally transversely isotropic (HTI) medium, with a horizontal symmetry 

axis. At other times the angle refers to only the polar angle, when the medium is also referred to as a 

vertically transversely isotropic (VTI) medium, with a vertical symmetry axis. The terms VTI medium 

and polar anisotropic medium are subsequently used interchangeably. Of course, the layering doesnôt 

need be horizontal (as is the case for a VTI-medium) or the fractures donôt need to be vertical (as is the 

case for an HTI-medium). This is especially the case for metamorphic rocks or tilted sedimentary layers. 

In such a case, the material is described as a transversely isotropic medium with a tilted symmetry axis 

(TTI-medium). In more complicated scenarios, the velocity can be a function of both the azimuthal and 

polar angle, when we speak of an orthorhombic medium or, in the case of non-orthogonal orientations 

in the horizontal plane, of a monoclinic medium. 

 

An example of a seismically anisotropic rock is shown in Figure 2.4. The horizontal layering of the 

sandstone likely causes the velocity to be dependent on the polar angle (VTI medium). In addition, the 

joints most likely cause an azimuthal dependency as well, resulting in either orthorhombic or monoclinic 

anisotropy. Anisotropy is the texture or fabric of the rock, which can range from the microscopic, e.g. 
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the arrangement of crystals, to the macroscopic, such as large fracture systems or layering. Anisotropy 

is therefore distinct from heterogeneity, which is dependent on the position (Thomsen, 2002). 

 

 

Figure 2.4: Example of a (most likely) seismic anisotropic rock. Here, Muckross Head, Ireland, is shown 

with the layering of the sandstone and joints causing probably either an orthorhombic or monoclinic 

symmetry (modified from Thomsen, 2002). 

 

Analysing cross-borehole seismic data makes it possible to examine if the material can be approximated 

by a VTI medium, since the raypaths associated with the traveltimes range from horizontal to sub-

vertical. Therefore, the subsequent focus lies on estimating VTI parameters. In most cases it is only an 

approximation to describe the material as a VTI medium. Yet, this approximation is often better than the 

assumption of isotropy and helps to derive additional, albeit simplified, parameters and to improve the 

tomography processing and inversion. 

 

The stress-strain relationship is useful to examine seismic anisotropy mathematically, with the elastic 

full tensor description given by 

 ʎ Ã

ȟ

ʀȟ (2.35) 

where the stress (ʎ) is related to the strain (ʀ) by the fourth order elastic tensor (Ã ). This fourth rank 

tensor is quite difficult to handle and therefore a simplification was made by Voigt (1910, p. 560) to 

convert the tensor into a 6x6 matrix (#). This mapping was possible due to the symmetrical nature of 

the tensor (Ã ). The stress-strain relationship is then expressed as 

 ʎ #ʀȢ (2.36) 

In the simplest case of isotropy the matrix # assumes the form 



31 

 

#

ụ
Ụ
Ụ
Ụ
Ụ
ợ
# # ς# # ς# π π π
π # # ς# π π π
π π # π π π
π π π # π π
π π π π # π
π π π π π # Ứ

ủ
ủ
ủ
ủ
Ủ

Ȣ (2.37) 

The two independent elastic tensor components #  and #  are related to the Lamé parameters (ʇ and 

ʈ) and to the bulk modulus (K) by 

 # ʇ ςʈ +
τ

σ
ʈȟ (2.38) 

 # ʈȢ (2.39) 

Subsequently, the isotropic P- and S-wave velocities can be determined, with 

 Ö
#

ʍ

ʇ ςʈ

ʍ
ȟ (2.40) 

 Ö
#

ʍ

ʈ

ʍ
 Ȣ (2.41) 

 

For sedimentary rocks the simplest assumption is that they are layered. To describe such material as a 

VTI medium is usually a good first approximation. For this special case, the elastic modulus matrix then 

has five independent components 

#

ụ
Ụ
Ụ
Ụ
Ụ
ợ
# # ς# # π π π
π # # π π π
π π # π π π
π π π # π π
π π π π # π
π π π π π # Ứ

ủ
ủ
ủ
ủ
Ủ

 Ȣ (2.42) 

 

This elastic modulus matrix is used to solve the wave equation, which yields three independent solutions 

for the phase velocities of the three types of waves, which are the quasi P-wave, quasi SH-wave and 

quasi SV-wave (Daley and Hron, 1977) 

 Ö  ʃ
ρ

ς
# # # #  ÓÉÎʃ $ʃ ȟ (2.43) 
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 Ö ʃ
ρ

ς
# # # #  ÓÉÎʃ $ʃ ȟ (2.44) 

 Ö ʃ #  ÓÉÎʃ #  ÃÏÓʃȟ (2.45) 

with $ʃ being the quadratic combination 

 
$ʃḳ # # ςς# # # # # # ς#  ÓÉÎʃ

# # ς# τ# #  ÓÉÎʃ Ȣ 
(2.46) 

They are called quasi P-waves, because the P-wave polarisation no longer has the same direction as the 

raypath or propagation direction. Similarly, for the quasi SH- and SV-wave, the polarisation is no longer 

perpendicular to the raypath, i.e. to the direction of propagation. They are different, as the velocity of 

the wavefront, the P-wave polarisation direction, is no longer the same as the velocity of the raypath, as 

shown in Figure 2.5. 

 

Figure 2.5: The velocity of the wavefront (Vn) is different from the velocity of the raypath (Vray) for 

an anisotropic medium (b). For an isotropic medium (a), the two velocities are the same. (Helbig and 

Thomsen, 2005). 

Due to the long quadratic term (D in equation 2.46), these solutions tend to be difficult to handle and 

non-intuitive. Therefore, Thomsen (1986) introduced the VTI parameters Ů, ɿᶻ and ɔ that would simplify 

the above equations with 

 ʀ
# #

ς#
ȟ (2.47) 

 ɿᶻ
ρ

ς#
ς# # # # # # ς# ȟ (2.48) 
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 ɾ
# #

ς#
Ȣ (2.49) 

With the vertical P- and S-wave velocities 

 Ö
#

ʍ
ȟ (2.50) 

 Ö
#

ʍ
ȟ (2.51) 

the equations of Daley and Hron (1977), i.e. equations 2.43 to 2.45, can then be re-writtten in terms of 

Thomsenôs (1986) anisotropy parameters 

 Ö  ʃ Ö ρ ʀÓÉÎʃ $ᶻʃ ȟ (2.52) 

 Ö ʃ Ö ρ
Ö

Ö
ʀÓÉÎʃ

Ö

Ö
$ᶻʃ ȟ (2.53) 

 Ö ʃ Ö ρ ςɾ ÓÉÎʃȢ (2.54) 

 

Once again, a term $ᶻ complicates the above equations 2.52 to 2.54, given by 
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Ⱦ
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(2.55) 

For this reason, the assumption of weak anisotropy is made by Thomsen (1986), after which a Taylor 

expansion of equation 2.55 gives 

 $ᶻʃ
ɿᶻ

ρ Ö ȾÖ
ÓÉÎʃÃÏÓʃ ʀ ÓÉÎʃȢ (2.56) 

 

With the introduction of the anisotropy parameter ɿ,  

 ɿ
ρ

ς
ʀ

ɿᶻ

ρ Ö ȾÖ
ȟ (2.57) 

the above angle dependent velocity equations 2.52 to 2.54 are simplified to 

 Ö ʃ Ö  ρ ɿÓÉÎʃ ÃÏÓʃ ʀ ÓÉÎʃ ȟ (2.58) 
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 Ö ʃ Ö ρ
6

6
ʀ ɿ ÓÉÎʃ ÃÏÓʃ ȟ (2.59) 

 Ö ʃ Ö  ρ ɾÓÉÎʃ . (2.60) 

Note, that for the assumption of weak anisotropy the wavefront and raypath velocities are similar. 

Therefore, the q, for ñquasiò, was omitted.  

The seismic velocity is now dependent on the polar angle (ɗ). Figure 2.6 shows an example of how the 

phase velocity changes for different angles. The anisotropy parameters were measured in Wills Point 

shale and determined as ʀ πȢςρυ, ɿ πȢσρυ, ɾ πȢςψπ, with vertical P-wave and S-wave velocities 

of Ö ρπυψ ÍȾÓ and Ö σψχ ÍȾÓ (Robertson and Corrigan, 1983). We can see that the P-wave 

and S-wave velocities can be highly influenced in an anisotropic environment. 

 

 

Figure 2.6: Re-produced forward modelling of anisotropy parameters by measuring angle dependent P- 

and S-wave phase velocities in Wills Point shale (Robertson and Corrigan, 1983). The VTI parameters 

are Ö ρπυψ ÍȾÓ, Ö σψχ ÍȾÓ, ʀ πȢςρυ, ɿ πȢσρυ and ɾ πȢςψπ. 

The P-wavefront is spherical if Ů = ŭ = 0, in which case we have the isotropic case. The P-wavefront is 

elliptical if Ů = ŭ, with the short and long axes of the ellipse given by Ö  and Ö . If Ů Í ŭ, then the 

wavefront is no longer elliptical. In that case, ŭ would approximate an ellipse fitted to the near-vertical 

directions and Ů would approximate an ellipse fitted to the near-horizontal directions. The short and long 

axes of the ellipse are then still given by Ö  and Ö . Laboratory measurements have shown that it is 

common that Ů Í ŭ (Wang, 2002), and therefore, the ellipticity assumption should not be, or only very 

carefully, applied. 
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The SV-wavefront is the same for the vertical and horizontal directions. For all angles in between, the 

parameters Ů, ŭ and Ö ȾÖ  ratio determine the divergence of the wavefront from the isotropic spherical 

case. Since the velocity ratio is squared, it is expected that in the near-surface environment, where high 

Ö ȾÖ  ratios of 5 or higher are common, even small anisotropy is likely to have a large influence on 

the SV-wavefront. This is shown in the forward computation for small amounts of SV-wave anisotropy 

in Figure 2.7. 

 

Figure 2.7: Forward modelling of SV-wavefront anisotropy effects for varying Ö ȾÖ  ratios. The P-

wave velocity was kept constant at 1800 m/s, as well as the small departure from ellipticity (Ů ï ŭ) at 

0.02. The isotropic wavefront is shown by the semi-circular solid blue line and the anisotropic wavefront 

is shown by the dashed line. We can see that for high Ö/Ö ratios the wavefront departs substantially 

from the isotropic circular reference, even for such minor anisotropy.  

The SH-wavefront is slightly simpler than the P- and SV-wavefronts. Only the anisotropy parameter ɔ 

determines the SH-wavefront shape, i.e. the SH-wavefront is always elliptical (as long as the assumption 

of a VTI medium is valid). It is important to note, that ɔ > 0. Otherwise the stiffness matrix is no longer 

positive definite. For solid sedimentary rocks, the anisotropy parameters ɔ (governing the SH-wave 

anisotropy) and Ů (largely governing the P-wave anisotropy) are usually linearly correlated (Wang, 

2002). If this relationship also holds for unconsolidated rocks and soil as found in the near-surface is 

not reported.  

 

As seen in Figure 2.6, differently polarised S-waves will travel with variable velocities in an anisotropic 

medium. In geotechnical publications (e.g. Ku and Mayne, 2014) often three different types of polarised 

S-waves are discussed. Firstly, there is a horizontally polarised S-wave travelling horizontally, denoted 
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Ö . Secondly, there is a vertically polarised S-wave travelling horizontally, denoted Ö . Both of 

these S-wave modes are generated by directional sources in a cross-borehole setup. And thirdly, a 

horizontally polarised S-wave travelling vertically downwards exists, which is denoted Ö . This S-

wave polarisation is generally produced when conducting a Downhole survey. By looking at equations 

2.58 to 2.60 again, we see that these three S-wave polarisation definitions are in fact just two, since the 

Ö  wave type is simply Ö , i.e. Ö πЈ. 

 

Furthermore, Figure 2.6 suggests that a VTI medium affects cross-borehole measurements, with 

horizontal and sub-vertical raypaths, to a far greater extent than surface seismic reflection 

measurements. This is illustrated in Figure 2.8 and was confirmed by Carrion et al. (1992), who showed 

with tomography forward modelling that even weak structurally-induced anisotropy can produce visible 

artefacts in P-wave tomograms, significantly distort the result and introduce X-shaped artefacts into the 

tomogram. Such distortions in the P-wave tomograms have also been reported in field measurements 

(e.g. Pratt and Chapman, 1992). For S-waves the anisotropy plays an even more pronounced role, since 

the S-wave polarisation is always dependent on the fast and slow anisotropy directions, regardless of 

the strength of the anisotropy. Therefore, anisotropy should be considered when interpreting seismic 

data for tomographic analysis and anisotropy parameters incorporated into the inversion. Publication IV, 

addresses the anisotropy of the measurements conducted at the SAFIRA site, by estimating the VTI 

parameters Ö , Ö , Ů, ŭ and ɔ through a joint inversion. 

 

 

Figure 2.8: Cross-borehole measurements, with the angular domain highlighted in red, are severely more 

affected by anisotropy compared to surface seismic reflection surveys, with the angular domain 

highlighted in grey. The slowness (qP, qSV, qSH) as a function of polar angle illustrates this (modified 

after Helbig and Thomsen, 2005). 
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2.4 Acquisition of Seismic Data for Tomographic Analysis 

Borehole sources and receivers can be used to acquire P- and S-wave data for tomographic analysis. In 

this thesis cross-borehole data acquisition was conducted with equipment from Geotomographie GmbH. 

Geotomographie produces a number of different borehole sources and receivers. Among the sources are 

a P-wave sparker source of the type SBS42, horizontal sources BIS-SH and BIS-SH-DS, and a vertical 

source BIS-SV. These sources are electrically powered by either a 5000 V (sparker SBS42 and 

horizontal source BIS-SH) or an 800 V impulse generator (SH source BIS-SH-DS and vertical source 

BIS-SV), denoted IPG5000 and IPG800 respectively. Figure 2.9 shows the 5000 V generator and the 

two sources that can be connected. Figure 2.10 shows the smaller 800 V generator with the two 

directional sources that can be connected. 

 

The horizontal sources BIS-SH and BIS-SH-DS are similar in their construction. A number of 

electromagnetic coils are placed adjacent to a copper plate. The copper plate and the coils are repulsed 

when an electrical current flows. This causes the plate to strike the side of the borehole wall. This 

sideways mechanical impact produces both a horizontally polarised S-wave and a P-wave. The sources 

are coupled to the borehole wall by a pneumatic clamping device in the form of an air bladder and 

function in both water filled and dry boreholes. 

 

The vertical source BIS-SV also functions with electromagnetic coils and a pneumatically clamping air 

bladder. In this case the coils are repulsed vertically, which produces a vertical shearing motion on the 

side of the borehole. Due to this shearing motion on the side of the borehole, less compressional energy 

is transferred horizontally into the material compared to the horizontal source, i.e. the P-wave content 

of this source is lower for a cross-borehole setup. The source also functions in both dry and water filled 

boreholes. 

 

The sparker type SBS42 has two electrodes in a water filled chamber. When the energy from the impulse 

generator is released, a spark discharges through the water chamber. Thereby the water is vaporised, 

which rapidly expands and collapses, producing predominantly P-waves. Therefore, the sparker source 

functions only in water filled boreholes and needs no direct coupling to the borehole wall. 
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Figure 2.9: P- and S-wave generating equipment using the 5000 V generator IPG5000 (a). Triggering 

occurs remotely, using the yellow remote control unit. The horizontal source BIS-SH (b) generates both 

P- and S-waves, and the sparker source SBS42 (c) generates high-amplitude P-waves. (photos provided 

by Geotomographie GmbH) 

 

 

Figure 2.10: 800 V impulse generator IPG800 (a), which powers the horizontal source BIS-SH-DS (b) 

and vertical source BIS-SV (c) (photos provided by Geotomographie GmbH). 

 

A hydrophone string type BHC4, usually consisting of 24 Channels spaced at 1 m intervals, was used 

for P-wave tomography data collection and a multi-station tri-axial receiver array (MBAS), consisting 

of up to 10 stations spaced at 1 m intervals, was used to record both P- and S-wave data. The hydrophone 

is connected to a seismograph on surface, while the multi-station receiver array has digitisation units 

installed next to the tri-axial sensors to digitise the signal prior to sending it up the borehole and to the 

connected computer software. The two versions of receiver equipment are displayed in Figure 2.11. 
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Figure 2.11: Receivers used for tomography are shown, which includes the multi-station (7 depicted) 

tri-axial receiver array (a) and a hydrophone string with 24 receivers (b) (photos provided by 

Geotomographie GmbH). 

 

Before conducting a tomographic survey, the boreholes were prepared. Generally, the boreholes had an 

inner diameter of at least 75 mm, were cased with a polyvinyl chloride (PVC) pipe and grouted with a 

cement bentonite mixture. For high resolution tomography the distance between the two boreholes 

should be known for all shot and receiver positions. Therefore, a borehole verticality survey was 

performed to measure the X, Y and Z coordinates of the boreholes with depth. 

 

The data acquisition sequence was generally the following for an S-wave tomography survey. The 

source, either one of the horizontal sources BIS-SH or BIS-SH-DS, or the vertical source BIS-SV was 

lowered in one of the two available boreholes to the lowest shooting position, connected to the impulse 

generator on surface and pneumatically clamped to the borehole wall. In case a horizontal source was 

employed, the source was aligned perpendicular (in a 90° or -90° angle) to the receiver borehole. The 

multi-station receiver array was lowered in the other borehole to the lowest desired position, aligned in 

such a way that one of the two horizontal receivers is facing the source borehole, pneumatically clamped 

to the borehole wall and connected to a computer. For each depth the horizontal source was shot 

perpendicular to the receiver borehole, to emit S-waves of high amplitudes. Once sufficient data quality 

was achieved, this perpendicular shooting configuration was reversed for each depth to reverse the 

polarity of the first arriving S-wave. Originally, it was expected that this orientation from surface would 

also align the sources and receivers at depth. Later polarisation analysis showed that this was not the 

case, see Chapter 6: Publication IV. Thus, the receivers had to be virtually aligned prior to further 

processing by an axial rotation. 

 

Surveys employing the vertical source were conducted in a similar manner to the horizontal source 

acquisition, shooting up and down instead of shooting perpendicular to the receiver borehole. 

Subsequently, the source was moved upwards to the next depth position until data were collected for all 

depths. Usually the shot and receiver interval was 1 m. If the MBAS receiver array needed to be shifted 
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by a spread upwards, then the shooting for the lower spread would end a number of positions above the 

spread. Shooting for the subsequent, higher, spread would start at a lower position than the lowest 

receiver. This ensured that sufficient data coverage was achieved in the depth were the two spreads met. 

This is illustrated in Figure 2.12. The acquisition sequence for conducting P-wave tomography using 

the sparker as a source and BHC4 hydrophone string as receivers was analogous to the S-wave 

acquisition sequence described above. 

 

 

Figure 2.12: Typical S-wave acquisition sequence using the BIS-SH and a 10 station MBAS receiver 

array. Here the seismic data is gathered for depths of 40 m to 1 m for a total of 4 receiver spreads. The 

receiver and shot spreads are shown in a cross-sectional view, whereby the Greek letters associate the 

receiver with the shot spreads. The plan view shows the shooting direction of the BIS-SH, either 

shooting in a 90° or -90° angle to the receiver borehole, and the receiver orientation of the X-, Y- and 

Z-channel. 
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2.5 Curvelet Transform 

The curvelet transform is a mathematical multi-scale and multi-directional transform to sparsely 

represent two or more-dimensional data, and originating in image denoising applications (Candès and 

Guo, 2002; Starck et al., 2002; Candès and Donoho, 2004). Mathematically, the construction of curvelets 

is given by Candès et al. (2005). First, curvelets are constructed using two windows, namely a radial 

window ὡ ὶ and an angular window ὠὸ. These two windows obey the admissibility condition, in 

that  

 ὡ ςὶ ρȟ ὶɴ
σ

τ
ȟ
σ

ς
ȟ (2.61) 

 ὠ ὸ ὰ ρȟ ὶɴ
ρ

ς
ȟ
ρ

ς
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Further, these two windows are then used to define a frequency window Ὗ in the Fourier domain 

 ὟὮὶȟ— ς Ⱦὡ ς ὶὠ
ςỗὮȾςỘ—

ς“
ȟ (2.63) 

with ỗὮȾςỘ meaning the integer part of ὮȾς. This frequency window Ὗ is therefore an angular wedge, 

limited radially by the window ὡ and angularly by the window ὠ. The inverse Fourier transform of 

Ὗ ‫ • ‫  then yields a so-called ñmotherò curvelet •. This mother wavelet of scale ς  is rotated 

and translated to derive all other curvelets of that scale. The rotations involve angles from — ς“ ẗ

ςỗȾỘẗὰ, with ὰ πȟρȟȣ , such that π — ς“. Thus, the angular spacing between adjacent 

curvelets is scale dependent (at low scales, relatively few angular wedges are defined, and at high scales 

many angular wedges are defined). The translations (Ὧ) involve all sequences of the n-dimensional space 

(in the 2D case: Ὧ ὯȟὯ ᶰᴚ). With these rotations (ὰ) and translations (Ὧ), curvelets of scale ς , 

can then be derived from the ñmotherò curvelet in 2D with  

 •
ὮȟὰȟὯ
ὼ •

Ὦ
2 ὼ ὼ

ȟ
ȟ (2.64) 

with the standard rotation matrix 2  by — radians.  

 

Thus, a curvelet coefficient (ὧ) is then defined as the inner product between a function Ὢᶰ, ᴙ  and 

a curvelet •ȟȟ 

 ὧὮȟὰȟὯ ḳộὪȟ•
ὮȟὰȟὯ
Ớ Ὢὼ•

ὮȟὰȟὯ
ὼὨὼ

ᴙς

Ȣ (2.65) 
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The curvelet transform is a tight frame, in that any function Ὢᶰ, ᴙ , can be represented as a 

combination of curvelets. An example of different curvelets in the spatial and frequency domain is 

shown in Figure 2.13. The curvelets possess different scales and angular directions, stemming from their 

construction in the frequency space (Figure 2.13 c). 

 

 

Figure 2.13: Curvelets of different scales and angular directions are shown in the spatial (a) and Fourier 

domain (b). The construction of the curvelets takes place in the Fourier domain, which is partitioned 

into angularly and radially constrained windows (c). Curvelets of scale 1 are at the centre, and the 

highlighted curvelet (d) is of scale 4. (modified after Górszczyk et al., 2014). 

 

Curvelets have an anisotropic geometrical design that distinguishes them from wavelets. They follow 

the parabolic scaling relation, in that a curvelet at scale ς , is constrained by an envelope of length, 

also called ridge, ς Ⱦ  and a width of ς . Thus, for finer scales, the curvelets become more and more 
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anisotropic or needle-like in their design. This feature makes them ideal to sparsely represent objects, 

which are characterised by both smooth and edge-like boundaries, such as seismic wavefronts. For this 

reason the curvelet transform has been successfully applied to reflection seismic data for denoising 

applications (Hennenfent and Herrmann, 2006; Neelamani et al., 2008; Shan et al., 2009; Górszczyk et 

al., 2014; Naghizadeh and Sacchi, 2018). 

 

This denoising procedure is usually applied in the following way. Take the curvelet transform of a 

seismic image, threshold the curvelet coefficients, and finally perform the inverse curvelet transform. 

This procedure is outlined in Figure 2.14. In Chapter 7, Publication V, a similar curvelet denoising 

procedure is applied to enhance reflection seismic data from the Kalahari-Karoo Basin, Botswana. 

 

 

 

Figure 2.14: Denoising procedure using curvelet thresholding (modified after Hennenfent and 

Hermann, 2006). 
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3. PUBLICATION I: ELASTIC PARAMETERS FROM COMPRESSIONAL AND SHEAR 

WAVE TOMOGRAPHIC SURVEY: A CASE STUDY FROM  KUALA LUMPUR, 

MALAYSIA  

 

An integrated P- and S-wave cross-borehole tomographic survey was performed in the city center of 

Kuala Lumpur, Malaysia with the aim of exploring a karstic limestone area near an area that previously 

encountered cavities. Horizontally polarized shear waves were generated with two opposing, 

perpendicular strike directions and recorded with a multi-level, three-component receiver array. This 

allowed a high quality picking of the traveltimes, whereby the wave train reverses at the time of the S-

wave arrival. In addition, high quality sparker generated P-waves were recorded. The P- and S-wave 

traveltimes were used to invert for two co-located tomograms. These tomograms enabled a better 

interpretation capability than a P- or S-wave tomogram on its own. The tomograms enabled the 

calculation of the elastic parameters, i.e., P- to S-wave velocity (Vp/Vs) ratio, Poissonôs ratio, bulk 

modulus, Youngôs modulus and the shear modulus, on a 2D surface between the boreholes. This further 

aided the interpretation, as areas with limited traveltime accuracy and thus, an increase in tomographic 

error, could be easily identified, and the extent of a large cavity could be estimated. The interpretation 

of the tomograms was constrained by two additional boreholes, which provided more confidence on the 

delineation and location of cavities at depths. The survey shows the benefit of co-locating P- and S-

wave tomography surveys. 

 

3.1 Introduction  

Kuala Lumpur, Malaysia has been undergoing continuous expansion and development in the past 

several years. As a measure to cope with the increase in traffic, a new Mass Rapid Transit (MRT) line 

is planned, whereby a tunnel boring machine will be employed. Such tunnel boring machines can have 

difficulty operating in karstic environments as found in Kuala Lumpur, particularly with varying bulk 

densities of the material. The construction of a tunnel in a geological environment that is not adequately 

explored and understood can be costly. For example, the construction of the Milwaukee Sewage Tunnel 

between 1984 and 1993 did not take the extent of the karstic environment into account, which led to 

remedial grouting and linings, costing an additional 50 million dollars above the initial estimate (Day, 

2004). Therefore, exploring the geology beforehand in a karstic environment is highly advisable, and 

this motivated the MRT construction company to commission a co-located cross-borehole P- and S-

wave tomographic survey in the centre of Kuala Lumpur. The survey was conducted in a particularly 

karstic area with the presence of cavities already identified by exploration drilling. 

 

High-resolution tomographic investigations between two or more boreholes are routinely conducted, 

whereby traveltimes of horizontal and sub-vertical raypaths are used to image detailed structures in 2D 

or less frequently in 3D. These tomographic surveys often employ compressional waves for the 
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exploration of geological structures, as P-waves are easier to generate and record compared to S-waves. 

For example, the recommendations given by the American Soil Testing Materials Committee (ASTM 

D4428, 2000) for crosshole seismic testing are to use three-component geophones at each receiver 

position and to ensure good coupling of both source and receivers to the borehole wall. Furthermore, 

the orientation of the horizontally polarizing S-wave source is an important parameter to generate 

consistent S-waves. For a better S-wave traveltime determination, it is recommended to reverse the 

shooting direction of the S-wave source and thereby change the polarity of the S-wave arrival (Tanimoto 

and Kurzeme, 1973; Sully and Campanella, 1995). In contrast, P-wave tomographic surveys are often 

easier to conduct, for example with a sparker source and a hydrophone string, where no direct coupling 

or alignment of the source or receivers is necessary (e.g. Mackens et al., 2014). In addition, the 

traveltime picking of P-waves is usually easier and more accurate compared to picking S-wave 

traveltimes (Dietrich and Tronicke, 2009). For these reasons, few S-wave surveys have been conducted 

to date (Paasche et al., 2014). 

 

Despite the challenges, S-wave tomographic surveys have a number of potential advantages over 

conventional P-wave tomographic surveys, such as the high near surface mapping resolution due to the 

lower S-wave velocities. Furthermore, the joint acquisition and interpretation of seismic P- and S-wave 

tomographic data enables a more detailed description of the subsurface in terms of elastic soil or rock 

parameters. These can now be calculated for a 2D plane in between the boreholes and with higher 

resolution compared to conventional crosshole or downhole testing surveys. Such a combined 

tomographic survey was performed by Angioni et al. (2003) to derive elastic parameters for geotechnical 

analysis of a bridge foundation. Even though they faced a challenging data acquisition, i.e. relatively 

few, unaligned receivers, and only simple straight ray tracing inversions were used, the combination of 

the two P- and S-wave tomograms provided useful in the derivation for engineering properties. 

Similarly, Dietrich and Tronicke (2009) show that these elastic soil parameters, i.e., the small strain 

shear modulus, Poissonôs ratio, Youngôs modulus, bulk modulus, and the P- to S-wave velocity ratio are 

useful in a joint interpretation. The small strain shear modulus, in particular, is an important elastic 

parameter for larger building projects. The foundation and construction design is largely dependent on 

the small strain shear modulus, since this influences the force transfer between the structures and the 

soil. 

 

Based on the general lack of studies aimed at combining P- and S-wave tomographic data for 

engineering analyses, we conduct such a survey on a portion of the planned MRT tunnel in Kuala 

Lumpur. Our work shows that the co-located measurements facilitate the computation of elastic 

parameters which helped in the geological interpretation, identifying karstic areas and estimating the 

degree of reliability of the tomograms. 
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3.2 Methodology 

The tomographic measurements exploring for cavities employed P waves and horizontally polarized S-

waves between two 40 m deep, near-vertical boreholes, spaced 20 m apart on surface. The site is 

underlain by extensive limestone bedrock, known as the Kuala Lumpur Limestone Formation, which is 

highly weathered and karstic (Tan, 2006). Previous geotechnical excavations have shown an undulating 

rockhead, solution channels, large-scale cave systems and overhangs (Boon et al., 2017). An 

approximately 13.5 m thick Quaternary alluvium covers the limestone, with the area being saturated 

almost to the surface. 

 

The experimental design was similar to other high resolution P-wave tomographic surveys (e.g. 

Yamamoto et al., 1994; Fechner et al., 2015) and S-wave tomographic surveys (e.g. Angioni et al., 2003; 

Daley et al., 2004). For both P- and S-wave measurements, the source and receiver spacing was 1 m and 

source excitation was carried out above and below the spread, to ensure a high degree of overlap between 

neighbouring receiver spreads and a dense sampling of the inter-borehole material. To generate and 

record the P-wave seismic signals, a Geotomographie sparker source was used in conjunction with a 24-

channel hydrophone string. The P-wave signal was sampled at 32 kHz. S-wave signals were generated 

with a horizontally polarizing S-wave source and recorded with a seven-station three-component 

receiver array, sampled at 16 kHz. Both the sparker and horizontally polarizing S-wave source were 

powered by a 5 kV impulse generator. This electrical energy is transmitted by cable to the borehole 

source. For the P-wave source, a spark discharges through a water chamber, whereby the water is 

vaporized, which rapidly expands and collapses, producing predominantly seismic compressional 

waves. For the horizontally polarizing S-wave source a number of electromagnetic coils are placed 

adjacent to a copper plate. The copper plate and the coils are repelled when the electrical current flows, 

causing the plate to strike the side of the borehole wall. This sideways mechanical impact produces 

predominantly horizontally-polarized S-waves. The sources are pneumatically coupled to the borehole 

wall by an air bladder and the S-wave source and receivers were aligned from surface by a rotationally 

stiff hose. Four to eightfold vertical stacking ensured a high signal-to-noise ratio, despite operating in 

an urban environment, with traffic, construction and electrical noise in proximity. 

 

3.3 Data Processing and Analysis 

The P-wave data were of good quality enabling accurate traveltime picking. The S-wave data were 

enhanced by applying a 1 kHz low pass Butterworth filter. An example of a P- and S-wave shot gather 

is displayed in Figure 3.1a and b with visualizations in variable density mode. The P-wave and S-wave 

arrivals are clearly visible. An example of picking the traveltimes is shown in variable amplitude mode 

for the P-wave (Figure 3.1c) and for the S-wave (Figure 3.1d). The S-wave traveltimes were picked on 

the horizontal crossline channels. Therefore, the trace reversal for the two opposing shots at 90° and 

270° to the receiver borehole is visible and aided in the S-wave traveltime picking process. 
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Subsequently, all traveltimes were analysed for their plausibility and re-picked if necessary. In total, 

approximately 1,400 P-wave and 650 S-wave traveltimes were picked. The traveltime error is estimated 

at approximately 0.5 ms for the S-wave picks and at 0.1 ms for the P-wave picks. A higher degree of 

uncertainty in the P-wave traveltime picks exists for receivers close to the surface at depths of 

approximately 2 to 8 m. This higher degree of uncertainty is caused by a lower signal-to-noise ratio for 

these near-surface receivers. 

 

In addition to the acquired P- and S-wave tomographic data, the borehole deviation was measured with 

a borehole tool that measures both tilt and azimuth. From those two angles the X, Y and Z coordinates 

were determined and the deviation of the borehole was calculated. Both boreholes begin vertical, but 

after a depth of approximately 20 to 25 m they diverge from the vertical position by as much as 0.5 m. 

This divergence from vertical causes the boreholes to no longer have the same separation as on the 

surface. The velocity determination is crucially dependent on the distance between the boreholes, 

therefore it was important to consider the borehole deviation in the tomography calculation. 

Subsequently, both P- and S-wave 2D tomograms were determined with the program GeotomCG on a 

three dimensional grid, similar to the one used by Polymenakos and Tweeton (2015), with cell sizes of 

1 x 1 x 1.2 m (inline length, crossline length and vertical height). GeotomCG, derived from the US 

Bureau of Mines tomography program 3DTOM (Jackson and Tweeton, 1996), uses a variation of the 

SIRT (simultaneous iterative reconstruction technique) algorithm, developed by Lytle et al. (1978) and 

Peterson et al. (1985). The raypaths are calculated for each iteration with either a straight-ray or a curved-

ray tracing algorithm, similar to the curved-ray algorithm by Um and Thurber (1987). The inversion 

requires a starting model, which was assumed to be homogeneous. This starting model was then 

improved by selecting only the horizontal ray paths and performing a two-iteration straight-ray 

inversion. This improved, horizontal model was then used as the starting model for a ten-iteration 

curved-ray inversion with all traveltimes of a wave type. The P-wave velocities were constrained by an 

upper limit of 7,000 m/s, since the seismic P-wave velocity in intact limestone is approximately 4,000 

to 6,000 m/s (Birch, 1966; Sheriff and Geldart, 1995, p. 111). However, the presence of weathered or 

fractured limestone in our study area is likely characterized by relatively lower seismic velocities. The 

goodness of fit was estimated with the root-mean-square error (P-wave: 0.79 ms; S-wave: 0.67 ms). 
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Figure 3.1: Examples of the shot gathers shown in variable density mode for the P-wave source (a) and 

the S-wave source (b), both at 36 m depth. The traveltime picking is shown, whereby the data are 

displayed in variable amplitude mode for the P-wave (c) and the S-wave (d). The traveltime picks are 

shown by the black crosses. 

 

3.4 Results and Discussion 

The P- and S-wave tomograms are displayed in Figure 3.2 with the borehole logs of BH1 and BH2 

shown on the sides of the tomograms. Both tomograms show three zones which are also observed in the 

borehole logs. The upper 15 m are characterized by low P-wave velocities (~ 1,500 m/s) of the saturated 

alluvium. Below the alluvium, where the karstic limestone starts, both the P-wave and S-wave velocity 

seem to increase sharply (P-wave: 5,800 m/s and S-wave: 2,750 m/s) at the bedrock boundary. Between 

the elevations of about 12 to 19 m a large low velocity zone (P-wave: 2,700 to 3,600 m/s; S-wave: 1,000 

to 2,000 m/s) is observed near BH2, which extends laterally almost to BH1. This area is likely to be a 
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large, partially infilled, cavity, as observed in the borehole log of BH2 (see Figure 3.2). Below this low 

velocity zone, the velocity increases from 5,000 to 6,500 m/s for the P-wave and from 2,300 to 3,800 

m/s for the S-wave. However, both tomograms suggest that the limestone is not homogenous and that a 

number of smaller cavities or heterogeneities (3 to 6 m in extent) might exist at those depths as well. 

Especially, the S-wave tomogram shows more inhomogeneities than the P-wave tomogram, with S-

wave velocities in the range of 2,000 to 3,800 m/s and P-wave velocities ranging only from 5,000 to 

6,500 m/s. In relative terms, the range from minimum to maximum S-wave velocity therefore constitutes 

a 90% increase, whereas the P-wave constitutes only an increase of 30%. Following the tomographic 

surveys, two further boreholes, BH3 and BH4, were drilled to verify the results, with BH3 confirming 

the presence of the cavity as interpreted in the tomograms. A good correlation between both the P-wave 

and S-wave tomograms and the borehole logs has further provided more confidence in our interpretation. 

 

 

Figure 3.2: Tomographic inversions for the P-wave (a) and the S-wave traveltimes (b), showing a good 

correlation with the boreholes. 

 

Once the P- and S-wave velocities have been established and a reliability exists in the tomograms, it is 

now possible to calculate the elastic moduli on a 2D plane between the boreholes. These moduli, i.e., 

the P-wave to S-wave velocity ratio, Poissonôs ratio, bulk modulus and Youngôs modulus are displayed 

in Figure 3.3. In addition the shear modulus was determined by utilizing the S-wave velocities in 

conjunction with estimated density values, shown in Figure 3.4. To estimate densities, we applied a 

similar approach to Paasche et al. (2006), whereby the tomograms were partitioned into three distinct 
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zones using k-means clustering of the P- and S-wave velocities (Figure 3.4a). These zones (Figure 3.4b) 

are interpreted to consist of 1) alluvium with a density of 1,500 kg/m3; 2) moderately weathered 

limestone with a density of 1,900 kg/m3 (e.g., Dubois et al., 2014); and 3) intact limestone with a density 

of 2,500 kg/m3 (e.g., Bourbie et al., 1987). 

 

 

Figure 3.3: Elastic Parameters: (a) Vp/Vs Ratio, (b) bulk modulus, (c) Youngôs Modulus, and (d) shear 

modulus. 
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The elastic parameters are helpful at visualizing the subsurface structures and can also be useful in 

identifying areas that are prone to error. For example, the P-wave to S-wave velocity ratio (see Fig 3(a)) 

indicates very low values between 0.9 and 1.4. Such low Vp/Vs ratios are unexpected and could be due 

to incorrectly determined traveltime picks and a low ray coverage in that area. Another explanation is 

that the elastic bulk and shear moduli are distributed differently in the subsurface. Thus, 3D effects could 

come into consideration, whereby the first arriving P- and S-waves would not travel along the same 

path. Mufti (1995) has shown that these 3D effects can have significant effects on tomographic imaging. 

Considering, that the S-wave does not travel through cavities, but would rather travel around them, may 

be the reason for differing P-wave and S-wave travel paths. This in turn is most likely responsible for 

the highly varying Vp/Vs ratios and unrealistic Poissonôs ratios. Thus, the high variabilities in these two 

ratios could indicate the presence of a large cavity. 

 

The bulk modulus ranges from unrealistic negative values to approximately 100 GPa. The structure of 

the bulk modulus closely resembles the P-wave distribution. Youngôs modulus and the shear modulus 

on the other hand resemble more the S-wave velocity distribution, with Youngôs modulus ranging from 

10 to 100 GPa in most areas and the Shear modulus ranging mostly from 5 to about 50 GPa. 

 

The elastic parameters are a weighted combination of the P- and S-wave velocities and can therefore be 

used for the interpretation of geological structures. Thus, the elastic parameters were used to determine 

the size of the low velocity zone, which is interpreted as a cavity. The cavity has the dimension of 

approximately 16.5 to 19 m in length by 6 to 7 m in height based on the elastic parameter interfaces. 

Variations in the interpreted cavity shape could give an indication in terms of the uncertainty in its size 

and position. By comparing the interpreted cavity to the borehole log of BH3, it is clear that the P-wave 

tomogram and bulk modulus correlate better than the S-wave tomogram and its derived elastic shear 

modulus. Nonetheless, the Vp/Vs ratio, and similarly Poissonôs ratio show a high variability where BH3 

intersected the cavity.  

 

To further enhance the interpretation and estimate the usefulness of the tomograms, the elastic 

parameters can also be used to determine the earthquake vulnerability of the future tunnel, since Wang 

and Munfakh (2001) show that earthquake resilience is dependent on the surrounding material stiffness. 

Another benefit is that the elastic parameters can improve the prediction of the penetration rate of the 

tunnel boring machine (TBM). If elastic parameters would be collected in a larger scale or in problematic 

environments, these could play an important role in the economic and time planning of the construction 

project, since Ghasemi et al. (2014) show that the penetration rate of a TBM can be accurately modelled 

using compressive strength, rock brittleness, distance between planes of weakness and the orientation 

of discontinuities in the rock mass. It is therefore likely, that the elastic parameters can aid the modelling 

of the TBM penetration rate. 
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Figure 3.4: Density zonation and Shear Modulus: (a) k-means clustering to partition the tomograms into 

three zones, (b) the assignment of density values to three zones, and (c) calculated shear modulus. 
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3.5 Conclusion 

P- and S-wave tomography measurements were carried out between two near-vertical boreholes to a 

depth of about 40 m at a site in the city center of Kuala Lumpur, Malaysia. Despite carrying out the 

survey in an urban environment, high quality data were acquired over a distance of approximately 20 

m. The S-wave and P-wave traveltimes were independently picked and tomograms calculated which 

show similar structures. The two tomograms were used to determine elastic parameters which helped in 

the geological interpretation, identifying karstic areas and estimating the degree of reliability of the 

tomograms. A low velocity zone is visible in both tomograms, which was interpreted as a cavity with 

the dimension of about 16.5 to 19 m horizontally by 6 to 7 m vertically. Two boreholes were 

subsequently drilled, which correlate well with the interpretation. The survey shows the potential of 

routinely carrying out P- and S wave tomography surveys in karstic, hard rock environments to enhance 

the geological interpretation, with the added benefit of deriving small strain elastic parameters. 
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4. PUBLICATION II: CHARACTERISATION OF GROUND MOTION RECORDING 

STATIONS IN THE GRONINGEN GAS FIELD  

 

The seismic hazard and risk analysis for the onshore Groningen gas field requires information about 

local soil properties, in particular shear-wave velocity (VS). A fieldwork campaign was conducted at 18 

surface accelerograph stations of the monitoring network. The subsurface in the region consists of 

unconsolidated sediments and is heterogeneous in composition and properties. A range of different 

methods was applied to acquire in situ Vs values to a target depth of at least 30 m. The techniques 

include seismic cone penetration tests (SCPT) with varying source offsets, multichannel analysis of 

surface waves (MASW) on Rayleigh waves with different processing approaches, microtremor array, 

cross-hole tomography and suspension P-S logging. The offset SCPT, cross-hole tomography and 

common midpoint cross-correlation (CMPcc) processing of MASW data all revealed lateral variations 

on length scales of several to tens of metres in this geological setting. SCPTs resulted in very detailed 

VS profiles with depth, but represent point measurements in a heterogeneous environment. The MASW 

results represent VS information on a larger spatial scale and smooth some of the heterogeneity 

encountered at the sites. The combination of MASW and SCPT proved to be a powerful and cost-

effective approach in determining representative Vs profiles at the accelerograph station sites. The 

measured VS profiles correspond well with the modelled profiles and they significantly enhance the 

ground motion model derivation. The similarity between the theoretical transfer function from the VS 

profile and the observed amplification from vertical array stations is also excellent. 

 

4.1 Introduction  

Induced earthquakes due to gas production in the Groningen field in the northern Netherlands has 

prompted the development of seismic hazard and loss estimation models in order to allow risk-informed 

decision-making with regard to mitigation options. A key element of the seismic hazard and risk models 

for the Groningen field is a ground motion prediction model to estimate surface motions due to each 

possible earthquake scenario. The ground motion model for the Groningen field is comprised of 

predictive equations for spectral accelerations and peak ground velocity at a reference rock horizon 

(located at about 800 m depth) and non-linear frequency-dependent amplification functions reflecting 

the dynamic response of the overlying soil layers (Bommer et al., 2017).  

 

The ground motion model derivation has benefited from a database of recordings of ground motions 

obtained from accelerograph and borehole geophone networks installed in the Groningen field. The 

location of the stations is shown in Figure 4.1. The first stage of the model building process is to 

deconvolve the recorded surface motions to the reference rock horizon. The uncertainty in this process 

is greatly reduced by the accurate characterisation of dynamic properties of the soil column, particularly 

in the uppermost tens of metres that exert the strongest influence on the site response. Although an 
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excellent velocity model of the Groningen field has been constructed using measurements at depths from 

below about 50 m, the near-surface portion of the profiles are inferred from lithological profiles with 

shear-wave velocities (VS) assigned based on available seismic CPT measurements (Kruiver et al., 

2017a). To refine the profiles at the locations of the ground motion recording stations, in situ Vs 

measurements were made using a variety of borehole and non-invasive techniques. Challenges 

encountered in this work include the fact that in several cases it was not possible to perform the 

measurements in very close proximity to the location of the recording stations. The paper describes how 

these tests were conducted and the procedures followed to reconcile the different measurements to 

construct the final profile for each station. 

 

 

Figure 4.1: Location of recording stations in the Groningen field in the north of the Netherlands: 18 

surface stations and 68 vertical array stations. Labels are shown for all 18 surface stations (coded B) 

characterised in this study and for the vertical array stations (coded G) from the examples in this paper 

(Figs. 16 and 18). Grid coordinates refer to the Dutch Ordnance System. The inset shows the location 

of the gas field in the northern part of the Netherlands. 

 

The measured near-surface profiles also served to demonstrate that the geologically-derived VS profiles 

provide a very good approximation to the field conditions. Empirical transfer functions at the recording 
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stations obtained from inversions of the surface recordings (Edwards et al., 2013) agree remarkably well 

with those calculated using the measured VS profiles (Bommer et al., 2017). These comparisons not only 

confirm the reliability of the inferred velocity profiles for the whole field but also vindicate the 

assumption of 1D vertical wave propagation implicit in the site response analyses. 

 

No direct VS measurements have been made at the borehole stations, but interval velocities have been 

calculated from recordings at these locations and these also show excellent agreement with the inferred 

profiles for the same locations. The theoretical transfer functions for these profiles, calculated at the 

surface and 200 m depth, are similar to the surface-to-borehole spectral ratios of earthquake records. 

 

4.2 Methods and Setup 

4.2.1 Overview 

The shallow subsurface in the Groningen region is of heterogeneous composition as a result of the 

relatively recent formation. Although site amplification as a result of induced earthquake is present in 

Groningen to larger depths, the maximum depth of investigation was limited to 30 m. This depth of 

investigation is not related to VS30 (time-averaged VS over the top 30 m), but forms a good balance 

between fieldwork effort and added value of detailed VS profiles to this depth. The geological setting is 

described in detail in Kruiver et al. (2017b) and references therein and summarised in this section. The 

sedimentary infill is influenced by two recent ice ages and by sea level fluctuations. The Elsterian 

glaciation produced deep subglacial features known as ótunnel valleysô, which were filled with sands 

and clays of the Peelo Formation. These tunnel valleys were buried by younger sediments. The second 

glaciation (Drenthe Substage of the Saalian glacial) produced the till sheet that is present in part of the 

region. The ridge-and-valley topography is still present in the relatively flat landscape. The region was 

not covered by ice sheets during the last ice-age (Weichselian). During that period, a widespread 

superficial blanket of eolian sand (the so-called cover sand) that formed in many places marks the top 

of the Pleistocene deposits. The northern part of the Netherlands borders the North Sea. During 

interglacial periods with relatively high sea levels, a large part of Groningen formed the coastal plain of 

this sea. The most recent Holocene deposits typically consist of stacked vertical sequences of tidal clays 

and sands that are often thinly bedded and are intermittent with peat layers. The Holocene sediment 

thickness varies from ~20 m in the northern part to being absent in the southern part of the region. Due 

to the presence of various intersection channel systems, namely the Pleistocene tunnel valleys and 

Holocene tidal channels, the subsurface is very heterogeneous. From the very large number of borings 

and from the geology, we can infer that infilled channels are present. It is, however, impossible to know 

the exact location of all individual channels. 
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In order to characterise the subsoil below the recording stations and considering the level of 

heterogeneity to be expected, the VS measurements were to be located as close to the stations as possible. 

The stations are generally located in barns of farms in the rural areas and in public buildings (e.g. town 

halls) and houses in villages. Therefore, it was not always possible to locate all measurements in close 

vicinity of the stations. The distance between the station and the test site varied between 40 and 600 m, 

with an average distance of 150 m. 

 

Four different VS techniques were applied at the station locations. This section provides a short 

description of acquisition and processing for each of the methods. The survey setup is summarised in 

Table 4.1. Although the methods are routinely used in site characterisations (e.g. Garofaloetal. 2016a, 

b), we have implemented several adjustments to either improve the acquisition or the processing and 

interpretation of results. Suspension P-S logging (Ohya et al., 1984; Ogura et al., 1989) was applied 

unsuccessfully during this survey campaign, probably due to the combination of the borehole 

construction, grouting and the local geological setting. Therefore, these data were not further processed 

and interpreted. 
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Table 4.1: Summary of survey setup for the four different shear-wave methods 

 SCPT MASW Microtrem

or array  

Cross-hole tomography Suspension P-S 

logging 

Source Wooden beam and 

sledgehammer at 

1.1, 5, 10, 15 and 

20 m from SCPT 

truck 

Accelerated 

weight drop 

óImpacterô 

Ambient 

noise 

Borehole source of type 

BIS-SH 

Hammer source in 

tool 

Receivers 3-component 

accelerometer in 

SCPT cone 

96 to 120 

planted vertical 

4.5 Hz 

geophones 

Planted 

geophones 

of MASW 

array 

3-component geophone 

string of 7 units with 

spacing of 1.0 m 

Two 3-component 

hydrophone 

receivers in tool 

separated by 

acoustic damping 

tubes 

Remark Vertical sample 

interval max 1.0 m 

and coinciding 

with stratigraphical 

transitions 

T-shaped array 

with geophone 

spacing of 2.0 

or 3.0 m (4.5 

Hz) and 4.0 m 

(1 Hz) 

Recording 

of 70-80 x 

3-2 s (120 x 

1-6 s at one 

site) 

L-shaped array of 3 

boreholes with the source 

the corner of the L and the 

receivers in borehole at 10 

(short leg of L) or 25 m 

(long leg of L). Boreholes 

are lined with blind liners 

In one of the 

boreholes for cross-

hole tomography 

Depth of 

investigation 

20 ï 30 m 15 ï 50 m 10 ï 50 m 30 m 30 m 

Lateral 

averaging 

~ 2 m Up to ~ 200 m  ~ 1 m ~ 1 m 

Vertical 

resolution 

High, except 

shallow part 

Medium, 

decreasing with 

depth 

Medium, 

decreasing 

with depth 

High High 

 

 

4.2.2 SCPT 

Seismic cone penetration tests consist of a normal CPT with a geophone or accelerometer contained in 

the cone. The cone is penetrated into the soils and stopped at defined depth intervals for a VS 

measurement. Shear waves were generated at the surface by striking a 10 kg sledgehammer on opposite 

sides of 2.5 m hardwood beams. Typically, the cone penetration is stopped every 1.0 m and the source 

is located ~1 m from the entry point at the surface (Butcher et al., 2005). In the Groningen case, 

alternations between peat, clay and sand occur at irregular intervals that are often smaller than 50 cm. 

In order to correctly sample the VS of for each individual stratigraphy, the depth intervals at which the 

cone was stopped were determined by a normal CPT that preceded the SCPT. For example, when an 

80 cm thick peat layer was present between 1.7 and 2.5 m on top on of sand, a VS measurement was 

performed at 1.7 and 2.5 m instead of at 2.0 and 3.0 m. In this way, the peat VS was not contaminated 
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by the much stiffer sand below it. Sources at offsets of 5, 10, 15 and 20 m were added to the standard 

1.1 m source to gain insight in short-spaced lateral variations in VS (Figure 4.2). This is referred to as 

offset SCPT (OSCPT). Coupling of the wooden beams to the ground was increased by sand bags. At 

each source location, three shots were performed and stacked at each depth, both from the left and right 

sides of the beam. The maximum target depth of SCPTs was 30 m, but in some cases the measurement 

was terminated earlier (e.g. at ~20 m) when the cone could not be penetrated further upon reaching the 

maximum capacity of the truck.  

 

 

Figure 4.2: Schematic illustration of offset SCPT setup (not to scale). 

 

SCPT data were processed using the BCE SC3-RAV 2015 seismic data analysis software (Version 

15.0.1-June 2015). This software allows semi-automatic interval time picking using cross-correlation of 

the wave trains of subsequent test depths. The algorithm uses a simple ray tracing principle based on a 

horizontal stratigraphy model to determine the travel path length to calculate the interval shear-wave 

velocities. The left and right shots from the shear-wave source were processed separately. The traces for 

the OSCPT had to be hand-picked due to the lower signal-to-noise ratio for the larger offsets. The model 

subsurface from the OSCPT data was discretised using a grid of nodes, with a node distance of 0.5 m. 

For each of the nodes, the optimum VS was determined by minimising the misfit defined as the root-

mean-square (RMS) between the modelled travel times and the measured travel times. The ófast 

marching methodô (Sethian, 1999) was used to calculate the modelled travel times of seismic waves 

from source to receivers. For the optimisation, the Fresnel ray-path approach (Watanabe et al., 1999) 

was used. An example of CPT soundings and SCPT VS profiles for station BLOP is given in Figure 4.3. 

The distance between the (S)CPTs is ~80 m. The CPT soundings show transitions at 8 ï 9 m (Naaldwijk 

clay to Boxtel sand and Drente-Gieten clayey sand), 11.5 ï 12 m (Drente-Gieten clayey sand to Peelo 

fine sand) and 15.5ï16.5 m (Peelo fine sand to Peelo medium sand). The transitions in two nearby 

(S)CPTs do not occur at the exactly same depth, illustrating the heterogeneity of the geology. The 

transition between Holocene and Pleistocene Formations at 8 ï 9 m depth can be clearly observed as a 

jump in the SCPT VS profiles. The effect of the transition between different lithoclasses within the Peelo 
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Formation at 15 ï 16 m depth is rather subtle. The OCPTs images (Figure 4.4) are much smoother than 

an individual SCPT VS profile. Figure 4 consistently shows the Holocene/Pleistocene VS transition and 

the Boxtel/Drente-Gieten Formations on top of the Peelo Formation. The Boxtel Formation can be 

cemented very locally, giving rise to relatively high VS values. The OSCPT images show that even on 

very short (~ metre) spatial scales the values of VS and the transition depths vary. 

 

 

Figure 4.3: CPT and SCPT data for station BLOP. Left: VS profiles of SCPT 19 (blue) and SCPT 25 

(purple). The shaded band indicates the results from the left and the right blow. Middle and right: CPT 

soundings of SCPT 19 and SCPT 25, with cone resistance in red, sleeve friction in dark blue and friction 

ratio Rf in green. 
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Figure 4.4: OSCPT result for SCPT19 (left) and SCPT25 (right) for station BLOP. 

 

4.2.3 MASW and microtremor array method 

The MASW method uses the dispersive behaviour of surface waves, i.e. the fact that the different 

frequencies of the wave signal travel with different speeds, to derive VS profiles with depth (Park et al. 

1999). The dispersion of a wave can be determined using multiple receivers that record the passage of 

a surface wave. The surface wave itself can be actively generated for the analysis, for example with a 

hammer blow or weight drop, or can be of ambient origin, like traffic or ocean noise. If active source 

and ambient noise recordings contain different frequency ranges, they might be combined to increase 

the depth range and resolution. However, while the prominent source direction is known in an active 

acquisition, in ambient noise acquisition it is unknown beforehand. Therefore, we acquired the seismic 

data using T-shaped arrays, with different sets of geophones, as visualised in Figure 4.5 and summarised 

in Table 4.1. The main line consisted of 96 4.5-Hz geophones (72 in the first locations). To obtain lower 

frequency content 12 1-Hz geophones were placed parallel to the main line. Perpendicular to the main 

line 24 4.5-Hz geophones were placed for directionality analysis. For the active data acquisition an 

accelerated weight drop source (óImpacterô) was used, at the shot locations indicated in Figure 4.5. 
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Figure 4.5: Survey setup for MASW and microtremor array with planted geophones. Triangles represent 

geophone locations, and stars represent shot locations. 

 

Our analysis of MASW and microtremor array data is based on records of Rayleigh waves. Generally, 

the lowest frequency of both microtremor array and MASW data is 2 to 4 Hz and the maximum usable 

wavelength under the assumption of a homogeneous medium ranges between ~40 and 200 m. Given the 

heterogeneous and layered subsurface of the Groningen region, with low VS layers and VS values 

decreasing at certain depths, the theoretical wavelength at a certain frequency does not represent the true 

penetration depth. Although wavelengths of about 200 m were observed, the inversion of the data 

showed that typical penetration depth was in the order of 10 to 50 m. 

 

The dispersion analysis of the MASW data was done in two ways, making use of the different source 

locations. The first method focuses on getting the highest resolution dispersion plot for the whole line, 

while the second method focuses on determining multiple (lower resolution) dispersion plots along the 

array to detect heterogeneity within the array. The basic idea behind the methods is sketched in Figure 

4.6. The static array was used in two ways to combine multiple shot locations. In the method sketched 

in the top row, the geophones are sorted on source-receiver offset to get a densely-sampled virtual 

record. This is referred to as an offset gather. For the main line the sampling was improved from 96 

channels at 2 m interval to 192 channels at 1 m interval by shifting the source by 1 m. In this way, the 

spatial sampling interval is halved and the amount of data is doubled. This procedure was possible 

because the Impacter (accelerated weight drop) produced a repeatable signal. 
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Figure 4.6: Sorting and pre-processing of MASW data to obtain offset gathers (a) and geophone 

correlation gathers (b) to prepare for CMPcc binning. 

 

The second method focuses on determining heterogeneity and is sketched in the bottom row of Figure 

4.6. The influence of the source-receiver offset is removed by correlating the recordings from different 

receivers, for subsequent sources, and stacking these correlations over the sources. Virtual records along 

the array are generated using different correlation pairs. The dispersion behaviour of the virtual records 

is determined using the common midpoint cross-correlation approach (CMPcc) approach (Hayashi and 

Suzuki, 2004). Although 96 geophones can be combined to form a maximum of 4560 correlation pairs, 

approximately one third of the combinations were used. This is to ensure equal numbers of pairs in each 

CMPcc bin (Figure 4.7). For visualisation purposes, the array has been reduced to 24 geophones in this 

figure, but the same principle applies to the 96 geophones of our array. Correlations are binned based 

on the midpoint of the geophone pairs being correlated. The different offsets between the correlation 

pairs within a bin are used to determine the dispersion for each bin. A minimum number of correlation 

pairs within a bin is required to estimate the dispersion with sufficient confidence. Therefore, the first 

and last bins cannot be used for dispersion plotting because they contain an insufficient number of pairs 

spanning too limited an offset. This applies to the first two and last three bins in Figure 4.7. Correlation 

pairs with too large an offset were excluded as well, because the purpose of the CMPcc analysis was to 

investigate heterogeneity. This procedure ensures that each bin contains the same number of correlation 

pairs. Therefore, changes in dispersion can be attributed to differences of ground properties, rather than 

to resolution differences between the bins. Our CMPcc bins contained 24 geophone pairs per bin, 

spanning an offset between 2 and 48 m. Dispersion plots were generated from the CMPcc bins for waves 
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that were travelling from óleft-to-rightô as well as for óright-to-leftô travelling waves. The best quality 

dispersion plot was selected for analysis. 

 

 

Figure 4.7: Schematic representation of CMPcc binning. Geophones are represented by yellow triangles, 

and the correlation midpoints are indicated by dots. The correlations within the grey zone are used for 

analysis. Only bins with a sufficient number of midpoints are used (bins 3 to 20 in this example) and 

fixed offset range (6 geophones in this example). 

 

The dispersion plots found by the classic MASW and the CMPcc approach were inverted to derive VS 

models and investigate the VS variation along the profile. The inversion algorithm searches the model 

space to find the VS profile with the minimum misfit between the modelled dispersion curve and the 

measured energy on the dispersion plot. The most likely VS model for each data set was determined with 

in-house software by manual optimisation and by applying an automated genetic algorithm. The full 

array was processed both manually and automatically. The CPMcc gathers were processed 

automatically. For the manual optimisation, the SCPT VS model was used as a starting model. The 

emphasis of this exercise was to obtain the VS model that fits all modes and the particular shapes of the 

modes, such as curvatures at certain frequencies. The genetic algorithm automatically generates 

numerous VS model realisations, each associated with a modelled dispersion curve. The best VS model 

from the manual optimisation was used to define the search space of the automatic algorithm. The 

goodness of fit was defined by the energy of the dispersion plot along the modelled dispersion curve. 

After a number of iterations, the genetic algorithm converges to a group of likely models. The best VS 

model is chosen from this group based on the best goodness of fit. Figure 4.8 shows an example of a 

dispersion plot of the full line array of 96 geophones and resulting VS profiles obtained with the two 

inversion approaches. Generally, the two approaches result in the same pattern of VS, but the transition 
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depths and VS values of the individual layers vary between the methods. The theoretical fundamental 

and the higher modes corresponding to the VS profile for both methods are shown in the dispersion plot. 

Only the fundamental mode is used in the goodness of fit definition in the genetic algorithm. All modes 

are considered in the visual inspection of the fit between the model and the data in the manual approach. 

The maximum depth of reliable VS information was determined by a sensitivity analysis of the deeper 

layers to changes in depth and VS during the manual procedure. The maximum reliable depth for VS 

varied between 10 m for a site with a very thick layer of low VS to ~50 m for sites with stiffer soils. 

 
 

 

Figure 4.8: MASW result for station BWIR. VS profiles from the manual optimisation (solid line) and 

the genetic algorithm (dashed line) are shown in (a). Dispersion plot showing the energy in the velocity-

frequency domain in grey scale and the theoretical dispersion curves for the VS profiles of the left panel 

for the manual optimisation (solid line) and the genetic algorithm (dashed line), shown in (b). The 

fundamental mode is shown in green; the higher modes in red, blue, cyan and yellow. 

 

The CMPcc result for station BWIR is shown in Figure 4.9. Figure 4.9a shows the best VS model for 

each of the 72 CMPcc gathers as determined using the genetic algorithm. The VS profile resulting from 

each CMPcc gather is represented by a colour-coded column. The panel of 72 columns does not 

represent a 2D VS profile, because of the large overlap in data between in the CMPcc models (Figure 

4.7). However, the plot is indicative of variation in thickness and VS values of the individual layers along 

the full array of ~200 m length. The transition between Holocene and Pleistocene deposits at ~8 ï 9 m 

(in SCPT) varies between ~4 and 9 m. Figure 4.9b shows the standard deviation of the group of best 

models for each CMPcc gather. The standard deviation varies laterally as well and is generally higher 

for deeper layers. This means that VS for deeper layers is less well constrained. The aggregated results 
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of the CMPcc analysis are shown Figure 4.9c. The transitions between the model layers appear to be 

smeared relative to the standard MASW interpretation which shows sharp transitions (Figure 4.8). 

 

 

Figure 4.9: CMPcc result for station BWIR. Mean of best VS models for the 72 CMPcc gathers along 

the line (a). Standard deviation of best VS models for the 72 CMPcc gathers along the line (b). Best fit 

curve of the 72 models with the maximum and minimum value observed in the whole CMPcc and the 

standard deviation from all models (c). 

 

Passive or ambient-vibration-based surface wave methods record background vibrations emanating 

from ocean wave activity, atmospheric conditions, wind effects, traffic, industrial, construction 

activities, etc., which collectively are referred to as microseisms. Examples of application of microseism 

techniques can be found in Yong et al. (2013). Typically, microseisms with frequencies below 1 Hz 

have natural origins, whereas those above 1 Hz are largely due to human activities (Okada, 2003). As 

frequencies below 1 Hz are difficult to generate by active sources, microseisms can help increasing the 

bandwidth at the low end and therefore the microtremor array technique will usually extend the depth 

of investigation of MASW.  
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The microtremor array experiment was conducted to test whether the MASW data could be enhanced 

by including ambient noise data. The microtremor array data were acquired using the same planted 

geophone arrays as the MASW with a source (Table 4.1). However, this time ambient noise was 

recorded. At each site, between 70 and 80 recordings were made, each with a duration of 32 s at a sample 

interval of 2 ms. The microtremor array data were processed using the extended spatial autocorrelation 

(ESAC) technique (e.g. Mulargia and Castellaro, 2013). ESAC is based on the spatial autocorrelation 

(SPAC) method of Aki (1957). A drawback of the ESAC method is that only a single dispersion curve 

is determined, most likely the fundamental mode, but the method is considered more suitable for 

microtremor array measurements than frequency-wavenumber spectrum (fk) methods (Ohori et al., 

2002). Figure 4.10 shows the dispersion information obtained from the microtremor array and active 

source data acquired at station BGAR. The dispersion curve from the microtremor array measurements 

(red dots in Figure 4.10) agrees well with the fundamental mode in the dispersion plot of the MASW 

data (greyscale dispersion plot of Figure 4.10). However, the microtremor array data do not significantly 

extend the bandwidth of the dispersion data. 

 

 

Figure 4.10: Dispersion curves determined with the ESAC method applied on the passive data at BGAR 

(red dots) plotted on top of the (black and white) dispersion plot determined for the active data using the 

MASW method. 

 

During the processing of the microtremor array dataset, it was not possible to extract surface wave 

dispersion data from the ambient noise acquired at sites BAPP and BHKS. The MASW results indicate 

the presence of a thin, low-velocity (VS ~50 m/s) surface layer at these sites. Lateral variations in 
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thickness and VS of top layers have a relatively large influence on the dispersion in the EPAC procedure 

and can affect the whole VS model. The dispersion energy in the dispersion plot therefore becomes less 

reliable or impossible to define on the dispersion curve. The MASW data for these two stations showed 

good quality dispersion plots. The maximum resolved depth of stations BAPP and BHKS was limited 

to ~10 ï 20 m (instead of 30 m) due to the presence of the very low-velocity layer at the top. 

 

Another means to extend the low-frequency range of the MASW is to use low-frequency geophones. 

We installed 1 Hz geophones which partially coincided with the 4.5 Hz array (Figure 4.5). Because of 

the high costs of these geophones, only 12 were available, which creates a very short array. Nonetheless, 

the dispersion plots of the 1 Hz array and the 4.5 Hz array are compared in Figure 4.11. The effect from 

the number of geophones in the array is clear from the top and middle panel, both for the 4.5 Hz 

geophones. Reduction of the number of geophones results in smeared dispersion energy. The 1 Hz array 

shows more low-frequency energy than the corresponding 4.5 Hz array (bottom versus middle panel). 

In the current setup, however, the quality is insufficient to be able to extend the dispersion curve to lower 

frequencies. The quality could be improved by using a low-frequency source such as a low-frequency 

shear wave vibrator and by deploying more 1 Hz geophones at larger distances between the geophones. 

Ambient noise recording using the extended 1 Hz array might also increase the low energy content of 

the dispersion plot.  
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Figure 4.11: Comparison of dispersion plots for station BKAN. 4.5 Hz array of all 96 geophones are 

shown in (a).4.5 Hz array of 12 geophones at corresponding locations of 1 Hz array are shown in (b).1 

Hz array of 12 geophones are shown in (c). 
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4.2.4 Cross-hole tomography 

The cross-hole tomography data were acquired using three boreholes in an L-shaped configuration. The 

shear wave source was located in the corner of the L, while the receiver string was located either at 10 m 

at the end of the short leg of the L or at 25 ï 26 m at the end of the long leg of the L. Thus, the shots 

were performed twice: once recorded by the receiver array in the borehole of the short leg and once 

recorded by the receiver array in the borehole of the long leg. This geometry was chosen to generate 

tomographic images at two different scales and in two directions. The borehole source is coupled to the 

borehole wall by a pneumatic clamping system (inflatable bladder). The orientation of the source is 

controlled from the surface by a torsional stiff hose. The seismic blow direction was aligned 

perpendicular to the receiver borehole in order to generate SH-waves. To obtain the opposite blow 

direction the source was rotated by 180°, thus generating S waves with opposite polarities. For each shot 

direction a separate seismic record was acquired. The source also generated P-waves. 

 

The cross-hole seismic data processing included several steps. First, the travel times were determined 

manually by picking the arrivals of both the P- and S-waves. Next, the subsurface was numerically 

divided into cells. Vertical and horizontal cell sizes of approximately 1 m were selected. Seismic waves 

are assumed to propagate along curved ray paths. The simultaneous iterative reconstructive technique 

(SIRT; Gilbert, 1972) algorithm was used for travel time inversion. This algorithm is iterative and 

minimises the residual of the observed and calculated seismic travel times by a correction of the seismic 

slowness, i.e. the reciprocal of the seismic velocity in each cell. The tomograms for each borehole set 

were processed separately. An example of a VS and a VP tomogram is shown in Figure 4.12. The 

heterogeneity of the sediment at short distance scales is apparent. The transition from relatively low 

(~ 180 m/s) to relatively higher VS (250 ï 300 m/s) at the Pleistocene surface occurs at ~14 and ~18 m 

depth in the two SCPTs at the location. The transition is present in the tomograms at a depth varying 

between 12 and 25 m, showing that the stratigraphy is variable even over distances as short as a couple 

of metres. Comparing the VP and VS tomograms shows that the VS/VP or Poisson ratio is also highly 

variable over short distances and varies with depth. 

 

Figure 4.12: VS and VP images from cross-hole tomography for station BUHZ. 
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4.2.5 Seismic interferometry at vertical seismic arrays 

In addition to the determination of detailed VS profiles at the surface recording stations, interval VS have 

been derived at ~70 near-surface vertical seismic arrays that cover the Groningen region (Figure 4.1). 

The seismic arrays consist of geophones at 200, 150, 100 and 50 m depth and an accelerometer at the 

surface. Local events are recorded over this near-surface borehole network. Shear-wave velocities at 

depth levels where seismicity occurs are an order of 10 times larger than near the surface. Consequently, 

shear waves bend towards vertical propagation in the near surface and are largely recorded on the 

horizontal components. This illumination is suitable to estimate seismic interval velocities between the 

receiver levels in the boreholes. Two methods were considered to determine the interval velocities. The 

fi rst method uses the time differences of single phases after correction for the angle of incidence. These 

single phases exhibit large uncertainties, both on the timing and on the angle of incidence. The second 

method, which is applied here, is seismic interferometry on a catalogue of local events with sufficient 

signal-to-noise ratio (Hofman et al., 2017). Horizontal-component seismograms are rotated towards the 

transverse component and cross-correlated over different depth levels of single boreholes. By cross-

correlating entire waveforms and stacking in cross-correlations of many different events, a precise 

estimate is obtained of the local seismic response: the waveforms are obtained as if there were a seismic 

source at one of the receiver levels and all the other receivers measured its response. The obtained 

response is dominated by a direct up-going and down-going wave. From these waves, the timing is 

picked and converted to interval velocities along the boreholes. 

 

4.3 Integration of Various Methods 

The various methods are based on different properties and behaviour of seismic waves and sample 

different kinds of soil volumes. All the results for one location are gathered and compared in Figure 

4.13. The sample volume of the methods and thus level of detail decreases from left to right. The SCPTs 

result in very detailed VS profiles. However, they represent local VS variations. The two SCPTs with 80 

m offset near station BWSE are similar, but individual layers occur at slightly different depths and with 

varying VS values. The VS is low (~130 ï 140 m/s) between the surface and ~8 ï 9 m depth, next there 

is a faster layer of ~2 m (225 ï 460 m/s) below which there is an increase in VS from ~170 m/s to 350 m/s 

apart from a local high VS layer at 18 m depth in SCPT04. 
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Figure 4.13: VS profiles for station BWSE from different measurement techniques, including uncertainty 

bands. From left to right: SCPT03 (grey) and SCPT04 (blue) with band indicating variation between left 

and right blow; average profile for offset SCPTs between 1 and 5 m offset with shaded band indicating 

the minimum and the maximum VS ; cross-hole average profiles for long leg (blue) and short leg (grey) 

with shaded band indicating the minimum and the maximum VS ; CMPcc based on MASW array, shaded 

band indicates standard deviation of the 72 best models; MASW with manual fit  in green and automatic 

inversion using the genetic algorithm in black with grey shaded band indicating the minimum and the 

maximum VS. 

 

The original tomographic images of OSCPT and cross-hole VS show the local variations in VS. In order 

to compare them to the other 1D profiles, they have been simplified by averaging VS over depth slices. 

The 2D details, which are advantages of these methods, are lost in this way. The 1D OSCPT and 1D 

cross-hole profiles generally follow the SCPT profiles, but with less detail. The CMPcc and the MASW 

profile show a shallow VS layer of ~90 m/s of 2 m at the top, followed by a 4 m thick layer of ~150 m/s, 

a 9 m thick layer of ~210 m/s and a 4 m thick layer of ~160 m/s. The very low VS top layer in the MASW 

VS profile is missed in the SCPT. Shear wave velocity results from the top 2 ï 3 m in the SCPT cannot 

always be reliably determined due to the noisy record and the short distance of the waves travelled. This 

results in overlapping P- and S-waves in the record and the difficulty in reliably picking the S-arrival. 

The gradual increase in VS below ~11 m that is apparent in the SCPT was not resolved in the MASW 

VS profile. The most representative VS profile is a combination of the SCPT, cross-hole and the MASW 

VS profiles with some weighing. For the present study, we adopted a pragmatic choice: the SCPT was 

combined with the top layer of MASW only if the SCPT results were unreliable for the top few metres. 

When two SCPTs were available, the station representative SCPT was chosen based on the distance 



73 

 

between the SCPT and the station, the geology at the site and quality of the SCPT. To check the validity 

of the choice of SCPT, the theoretical dispersion curves of the SCPT were plotted on top of the MASW 

dispersion plot (Figure 4.14). Because of the aforementioned possible unreliability of the top metres of 

the VS from SCPT, the minimum VS value of the top three layers was assumed for these layers. 

Generally, the fit is very good. 

 

 

Figure 4.14: Example of SCPT profile on MASW for station BWSE. SCPT03 VS profile with the top 3 

layers replaced by the minimum value (a). Theoretical dispersion curves of the VS profile for 

fundamental (green) and higher modes (red, blue, cyan and yellow) plotted on top of the MASW 

dispersion plot (grey scale) for station BWSE (b). 

 

The 18 stations sample a variety of geological settings, but most stations are situated in areas with a 

Holocene cover on top of Pleistocene sediments. The average VS is linked to the age of the deposits 

(Holocene or Pleistocene) and the lithology (peat, clay, sand). The transition between Holocene deposits 

(relatively low VS) and Pleistocene deposits (relatively high VS) is often easily recognised in the profiles 

by a jump from low VS in the shallow layers to higher VS values in the deeper layers (Figure 4.15). This 

occurs at 11 m depth for station BMD2, at 9 m for BWIR, at 8 m at BAPP and at 9.5 m for BLOP. 

Individual peat layers can be recognised from their low VS, e.g. between 4.5 and 7 m at station BAPP. 

Between stations, the variation in VS of the stratigraphic and lithological units is consistent. The general 

ranges of VS for the Groningen deposits are < 100 m/s for Holocene peat, 100 ï 200 m/s for Holocene 

clay and Pleistocene peat, 200ï250 m/s for Pleistocene clay and fine sand and > 250 m/s for Pleistocene 

medium and coarse sand. 
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Figure 4.15: VS profiles at selected B stations. Measured VS in blue and modelled mean VS (Kruiver et 

al., 2017a) in red. 

 

4.4 Discussion 

4.4.1 Performance of techniques and sampling scales 

The various techniques to determine VS in the field generally perform well in the Groningen setting. 

The depth of penetration of SCPT is in most cases possible to the target depth of 30 m. In some cases, 

this maximum was not achieved because of a combination of high friction due to stiff clay, high tip 

resistance or high friction in the Pleistocene sands. The MASW suffered from limited depth of 

penetration in some cases as well. The most apparent case is station BAPP where the top 7 to 8 m 

consists of very low VS ( < 100 m/s) material. In this location, the dispersion could be determined down 

to approximately 1 Hz, but the modelling shows that it only contains information from the top 15 m.  

 

The SCPT and cross-hole techniques are based on picking shear-wave arrivals. The source-receiver 

distance needs to be sufficiently large to be able to reliably distinguish between the arrivals of different 

waves. For the cross-hole setup, the distance between source and receiver was always sufficiently large 

for reliable first arrival picking. For the SCPT, on the other hand, the distance between the source and 

receiver varies with depth, because the source stays at the surface while the receiver penetrates the soil. 

As a consequence, the quality of the data from the SCPT varies with depth: the top part might be 

unreliable when wave forms overlap. The unreliable top part (2 ï 3 m) of the SCPT VS profile was 

replaced by the more reliable MASW results for three of the 18 stations.  

 

We demonstrated that the resolution and scale at which the different methods obtain the VS profile is 

quite different. The surface-wave method óaveragesô the VS information over the whole array length of 

approximately 200 m and therefore is only sensing VS structures if they have a significant contrast, 
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thickness and lateral extent. On the other hand, the SCPT method samples the velocity on a scale of a 

few metres at most. The OSCPT and cross-hole methods sample the data at intermediate scale. It is clear 

from the OSCPT, cross-hole and CMPcc results and the locations with two SCPT profiles that changes 

in velocities can be significant over small distances. Therefore, it is important to consider the relation 

between the scale of the VS profile from a certain method and scale at which earthquake amplification 

occurs. The primary goal of the VS measurements was to calibrate the transfer functions. A pragmatic 

choice was made to use the SCPT close to the accelerometer station (with MASW for the uppermost 

few metres when needed) for calculation, because it is both most detailed and contains extra information 

on lithology and shallow stratigraphy. 

 

4.4.2 Comparison to other types of VS estimates and derived analyses 

Additional to providing VS profiles for the ground motion model, the SCPT VS values were used to 

derive a VS model for Groningen. For this, SCPT VS from this fieldwork and from archive data were 

classified in terms of stratigraphy and lithology to derive VS distributions (Kruiver et al., 2017a). These 

VS distributions were used to model VS in the entire Groningen field in the top 50 m using the detailed 

3D voxel model of geology GeoTOP of TNO Geological Survey of the Netherlands (Stafleu et al., 2011; 

Maljers et al., 2015; Stafleu and Dubelaar, 2016). The modelled VS profiles at the stations are shown in 

Figure 4.15 for comparison with the in situ measured VS. There is generally good agreement between 

the measured VS at the site and the modelled values, especially considering the regional character of the 

GeoTOP model. 

 

Theoretical 1D SH-wave site transfer functions (TFs) were calculated for each of the measured VS 

profiles at the B stations. These transfer functions were used to deconvolve Fourier amplitude spectra 

(FAS) of surface recordings to a reference horizon, at some 800 m depth, for the purpose of determining 

seismological parameters for modelling earthquake ground motions (Bommer et al., 2017). The 

simulated ground motions were then used in a non-linear soil response analysis using a field-wide 

velocity model (Kruiver et al., 2017a) to determine zone-specific spectral acceleration amplification 

functions (AFs) for use in hazard and risk analyses (Rodriguez-Marek et al., 2017). As such, it is 

important to verify both the consistency of the VS models and the accuracy and applicability of the site 

TFs. At the G-stations from the KNMI monitoring network, no in-situ measured VS data are available. 

The VS profiles inferred from seismic interferometry at selected G-stations and the modelled VS profiles 

are compared in Figure 4.16. The modelled VS data have been converted to interval velocities 

corresponding to the geophone intervals by determination of the harmonic means. These compare very 

well to the interval velocities estimated from seismic interferometry. The main uncertainty in the 

velocities estimated with seismic interferometry is related to interference between the direct waves and 

the reflected phases and noise. In Hofman et al. (2017), confidence ranges are added to all estimated 

profiles. For VS, the confidence regions are generally very small and only exceed 20 m/s for a limited 
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number of very noisy stations. Differences in the estimated and modelled VS in the top 50 m can be 

attributed to local variations in geology at the station sites relative to the GeoTOP model. 

 

 

Figure 4.16: VS profiles at selected G stations. Interval VS from seismic interferometry in blue, modelled 

mean VS (Kruiver et al., 2017a) in grey and harmonic means of modelled VS in dashed red. 

 

Independent calculation of site transfer functions is typically performed using site-to-reference spectral 

ratios, or in the absence of a reference site (as in Groningen), by calculating empirical transfer functions 

from spectral modelling (Edwards et al., 2013). This approach has been successfully used in guiding the 

development of VS models in Alpine and urban regions of Switzerland (Michel et al., 2014, 2016). The 

principal of empirical transfer functions is to isolate site effects. The approach of Edwards et al. (2013) 

uses a simple seismological point-source model (Brune, 1970; Anderson and Hough, 1984) to account 

for source and path effects in recordings of small earthquakes. Consistent site effects are then extracted 

from the intra-event FAS residuals over numerous events. By averaging over numerous events, distances 

and azimuths and extracting only the intra-event residuals, the non-uniqueness of spectral analysis 

approaches is largely removed (Goertz-Allmann and Edwards, 2013; Michel et al., 2014, 2016). The 

result is that site TFs are ð over a broad frequency band ð independent from the inverted source and 

path effects. Furthermore, in this analysis, we take advantage of the availability of the measured VS as 

a priori information for the inversions and reduce possible trade-offs further. The 1D SH TF with vertical 

incidence from measured VS profile is used as a starting model, with the inversion completely free to 

modify the TFs. 

 

Figure 4.17 shows a comparison of the TFs for four sites with measured VS profiles. The overall shape 

of the empirical TFs (determined from earthquake recordings following Edwards et al., 2013) and 

theoretical 1D SH TFs (determined from numerical linear site response analysis) is very similar, with 

only small differences in minor peaks and troughs. For the borehole (G) stations there are no measured 
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VS profiles. However, in this case, we can take advantage of the surface-to-borehole-at 200 m depth 

(S/B) spectral ratio to calculate the effect of the soil column on the wavefield. Figure 4.18 shows S/B 

spectral ratios calculated using small earthquakes (1.5 > ML > 3.1). In order to compare S/B spectral 

ratios with theoretical transfer functions, the TF between the borehole at 200 m depth (within-rock: i.e. 

accounting for both up- and down-going waves) and the outcropping surface must be calculated. This is 

equivalent to taking the ratio of the TFs between the reference horizon and both the outcropping surface 

and the 200 m depth ówithin-rockô borehole levels. Generally, the amplification from the recordings and 

theoretical transfer functions agree well. 

 

 

Figure 4.17: Comparison for selected B stations of empirical amplification (reservoir to surface 

amplification) from the Groningen earthquake recordings database (blue) and standard deviation (pale 

blue) along with the theoretical vertical 1D SH amplification between the reference and surface (red) 

based on numerical linear site response analyses. 
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Figure 4.18: Comparison for selected G stations of FAS spectral ratio of surface to 200 m depth from 

the Groningen earthquake recordings database (blue) and standard deviation (pale blue) along with the 

spectral ratio of surface to 200 m depth from theoretical 1D SH linear site response analyses (solid red). 

The dashed red line indicates the 1D SH TF at the surface and dotted red line at 200 m depth. 

 

The good agreement between measured/inferred VS and modelled VS from Figure 4.17 and Figure 4.18 

indicates that the use of vertical 1D SH TFs is appropriate over the 800 m from reference rock horizon 

to surface. The velocity models determined for the reference to surface produce remarkably similar TFs 

to those empirically observed in earthquake signals. 

 

4.5 Conclusions 

A fieldwork campaign was conducted in the Groningen gas field to determine in-situ VS to 

approximately 30 m depth for the purpose of reducing uncertainty in the ground motion model for 

induced earthquakes. A suite of field techniques was used and existing techniques were extended. For 

example, the SCPT procedure was adjusted to take measurements at stratigraphy boundaries in order to 

sample each layer (especially peat) in sufficient detail and to avoid contamination of the measured VS 

by the under- or overlying soil layer. We added source offsets to the SCPT (OSCPT) at 1 to 20 m from 

the cone location to be able to perform tomography of VS. This provided insights regarding spatial 

variations of VS and representativeness of any individual SCPT. 

 

The cross-hole tomography also showed that there is heterogeneity on spatial scales of one to several 

metres. For example, the jump in VS associated with the transition between Holocene and Pleistocene 
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deposits varies in depth by several metres over a horizontal distance of 25 m. The cross-hole tomography 

is very suitable to investigate spatial variation of VP and VS properties.  

 

The MASW analysis consisted of both active and ambient noise data acquisition and various methods 

of processing. The classic MASW processing of the offset gather of the array resulted in the large scale 

V S structures at the station sites. The passive and the MASW dispersion characteristics matched well. 

However, the microtremor array data did not significantly extend the bandwidth of the dispersion data 

relative to the MASW at our sites. This could be improved by including lower frequency geophones and 

ambient noise data collection for a longer period of time. The CMPcc approach on the MASW data 

indicated the lateral variability of VS along the full array. 

 

We made a pragmatic choice to achieve the final VS profile at each station, using the SCPT, only 

substituting by the MASW value when the SCPT was unreliable. The comparison between the measured 

VS and the modelled VS that was used for site response analysis shows an excellent match. The 

correspondence between the VS from seismic interferometry and the modelled VS agrees very well. The 

measured VS profiles significantly enhanced the ground motion model derivation by using them to 

deconvolve the recorded motions from the Groningen earthquake database to the reference baserock 

horizon.  
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5. PUBLICATION III: JOINT -INVERSION OF CROSS-BOREHOLE P-WAVES, 

HORIZONTALLY AND VERTICALLY POLARISED S -WAVES: TOMOGRAPHIC 

DATA FOR HYDROGEOPHYSICAL SITE CHARACTERISATION  

 

P-wave, as well as horizontally and vertically polarized S-wave tomographic data were collected 

between two borehole pairs. This enabled the joint-inversion of the three datasets. By employing 

structural constraints, the S-wave traveltimes were coupled to the more accurate P-wave traveltimes 

during the inversion. Thereby, the traveltime and anisotropic artefacts, initially observed in the 

individually inverted S-wave tomograms, were significantly reduced and the correlation with the 

borehole logs improved, while the resolution of the jointly inverted P-wave tomogram was only 

marginally affected. The joint-inversion proves successful in determining the S-wave velocity 

distribution more accurately than individual inversions. In addition, the jointly inverted tomograms were 

used to detect aquifer heterogeneities, caused by differences in clay content, and to distinguish areas of 

relatively high effective pressure. By comparing the jointly inverted S-wave tomograms, suggests the 

effect of S-wave anisotropy, which showed substantial velocity differences of approximately -10% to 

+10%. The anisotropy may have been caused by the presence water-filled pores, microcracks and 

preferred mineral alignment (mainly clay) in the media. 

 

5.1 Introduction  

Cross-borehole tomographic investigations are routinely applied for high resolution lithological 

structure delineation (Yamamoto et al., 1994; Angioni et al., 2003; Daley et al., 2004; Dietrich and 

Tronicke, 2009). Applications range from exploring development sites considered for larger building 

projects, such as power stations, dams and high-rise buildings, to natural resource exploration and 

ground water aquifer studies. Currently, P wave tomography is employed more frequently than S-wave 

borehole tomographic surveys (Paasche et al., 2011). Examples of S-wave borehole tomography include 

a survey to (1) derive geotechnical elastic properties (Angioni et al., 2003), (2) constrain a hydro-

geological model (Daley et al., 2004) and (3) perform a joint interpretation of co-located P- and S-wave 

tomograms by means of an integrated analysis (Dietrich and Tronicke, 2009). The velocity structures 

and the elastic parameters, i.e. Youngôs modulus, Bulk modulus, Shear modulus, Poissonôs ratio and the 

P-wave to S-wave velocity ratio (ÖȾÖ), were used for a joint interpretation. These S-wave tomographic 

surveys were conducted with a single S-wave polarisation, using either vertically polarised (SV-waves) 

or horizontally polarised S-waves (SH-waves).  

 

Cross-borehole surveys employing both horizontally and vertically polarising S-wave sources have been 

used previously for anisotropic S-wave measurements (e.g. Sully and Campanella, 1995; Ku and Mayne, 

2014). These were conventional crosshole testing surveys and were restricted by gathering only 1D 

measurements with depth. However, using both vertically and horizontally polarised S-waves in 
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conjunction with P-waves in a tomographic survey enables the determination of three 2D velocity 

tomograms which can be jointly interpreted.  

 

The co-located datasets also enable joint tomographic inversions using a cross-gradient constraint 

(Gallardo and Meju, 2003; Gallardo and Meju, 2004). The cross-gradient constraint enforces structural 

similarity of the resulting models and has been used for jointly inverting different geophysical datasets. 

For example, Gallardo and Meju (2004) jointly inverted DC-resistivity and refraction seismic data, 

Tryggvason and Linde (2006) jointly inverted local earthquake tomographic data consisting of P- and 

S-waves traveltimes, and Moorkamp et al. (2011) provide a framework for jointly inverting 

magnetotelluric, gravity and refraction seismic data. Jointly inverted P-, SH- and SV-wave traveltime 

data enable the structural coupling of the less accurate S-wave to the more accurate P-wave traveltimes. 

Thereby, the S-wave velocities are estimated better, as erroneous traveltimes will not cause artefacts in 

the tomogram. In addition, the two differently polarised S-wave tomograms will enable to estimate the 

presence of anisotropy.  

 

We chose the SAFIRA (SAnierungs-Forschung In Regional kontaminierten Aquiferen, i.e. research on 

remedial measures in regionally contaminated aquifers) research facility in Zeitz, Germany (Weiß et al., 

2001; Weiß et al., 2002), as the test site exhibited an overconsolidated clay layer of approximately 15 

m thickness (Dietze, 2007, pp. 24-28). Theoretical considerations and bender element testing have 

shown that the S-wave velocity changes with increased external stresses (Fratta et al., 2004; Lee et al., 

2005). Therefore, the SAFIRA site exhibiting the overconsolidated clay layer was sought to test with 

the two different S-wave sources. 

 

5.2 Geology of the SAFIRA Site 

The geology of the SAFIRA research facility is composed of Tertiary and Quaternary sedimentary 

deposits of the river Weiße Elster, which slightly dip to the North and North-East. Two groundwater 

aquifers are present, consisting of medium to coarse grained sand. The two aquifers are separated by 

clay and interbedded lignite seams (Dietze, 2007, p. 25). For two reasons, the tomographic 

measurements target the layers below Aquifer 1, i.e. the layers of clay and lignite seams, and Aquifer 2. 

Firstly, all layers below Aquifer 1 are saturated, which would limit refraction effects along the water 

table boundary. Secondly, the sediments of Aquifer 1 and the layers below were overconsolidated during 

the glaciation period of the Elster-Saale. Therefore, some form of anisotropy is expected, which would 

result in different S-wave velocities between horizontally and vertically polarised S-waves.  
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5.3 Data Acquisition 

Tomographic measurements were conducted between two borehole pairs, with all four boreholes being 

near-vertical with depths of more than 40 m. The two borehole pairs are separated by a distance of 

approximately 14 m and 9 m on surface, with the borehole locations shown in Figure 5.1. 

 

 

Figure 5.1: Overview of the borehole locations at the SAFIRA research facility in Germany with the 

highlighted borehole pairs B29 - B51; and B45 - B44. 

 

Two different sources were employed, thereby generating three different types of waves. These were P-

waves, SH-waves and SV-waves. The sources were successively lowered into one borehole (B51 or 

B44) and a ten-station three-component receiver array recorded the signals in the adjacent borehole (B29 

or B45). Alignment of the sources and receivers was performed from surface and enabled by rotationally 

stiff hoses attached to the borehole devices. The horizontally polarising source was aligned to either 

shoot in a 90° or 270° angle to the receiver borehole and the vertically polarising source was shooting 

either up or down. This reversal in shooting direction generated S-waves with opposing polarity, 

comparable to the Crossover method in S-wave crosshole testing surveys (Tanimoto and Kurzeme, 

1973). Once aligned, the sources and receivers were pneumatically clamped to the borehole wall. For 
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each layout, care was taken to keep the receiver string in place and at the same pneumatic clamping 

pressure of 10 bar, while the sources were exchanged.  

 

Data were collected between the depths of 5 and 49 m (B29-B51) and between 12 and 42 m (B44-B45) 

with a source and receiver spacing of 1 m respectively, and with a high signal-to-noise ratio. The 

temporal sampling rate was 16 kHz for both sources. Examples of raw receiver gathers at a depth of 18 

m are shown in Figure 5.2 for the horizontally and vertically polarised sources respectively. It can be 

observed that the horizontally-polarising S-wave source produces SH-waves and P-waves (Figure 5.2a), 

while the vertically-polarising source predominantly produces SV waves (Figure 5.2b). 

 

Figure 5.2: Example of a raw receiver gather for tomographic slice plane B29-B51 at 18 m depth of the 

horizontally-polarising S-wave source (a) and the vertically-polarising S-wave source (b) at the SAFIRA 

site. For the SH-wave source (a), the horizontal channel perpendicular (90°) to the source borehole is 

shown for the two opposing strike directions (90° and 270° to the receiver borehole). Both SH-wave 

and P-wave are clearly visible. For the SV-wave source (b), the vertical channel is shown for the two 

opposing strike directions up and down. The SV-wave is clearly distinguishable. 
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The three-component receivers allowed the computation of hodograms, whereby the seismic wave 

motion is visualised by plotting the amplitudes of the different components (x, y and z) relative to each 

other. Shear wave splitting into orthogonal S-waves is commonly recognised by the use of such 

hodograms (e.g. Crampin and Chastin, 2003). The hodogram analysis indicates that the vertically 

polarising source produces SV-waves, while the main S-wave polarisation of the horizontally polarising 

source is horizontal. Therefore, we concluded that the SV-waves and SH-waves are in fact vertically 

and horizontally polarised, respectively. The dominant frequency for the P-wave is approximately 1200 

to 1400 Hz and for the two S-waves in the range of about 100 to 400 Hz. 

 

Data processing included the re-sorting of traces, adjusting for trigger delays and independent picking 

of P wave and S-wave traveltimes. The SH-traveltimes were picked by analysing the horizontal channels 

perpendicular to the source borehole, while the SV traveltimes were picked on the vertical channel. The 

P-traveltimes, on the other hand, were determined on the in-line receivers. Subsequently, the traveltimes 

were analysed for their plausibility and erroneous traveltimes were re-picked. In total, approximately 

950 and 710 P-wave, 960 and 708 SH-wave and 880 and 710 SV-wave traveltimes were picked for the 

tomographic planes B29-B51 and B44-B45 respectively (Figure 5.3). The traveltime accuracies are 

estimated at 0.1 ms for the P wave and approximately 1.0 ms for the S-wave. This is a rough estimate, 

based on the visual analysis of the raw shot gathers and on the traveltimes sorted by both shot and 

receiver gathers. The borehole deviation was measured on-site and incorporated in the subsequent 

inversion process. 
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Figure 5.3: SV-, SH- and P-wave traveltimes of the SAFIRA research site sorted by receiver depth for 

the two slice planes B29-B51 (a-c) and B44-B45 (d-f). SH-wave and P-wave traveltimes were 

determined from a horizontally polarising S-wave source and the SV-waves were determined from a 

vertically polarising S-wave source. 

 

5.4 Tomographic Inversion 

5.4.1 Separate inversion 

The seismic velocity models were determined on a 2D grid consisting of cells of roughly 1 m by 1 m, 

by inverting the 1D seismic traveltimes. Mathematically, the relationship 

 ἔἵ  (5.1) 

has to be solved, with the seismic slowness vector (m), the measured traveltime vector () and the 

Jacobian matrix (J), which connects the two relationships. In this particular case of seismic tomography, 

the Jacobian corresponds to the lengths of rays in each model cell. In the first iteration, a straight raypath 

is assumed. Numerically, a sequence of approximations are made in a linear-least-squares sense, so that 

the ǎ2 norm of the residual (r ) decreases monotonically for every iteration k, giving the objective 

function 










































































































































































