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ABSTRACT

This thesis is comprised of two parts. In the first part, | 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, | 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, | 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, | 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, | 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. | 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, | evaluate S-wave tomography in different
geological settings and find optimal processing and interpretation flows adapted to different exploration
guestions. In general, | 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 Poisson’s ratio, Young’s 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.
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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; Candés and Guo 2002; Candés 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; Gorszczyk 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 group’s 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 | 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, Poisson’s
ratio, bulk modulus, Young’s 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, | 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 Il 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. | 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 11l 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. | had the original idea of testing with
two directional sources to acquire data for tomographic analysis in an overconsolidated environment. |
initiated a search for a suitable test site, conceptualised the survey and lead the data acquisition on-site.
| 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 1V discusses the same seismic dataset for tomographic analysis of Paper IlI.
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 VVTI 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 11, since the same dataset was
used. As first author, | 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 I11.

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. | 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 (Lth 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.

Sampling with Projections Physical Property

i

7

Inversion

=)

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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RF(L) = f f()ldx]. 2.1)
L

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 m,, ms and
ma. The traveltime (t) is a sum of all model cell properties and the raypath segment distances of xz, X3

and x4 (modified from Vesnaver and B6hm, 2000).

The raypath associated with the traveltime (t') in Figure 2.2, passes through cells mz, mz and ms. Thus,

the traveltime (t%) is given by
T = xbm, + xim; + xim,, (2.2)

with the model slowness (m;) and raypath segments (x;), that correspond to the i"" 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

ot
i _J 2.3
K =k (2.3)
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Thus, for many raypaths, equation 2.2 can be expressed in matrix form as

d

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

Equation 2.4 is non-linear, in that the raypaths (x}) are dependent on the slowness model (m,,) and need
to be updated after the computation of a new model (my,), 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 (Am) that fits the traveltime residual (At)
JAm = At (2.5)
The model (m) is then updated by adding the perturbation (Am)
my,; = my + Amy,. (2.6)

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

Because, a raypath generally only passes through a very limited number of model cells, the Jacobian (])
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 (J) would then have 200,000 (mostly zero)
entries. Thirdly, the matrix is ill-conditioned, with condition numbers as large as 10> 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 (J~8) and solve for the model perturbations
(Am) with

Am = J78AT. (2.7)

Since there is no unique model to fit all the observations (t), 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, | used two different approaches. Firstly, | 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

22



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

At = Z xj Amj, (2.8)
J
with the traveltime residuals (At'), the model slowness (m}) and raypath segments (x}), subject to the

constraint that the model perturbations should be as small as possible, i.e.
. i\2
min ) (Am;)". (2.9)
J

Using a Lagrange multiplier (1), an objective function (K) is formulated for equation 2.8 with constraint
2.9 as (Al-Yahya, 1985, p. 135)

K= z |(am})” - 2 ami] + aat, 2.10)
7

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

model parameter (0K /dAm;) should be zero, i.e.

oK i i
]
o 2x
— .
Amj ==, (2.12)

When substituting equation 2.12 into 2.8, we can solve for the Lagrange multiplier (1)
5 2AT 213
= - 2.13
2j X}

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

iyl
._ATXj

l
Amj = >
Z'X%
J %

(2.14)

This equation can be understood as the multiplication of two factors. Factor one is given by At!/Y. x}

and is the total slowness error. Factor two is given by x]‘f /> x]‘f and is the proportion of the i ray in a

23



particular j™ 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 (Am}) 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 j™ cell slowness
(my;) is updated simultaneously using all of the slowness errors that are computed for the raypaths that

intersect that j*" cell, such that
1w
Am; = NZ Am;, (2.15)
i=1
with the number of raypaths (N) that intersect cell m;.

This model slowness perturbation (Am, equation 2.15), is added to the previous slowness model (m) 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 (r) of the form (Scales
etal., 1988)

Irl,=1At—JAmll,, p=1, (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 £1 norm, or an £2 norm with the removal of outliers, i.e.
1 < p < 2, may be better, since outliers effect the least-squares £2 norm more (Nolet, 1987, p. 14).

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

Il rll,=Il At —JAm |, (2.17)
r’'r =(At — JAm)7 (At — JAm), (2.18)
r’'r =(At" — Am”J7) (At — JAm), (2.19)
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r’r = AmTJT JAm — AmTJT At — AtTJAm + AT Az, (2.20)

1
r’'r=2 (EAmT J7JAm — AmT]TA‘t) + AtT At (2.21)

Minimising r”r resembles the minimisation of the quadratic form in matrix notation, where the problem
(T T —
min (EX Ax —x b) < Ax=bh. (2.22)

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

emerges as

Am = (JTD YT AT (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 (I'), such that

Il ri,=I At —JAm |, +| TAm ||, (2.24)
and the least-squares version then given by
Am = (JTJ+ 1)~ AT (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 J7J (or J7J + I''T) into an orthogonal
matrix (Q) and an upper triangular matrix (R), i.e. QR-factorisation. Finding the inverse of this factored
matrix (QR)™1! is then straightforward, since the inverse of an orthogonal matrix is equivalent to its
transpose, i.e. Q= = Q7, 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 Am is added to the known slowness
model m (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 At
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 Am for both the P- and S-wave velocity. Thus,

the Jacobian (J), model perturbation vector (Am) and residual traveltime vector (At) are then given by

J = (]6’ IOS) (2.26)
Am = (2?1112) (2.27)
At = (2:2) (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 (vp/vs) 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, | introduced a factor that compensates for this resolution
difference. This factor (B) is defined as the difference in standard deviation between the P- and S-wave

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

l=(’3 (])P ]OS) (2.29)
r=(ﬁg*’ FOS) (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 (G,), expressed by the relationship
Go = pv3, (2.31)

with the bulk density (p) and the elastic shear wave velocity (vs) that is generated at very small strain
amplitudes of less than 107*% (Sully and Campanella, 1995). The relationship between the Shear
modulus (G) and the shear strain (yg) 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 (A) and the S-wave

velocity (vg).
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Figure 2.3: Relationship between the Shear modulus (G) and the shear strain (y), modified after Mayne
(2001) is shown. Note the inverse relationship between G and ys and the flattening out of G for very
small y. This flattening out is referred to as the maximum Shear modulus G,. 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 (G,,ax), Or also denoted
Gy 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,
G, 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 Poisson’s ratio (v), Young’s modulus (E,), the bulk modulus (K), and the ratio between the P-

wave and S-wave velocity (vp/vs). These elastic parameters can be determined by

2 _ 2 2
N/ (2.32)
2(vg—vd)
EO = 2G0 (1 + V), (233)
Eo
K=—, 2.34
3—6v ( )

with the P-wave velocity (vp), the S-wave velocity (vg), and the small strain shear stiffness (Gy).

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 | 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-

28



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 V7] medium
and polar anisotropic medium are subsequently used interchangeably. Of course, the layering doesn’t
need be horizontal (as is the case for a VTI-medium) or the fractures don’t 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

O'i]' = Ci]'kl €kl (235)

3
kl=1

where the stress (o) is related to the strain (g) by the fourth order elastic tensor (c;ji). 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 (Cj;). This mapping was possible due to the symmetrical nature of

the tensor (cjji). The stress-strain relationship is then expressed as
ojj = Cyj&y;. (2.36)

In the simplest case of isotropy the matrix C;; assumes the form
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Cs3 (C33 —2C44) (C33 — 2Cyy) 0 0 07
0 Cs3 (C33 —2Cyy) 0 0 0
_ 0 0 Cs3 0 0 0
Cij = 0 0 0 Cyy 0 0 (2:37)
0 0 0 0 Cys 0
0 0 0 0 0 Cyql

The two independent elastic tensor components Cs5 and C,4, are related to the Lamé parameters (A and
) and to the bulk modulus (K) by

4

Cas = IL (2.39)

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

fc ,)\ +2
vp= [-2= ay (2.40)
p p
/c
vg = ﬁ:F. (2.41)
p p

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

Cii (Ci1—2Ce)  Cis 0 0 0
0 Cyy Cis 0 0 0
| o 0 Cas 0 0 0 |
G=| o 0 0 Cas 0 0| (2.42)
[ 0 0 0 0 Cas oJ
0 0 0 0 0 Ceo

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)

N| =

V?{P 6) =
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1
chlsv(e) =5 [C33 + Caq + (C11 — C33) sin?6 — D(O)]], (2.44)
Vesn(8) = Ceg 5in6 + C4y cos?6, (2.45)

with D(0) being the quadratic combination

D(8) = {(Ca3 + C44)® + 2[2(Cy3 + C44)® — (C33 — C44)(Cyq + C33 — 2Cyy)] sin6
1 (2.46)
+ [(Cy1 + C33 — 2C44)% — 4(Cy3 + C4y)?] sin*0}2.

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

(b)
: )

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

shown in Figure 2.5.

(a)

<

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 VT parameters €, §* and y that would simplify

the above equations with

C11 —C33
- 2.47
2C3; (2.47)
5 = —ZCZ [2(C13 - C4-4-) - (C33 - C4.4)(C11 + C33 - 2C44)], (248)
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Co6 — Caq

= 2.4
Y 2o, (2.49)
With the vertical P- and S-wave velocities
C
Vpo = f, (2.50)

,c
Vo = % (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

Thomsen’s (1986) anisotropy parameters

vap (8) = vBo[1 + £sin®6 + D*(8)], (2.52)
2 2 Vho 2 vEo

Vqsv(e) = Vg 1+ —€SsIn 0 — TD*(G) ) (253)
Vso Vso

Vasu(0) = v4,[1 + 2y sin®6]. (2.54)

Once again, a term D* complicates the above equations 2.52 to 2.54, given by

1 V§0> [ 48"
D*(G)E—(l—— 1+——————sin?0cos?0
2 Vo (1 —v&o/Vio)

(2.55)

4(1 -V Vo +e)e 1"
7 7 5 sin 0 —1;.
(1 —v50/Vpo)

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

expansion of equation 2.55 gives

*

)
D*(8) ~ —————sin®6 cos? 0 + € sin* 6. (2.56)
1 =v§0/Vio

With the introduction of the anisotropy parameter 8,
Y PO (2.57)
2 ) 1= v, /Vhol .

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

vp(8) = vpg[ 1+ 8sin?0 cos?0 + £sin*0 ], (2.58)
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2

V
vsy(0) = vg, [1 + (%) (e — &) sin?0 cos?0 |, (2.59)
so

v () = vgo[ 1 + ysin?0]. (2.60)

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

Therefore, the q, for “quasi”, was omitted.

The seismic velocity is now dependent on the polar angle (). 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 € = 0.215, 6 = 0.315, y = 0.280, with vertical P-wave and S-wave velocities
of vpg = 1058 m/s and vgo = 387 m/s (Robertson and Corrigan, 1983). We can see that the P-wave

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

90° Horizontal
phase velocity [m/s]

— Vo Isotrpic

—— V, - isotropic

0° SH
Vertical phase velocity [m/s]

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 vp, = 1058 m/s, vgp = 387 m/s, € = 0.215, § = 0.315 and y = 0.280.

The P-wavefront is spherical if € = § = 0, in which case we have the isotropic case. The P-wavefront is
elliptical if € = 9, with the short and long axes of the ellipse given by vp, and vpgq. If € # 3, then the
wavefront is no longer elliptical. In that case, & would approximate an ellipse fitted to the near-vertical
directions and £ would approximate an ellipse fitted to the near-horizontal directions. The short and long
axes of the ellipse are then still given by vp, and vpg,. Laboratory measurements have shown that it is
common that € # & (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 €, 6 and vpg /Vg, 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
Vpo/Vso 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.

Horizontal

phase velocity 300 m/s 600 m/s
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departure from ellipticity 0°

£-6=0.02 Vertical phase velocity

vp= 1800 m/s

vg = (300, 450, 600, 900] m/s

Figure 2.7: Forward modelling of SV-wavefront anisotropy effects for varying vpg/vsg ratios. The P-
wave velocity was kept constant at 1800 m/s, as well as the small departure from ellipticity (¢ — 8) 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 vp/vg 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 y
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 y > 0. Otherwise the stiffness matrix is no longer
positive definite. For solid sedimentary rocks, the anisotropy parameters y (governing the SH-wave
anisotropy) and ¢ (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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vsun- Secondly, there is a vertically polarised S-wave travelling horizontally, denoted vgyy. 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 vgyy. 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

Vgyy Wave type is simply vgy,, i.e. vgy(0°).

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 Vpg, Vgg, € 0 and y through a joint inversion.

Reflection Seismics

Tomography

‘Weak Anisotropy Moderate Anisotropy Strong Anisotropy

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 (gP, 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.

38



(b)

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 1V. 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.
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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 (Candes and
Guo, 2002; Starck et al., 2002; Candés and Donoho, 2004). Mathematically, the construction of curvelets
is given by Candes et al. (2005). First, curvelets are constructed using two windows, namely a radial
window W (r) and an angular window V (t). These two windows obey the admissibility condition, in
that

o

Z w2(2/r)=1, re (Z%) (2.61)
j=—o0

i V2t—-D=1, re (—%%) (2.62)
[=—c0

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

U(r,0) = 2—31'/4W(2—fr)v( (2.63)

2U/2J9>
2r )
with |j/2] meaning the integer part of j/2. This frequency window U; is therefore an angular wedge,
limited radially by the window W and angularly by the window V. The inverse Fourier transform of
Uj(w) = @;(w) thenyields a so-called “mother” curvelet ¢;. This mother wavelet of scale 277 is rotated
and translated to derive all other curvelets of that scale. The rotations involve angles from 6; = 2@ -
2-U721. 1 with 1 =0,1,..., such that 0 <6, < 2m. 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 (k) involve all sequences of the n-dimensional space
(inthe 2D case: k = (ky,k,) € Z?). With these rotations () and translations (k), curvelets of scale 27/,

can then be derived from the “mother” curvelet in 2D with
L
9,00 =0, (Rel(x —xJP ) (2.64)
with the standard rotation matrix R, by 8, radians.

Thus, a curvelet coefficient (c) is then defined as the inner product between a function f € L?(R?) and

acurvelet g;;

c(G,Lk) =(f,9;,) = f f®e;,, (x)dx. (2.65)
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The curvelet transform is a tight frame, in that any function f € L?(R?), 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).
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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 Gorszczyk 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 27/, is constrained by an envelope of length,

also called ridge, 277//2 and a width of 27/ 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; Gdérszczyk 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.

Threshold

Coefficients

Original s Inverse Denoised
Data 7 Transform Data

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, Poisson’s ratio, bulk
modulus, Young’s 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, Poisson’s ratio, Young’s 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.
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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, Poisson’s ratio, bulk modulus and Young’s 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/m? (e.g., Dubois et al., 2014); and 3) intact limestone with a density
of 2,500 kg/m® (e.g., Bourbie et al., 1987).
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Figure 3.3: Elastic Parameters: (a) Vp/Vs Ratio, (b) bulk modulus, (¢) Young’s 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 Poisson’s 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. Young’s modulus and the shear modulus
on the other hand resemble more the S-wave velocity distribution, with Young’s 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 Poisson’s 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.
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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 Vsso (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 ‘tunnel valleys’, 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  Cross-hole tomography  Suspension P-S
or array logging
Source Wooden beamand  Accelerated Ambient Borehole source of type Hammer source in
sledgehammer at weight drop noise BIS-SH tool
1.1, 5, 10, 15 and ‘Impacter’
20 m from SCPT
truck
Receivers 3-component 96 to 120 Planted 3-component geophone Two 3-component
accelerometer in planted vertical ~ geophones  string of 7 units with hydrophone
SCPT cone 4.5 Hz of MASW spacing of 1.0 m receivers in tool
geophones array separated by
acoustic damping
tubes
Remark Vertical sample T-shaped array ~ Recording L-shaped array of 3 In one of the
interval max 1.0 m  with geophone  of 70-80 x boreholes with the source  boreholes for cross-
and coinciding spacing of 2.0 3-25(120 x  the corner of the L and the  hole tomography
with stratigraphical  or 3.0 m (4.5 1-6 satone receivers in borehole at 10
transitions Hz)and 4.0 m site) (short leg of L) or 25 m
(1 Hz) (long leg of L). Boreholes
are lined with blind liners
Depth of 20-30m 15-50m 10-50m 30m 30m
investigation
Lateral ~2m Upto~200m ~1m ~1m
averaging
Vertical High, except Medium, Medium, High High
resolution shallow part decreasing with  decreasing
depth with depth
422 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.

CPT TRUCK

OSCPT
SOURCE BEAMS

SCPT

. REFERENCE
SOURCE BEAM
L/_

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 ‘fast
marching method’ (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 — 9 m (Naaldwijk
clay to Boxtel sand and Drente-Gieten clayey sand), 11.5 — 12 m (Drente-Gieten clayey sand to Peelo
fine sand) and 15.5-16.5 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 — 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 — 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.
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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 (‘Impacter’) was used, at the shot locations indicated in Figure 4.5.

61



I * v 96 x 4.5Hz 2.0m interval

100 Y v 24 x 4.5Hz 4.0m interval

Y v 12 x 1.0Hz 4.0m interval

— 80" v * Shot locations
E v
= M
9 60 [ 3
5 ;
w 407 ¥
= v
> 201 v
v
v
V] I SRR st audecds Siaiits St dis it duiu aatieit SIS

*

-100 -80 -60 -40 -20 0 20 40 60 80 100
X distance [m]

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 ‘left-to-right’ as well as for ‘right-to-left’ travelling waves. The best quality

dispersion plot was selected for analysis.
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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.
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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 — 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).
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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.
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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 — 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 — 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 Ve 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 — 300 m/s) at the Pleistocene surface occurs at ~14 and ~18 m
depth in the two SCPTSs 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 Ve and Vs tomograms shows that the Vs/Vp or Poisson ratio is also highly

variable over short distances and varies with depth.
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Figure 4.12: Vs and Ve 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
first 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 — 140 m/s) between the surface and ~8 — 9 m depth, next there
is a faster layer of ~2 m (225 — 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: SCPTO3 (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 mthick 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 — 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
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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.
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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 Vsin 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 — 200 m/s for Holocene
clay and Pleistocene peat, 200-250 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 — 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 ‘averages’ 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
(FAYS) 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.
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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 — over a broad frequency band — 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 > M. > 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 ‘within-rock’ borehole levels. Generally, the amplification from the recordings and

theoretical transfer functions agree well.
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Figure 4.17: Comparison for selected B stations of empirical amplification (reservoir to surface

0.1 E—

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 Vsand 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.

45 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 IIl: 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. Young’s modulus, Bulk modulus, Shear modulus, Poisson’s ratio and the
P-wave to S-wave velocity ratio (vp/vs), 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 (Weil3 et al.,
2001; Weil 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 WeiRe 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.

Boreholes at the

SAFIRA Facility

Boreholes employed | |

for survey
- Fence

% = Train track

0550995

Y.t ~a 2 LT . AT el N -
4514500 4514550 4514600 4514650

44— Scparation: 14 m e

B51

e T 5

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).
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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

Jm=r< (5.1)

has to be solved, with the seismic slowness vector (m), the measured traveltime vector (t) 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 £2 norm of the residual (r) decreases monotonically for every iteration k, giving the objective
function
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A challenge is that the traveltime measurements (t) always have a level of inaccuracy, which leads to
an amplification of noise in the resulting model slowness (m). Therefore, a Tikhonov regularisation term
is added to Equation 2

It 2=l T—=Jpemy lIl;+ @ I| Rmy I3, (5.3)

with the spatial second-order derivative, i.e. Laplacian matrix, (R) and the scalar Lagrange multiplier
(a) (Menke, 1989, p. 58). The Laplacian smoothing serves as a low-pass filter and reduces the noise
effects during the inversion. The system of equations is then solved using a conjugate gradient solver of
the LSQR type, i.e. least-squares QR-factorisation (Paige and Saunders, 1982), which is based on the
bi-diagonalisation procedure by Golub and Kahan (1965). For each LSQR iteration (k), the model (m)

is perturbed to fit the residual traveltimes of the previous iteration (ry)

(;'&) amyy, = (). (5.4)

The slowness model (m) is subsequently updated with

myq = my +Amy,. (5.5)

A number of LSQR iterations were determined, with the stopping criteria taking effect, when successive
models correlated by more than 99.9%. Subsequently, the Jacobian travelpath matrix (J) can then be re-
computed. This time, the new model (m.,) is used to perform a curved ray tracing, based on the
algorithm by Gruber and Greenhalgh (1998), which is based on subdividing the individual model cells
into primary and secondary nodes. A new traveltime residual (r) is determined and subsequently, the

process is repeated, by solving the new system of equations.

The entire inversion sequence consisted of (1) estimating a homogenous starting model, by determining
the average velocity of all straight raypaths; (2) selecting only the horizontal rays to perform a straight-
ray inversion; (3) inverting for the final velocity model using all determined traveltimes and performing
10 curved-ray iterations. Since, the geology suggests a layered sedimentary environment, the obtained
layered model served as a new, improved starting model. The programmatic implementation builds on

the borehole tomographic software bh_tomo (Giroux et al., 2007).
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5.4.2 Joint-inversion

Joint-inversions of the co-located traveltime datasets (P-, SH- and SV-wave) were performed, by adding
cross-gradient constraints (Gallardo and Meju, 2004). The purpose of the cross-gradient constraint is to
ensure structural similarity between the tomograms. Thus, changes in velocity should occur along the
same boundaries, i.e. in the same direction, in the opposite direction, or only in one of the models.

Mathematically, the cross-product, termed the cross-gradient function (t), of two velocity models

(m?, m?) should thus be zero, i.e.

t, = Vm} X Vmz, (5.6)

for the k™ inversion iteration. Usually the cross-gradient function has three components. However, since
the inversion was performed on a 2D plane, only one of the three components, i.e. the y-component, of
the cross-gradient function (t) is non-zero. This non-zero component is discretised using a forward

difference scheme and given by

1
ty =t = oo (me(mf —m?) + mp(mZ — mf) + my(m? —md)). (5.7)

The subscripts ¢, b and r denote the centre, bottom and right cell of the discretised model. A visualisation
of the discretisation and of the subscripts is given by Gallardo and Meju (2003). The cross-gradient
function is non-linear in that it can only be computed for the previously determined velocity models
(m!, m?), i.e. iteration k. However, the cross-gradient constraint shall apply to the current iteration
(k+1). To implement the cross-gradient function effectively in the inversion, a first-order Taylor

expansion is used to approximate the cross-gradient function for the current iteration (k+1)

1
teyr =t + (B! B2) (232) (5.8)

with every row of the matrix B and B2 then consisting of 3 non-zero components. These components
are derived from the discretised cross-gradient function (c.f. eq. 9 of Gallardo and Meju, 2004), where
the two matrices B! and B2 are combined, i.e. horizontally concatenated, to give 6 non-zero components
for a matrix B = (B! B?2). For a joint inversion of all three datasets, the system of equations that is

subsequently solved with the LSQR algorithm then becomes

Jie Iy
(aR)Amk+1 = ( 0 ) (5.9)
/‘LBk —Atk
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(c.f.eq. 4and 5 in Tryggvason and Linde, 2006) and is therefore, similar to Equation 4 of the individual

inversion, where the matrices and vectors are now given by

Blp 0 O
J=1 0 Jsu O | (5.10)
0 0 Jgw
BR 0 0
R=(0 R 0) (5.11)
0 0 R
Bipxsu  Bipxsu 0
B = | B pxsy 0 Bipxsv |. (5.12)
0 Bisuxsv  Bi,suxsv

It is noteworthy to mention that, by definition, the cross-gradient function is computed only for two
models. Therefore, a total of three cross-gradient constraints; P- and SH-wave, P- and SV-wave, SH-
and SV-wave, were emplaced to ensure structural similarity for all three velocity models. Therefore, the
matrices B and t are composed of these three components. This procedure is similar to the one proposed
by Gallardo (2007), who generalised joint-inversions to more than two models.

The model perturbation of iteration k + 1 is now given by

Amyeyqp
Amy = Amyy g5y |, (5.13)
Amy,, gy

the measured traveltime residuals of the previous iteration k given by

BTy, p
I, = (rk,SH>, (5.14)

Ty sv

and the cross-gradient function of the previous iteration k given by

tk,P><5H
t, = (tk,pxsv > (5.15)

C sHxsv

The parameter £ serves as a weighting parameter to account for the differences in traveltimes between
the P- and S-waves and was set to the difference in standard deviation, which is approximately g =~ 8.2
and g ~ 5.6 for the two tomographic slice planes B29-B51 and B44-B45 respectively. Differences in

standard deviation between the two S-wave datasets (SH- and SV-wave) were small and the two stated
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values for g are the averages. If these differences in traveltimes are not accounted for, then
predominantly the S-wave residuals, since they are larger than the P-wave residuals, are adjusted in the
inversion process. This would then defeat the benefit of incorporating the accurate P-wave traveltimes.

The parameter A describes the weighting of the cross-gradient constraint. By setting A = 0 results in
jointly inverting the datasets without a structural constraint. Depending on the P-wave weight, the results
then look similar to the individually inverted tomograms, i.e. the artefacts remain visible in the S-wave
tomograms and the structural similarity between the P- and S-wave tomograms is low. If on the other
hand 1 is very large, then the cross-gradient constraint is almost zero everywhere, resulting in high
structural similarity between the tomograms. This however, results in the picked traveltimes playing a
negligible role and the resulting tomograms appearing very smooth, up to the extent that the resulting
tomograms are of entirely homogenous velocities. Thus, care was taken to adjust in that the general
velocity trends remained intact, while at the same time achieving a high structural similarity.

The general joint-inversion procedure was analogous to the individual inversion sequence. Three
homogenous starting models were estimated based on the average P-, SH- and SV-wave velocities.
These homogenous starting models were then improved by conducting three individual inversions based
only on the horizontal rays. Finally, the three datasets were jointly inverted, by conducting 10 curved-

ray iterations, to receive three velocity models with a high structural similarity.

55 Results

5.5.1 Separate inversion

The individually inverted P-wave and S-wave tomograms between boreholes B29 and B51, and between
B44 and B45 are shown in Figure 5.4. The tomograms show distinct horizontal layering which can be
well correlated to the borehole data. This layering is best visible in the P-wave tomograms (Figure 5.4a

and d) with layers of clay, lignite, silt, coarse and medium grained sand.
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Figure 5.4: Individually inverted P-, SH- and SV-wave tomograms between boreholes B29 and B51 (a-
c) and between boreholes B44 and B45 (d-f) at the SAFIRA research site. The SH- and SV-wave
tomograms (b, c, e, f) exhibit artefacts and correlate less with the borehole logs than the more accurate
P-wave tomograms (a, d).
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The tomograms and associated velocity distributions show two distinct features. Firstly, the P-wave
velocity distributions (Figure 5.4a) do not correspond with the distribution of the S-wave velocities
(Figure 5.4b, c). While the P-wave velocity is higher (1650 to 1750 m/s) in the lignite seams than in the
surrounding clay (approximately 1550 m/s), the opposite is true for the horizontally and vertically
polarised S-waves with velocities of 200 to 250 m/s in the lignite seams and 280 to 320 m/s in the
surrounding clay (Figure 5.4b, c). However, these differences in velocity could be due to the non-unique

nature of individually inverting different traveltime datasets.

Secondly, the S-wave tomograms (see Figure 5.4 b, ¢, e and f) generally correlate less with the borehole
logs compared to the P-wave tomograms, due to the presence of X-shaped distortions. These distortions
are interpreted as artefacts, which could either stem from traveltime picking inaccuracies or unaccounted
S-wave anisotropy. Since the P-wave tomograms do not show these distortions, acquisition artefacts are
ruled out. The two S-wave velocities are in general similar. However, due to the artefacts, the differences
cannot be entirely attributed to geological origin, but rather due to the non-unique nature of the inversion

process.

5.5.2 Joint-inversion

To reduce the multi-solutions of the inversion problem and artefacts in the S-wave tomograms, the
datasets were jointly inverted, with the results shown in Figure 5.5. The advantages in the joint-inversion
are most apparent when analysing the S-wave tomograms. They correlate better with the borehole logs
and are in general geologically more plausible than the individually inverted tomograms (see Figure
5.4). For example, the highly variable lower zones of the S-wave tomograms are now less variable (e.g.
from a range of approximately 300 - 550 m/s, to 450 - 550 m/s for slice plane B29-B51) and the
boundaries correlate well with lithological changes which are also observed in the borehole logs. The
artefacts present in the individually inverted tomograms are now reduced and the S-wave models are

smoothed. At the same time the P-wave resolution only marginally decreased.
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Figure 5.5: Jointly inverted P-, SH- and SV-wave tomograms between boreholes B29 and B51 (a-c) and
between boreholes B44 and B45 (d-f) at the SAFIRA research site. The joint-inversion couples the S-
wave tomograms (b, c, e, f) to the more accurate P-wave tomograms (a,d) and thereby reduces the
artefacts in the S-wave tomograms.
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5.5.3 Resolution and data accuracy

The dominant frequency estimates show that the P-wave has significantly higher frequency content
(1200 to 1400 Hz) than the S-waves (100 to 400 Hz). With P-wave velocities in the range of 1400 to
2100 m/s and S-wave velocities in the range of 200 to 550 m/s, this results in P-wavelengths of
approximately 1 to 1.75 m and S-wavelengths of approximately 0.5 to 5.5 m. However, in the faster S-
wave layers, the frequency content is above average (200 to 400 Hz) and in the slow S-wave layers, the
frequency content is below average (100 to 200 Hz). For this reason, we interpret that the S-wavelengths
are in the same range as the P-wavelengths. In addition, the ray coverage of all wave modes is very

similar. Therefore, the resolution of the different wave modes is expected to be in the same range.

The picking accuracy is estimated at a factor of about ten times higher for the P-wave compared to the
S-wave (0.1 ms compared to 1.0 ms). However, the traveltimes show that on average the S-wave arrives
about five times later compared to the P-wave. In relative terms, this equates to the P-wave picks being
about two times more accurate than the S-wave picks and may, in part, explain the presence of artefacts
in the S-wave tomograms. Therefore, the less accurate S-wave traveltimes were structurally coupled to

the more accurate P-wave traveltimes in the joint inversion.

5.6 Discussion

It seems that the initially observed artefacts of the individually inverted S-wave tomograms are largely
removed, due to the structural coupling. Despite the lack in traveltime picking accuracy of the S-waves,
this seems to be an effective solution to estimate the S-wave velocity distribution better, while retaining
the geological and structural plausibility. Otherwise, without the cross-gradient constraint, the S-wave
inversion minimises the error of some inaccurate traveltimes causing artefacts. Gaining confidence in
the geological plausibility of the jointly inverted P- and S-wave tomograms enables the analysis of

petrophysical and anisotropic effects.

5.6.1 Elastic properties

From the jointly inverted tomograms we can now determine the vp /vg ratio, with the average S-wave
velocity (Figure 5.6). The individually inverted tomograms show a variable vp /vg ratio from the lignite
seams to the surrounding clay. These differences in velocity persist when jointly inverting the
tomographic datasets. The vp/vg ratio is consistent for the two tomographic slice planes and varies by
a factor of approximately two from top (ratio of 6 - 7.5) to bottom (ratio of 3.5 - 4.5) of the tomograms.
It is therefore likely that these differences in velocity distribution are geologically induced and could for

example be due to differences in effective pressure, clay content or porosity.
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Figure 5.6: Ratio of the jointly inverted P-wave to S-wave velocities for boreholes B29-B51 (a) and
B44-B45 (b).

In all tomograms it seems that the lower part of the clay layer, is characterised by substantially higher
velocities than the upper part. The vp/vg ratio also shows this division across the two tomographic
planes, with the ratio sharply decreasing (from a ratio of 5.5 to approximately 4) for the lower part of
the clay layer. Generally, a decrease in clay content and porosity and an increase in effective pressure
would cause such velocity increases and the vp/vg ratio decreases (Eberhart-Phillips et al., 1989).
Therefore, these effects could be caused by high effective pressures that the water of Aquifer 2 exerts
on the overlying constraining clay.

Agquifer 2 has a substantial velocity heterogeneity that is most pronounced between boreholes B44-B45.
The borehole logs of B44 and B45 show the presence of silt layers, which correspond well to lower
seismic velocities in the tomograms and increased vp /vg ratios. Laboratory measurements of seismic
velocities in sandstones support these correlations (Eberhart-Phillips et al., 1989). Silt layers in Aquifer
2 are absent in the borehole logs of B29 and B51, and the corresponding tomograms and vp /vg ratios
show less variation. The joint-inversion of P- and S-wave data thus contributes to effectively detecting

aquifer heterogeneities, by detecting areas of increased silt content.
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5.6.2 Estimation of anisotropic effects

Inaccuracies in traveltime picking that would usually lead to artefacts in a tomogram have been
considered. For example, the borehole deviation was measured in-situ and incorporated in the inversion.
In addition, possible source delays, i.e. differences between trigger responses for the two employed
sources, were measured in the laboratory and accounted for. These small differences (approx. 0.1 ms)
in delay were also observable when comparing the P-wave arrivals of the two sources. If unaccounted
for, then these systematic errors lead to distortions (e.g. Maurer, 1996). Another explanation for the
artefacts that are visible in the individually inverted S-wave tomograms is the presence of anisotropy.
Laboratory experiments (Carrion et al., 1992) and field measurements (Pratt and Chapman, 1992) have

shown that even weak anisotropy can produce significant tomographic artefacts if unaccounted for.

It is unlikely that differences in S-wave velocities are primarily due to incorrectly determined traveltime
picks. For example, Figure 5.7 shows the picked traveltimes for the SH-wave (a) and the SV-wave (b)
for the same raw receiver gather at a depth of 22 m for tomographic plane B44-B45. The two traveltime
sets show a clear difference, which is unlikely due to an error in interpretation. The P-wave arrival in

both gathers is equivalent, which supports the notion that S-wave anisotropy is present.

a) SH-wave receiver gather b) SV-wave receiver gather

Time [ms]

Figure 5.7: Receiver gathers at a depth of 22 m in variable density visualisation for the SH-wave source
(a) and the SV-wave source (b). There is a considerable difference from SH-wave traveltimes (black
crosses) to SV-wave traveltimes (white crosses). The presence of anisotropy is unlikely due to a deficient
picking accuracy.
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To estimate the level of S-wave anisotropy, we divide the jointly inverted S-wave tomograms. This is
then similar to the conventional procedure for estimating differences in SV- to SH-wave velocities in
the geotechnical field, whereby the traveltimes are determined from 1D measurements in the so-called
Crosshole Test (e.g. Sully and Campanella, 1995; Ku and Mayne, 2014). Figure 5.8 shows the ratios of
the SV- to SH-wave tomograms, as well as the ratio in horizontal straight-ray velocities, i.e. the
Crosshole Test data subset. Both S-wave anisotropy estimates show a similar trend, with substantial S-
wave anisotropy (-5% to +5% for B29-B51; and -15% to +10% for B44-B45).

a) c)
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Figure 5.8: Ratio of the jointly inverted SV- and SH-wave tomograms for tomographic plane B29-B51
(a) and B44-B45 (b). The general trend is similar to the one suggested by the velocities of the horizontal
raypaths (c).

The SV- to SH-wave velocity ratios show different zones which are consistent for the two tomographic
planes. These different anisotropic zones may indicate different types of deposition or differences in
effective pressure (e.g. Clayton, 2011). Due to the overconsolidation that took place during the glaciation

periods and the presence of aquifers, variations in effective pressure may play the primary role.

The S-wave anisotropy is more pronounced between boreholes B44-B45 (factor 2 to 3 compared to
tomographic plane B29-B51). This could either indicate that the anisotropy varies locally, or that
azimuthal anisotropy is present, since the azimuth of the two tomographic planes differs by 45°. It is
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also possible that the observed anisotropy is caused by the orientation of macro-and micro-cracks (if
present), foliation and preferred mineral orientation. However, laboratory physical property

measurements would be necessary to constrain these interpretations.

Contrarily, plotting the P-wave velocities as a function of the raypath angle suggests that no angle
dependency, and thus no P-wave anisotropy, is present. The level of anisotropy may therefore explain
the absence of artefacts in the individually inverted P-wave tomograms and the artefacts in the S-wave

tomograms.

5.7 Conclusion

Co-located P-, SH- and SV-wave tomography data were acquired for two borehole pairs separated by
approximately 14 m and 9 m on surface. The resulting P-wave tomograms correlate well with the
borehole logs. However, the S-wave tomograms showed the presence of distortions, which could be
either attributed to traveltime picking artefacts or to unaccounted S-wave anisotropy. To increase the
reliability of the S-wave tomograms, joint-inversions were performed, whereby a cross-gradient
constraint was emplaced to structurally couple the S-waves to the more accurate P-wave traveltimes.
The resulting jointly inverted S-wave tomograms show a better correlation with the borehole logs than

the individually inverted tomograms, while the loss in resolution for the P-wave was marginal.

The jointly inverted tomograms proved useful in detecting (1) aquifer heterogeneities, which are likely
due to differences in clay content; (2) differences in effective pressure in the overlying clay layer; and
(3) estimating the extent of S-wave anisotropy, by comparing the SV- and SH-wave velocities. Across
both tomographic planes substantial S-wave anisotropy is present, with similar trends observable. The

anisotropy likely contributed to the artefacts in the individually inverted S-wave tomograms.
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6. PUBLICATION IV: SEISMIC VTI PARAMETER INVERSION FROM P- AND S-WAVE
CROSS-BOREHOLE MEASUREMENTS IN AN AQUIFER ENVIRONMENT

6.1 Abstract

Joint P- and S-wave measurements for tomographic cross-borehole analysis can offer more reliable
interpretational insight concerning lithological and geotechnical parameter variations compared to P-
wave measurements on their own. However, anisotropy can have a large influence on S-wave
measurements, with the S-wave splitting into two modes. We present an inversion for parameters of
VTI (transversely isotropic with a vertical symmetry axis) media. Our inversion is based on the
traveltime perturbation equation, using cross-gradient constraints to ensure structural similarity for the
resulting VTI parameters. We first demonstrate the inversion on a synthetic dataset consisting of P-
waves, vertically and horizontally polarized S-waves. Subsequently, we present inversion results for a
dataset comprising jointly measured P-waves, vertically and horizontally polarized S-waves that was
acquired in a near-surface (< 50 m) aquifer environment (SAFIRA research site, Germany). The inverted
models show that the anisotropy parameters € and § are close to zero, with no P-wave anisotropy present.
A high Vp/Vs ratio of up to nine causes considerable SV-wave anisotropy despite the low magnitudes
for € and §. The SH-wave anisotropy parameter y is estimated to be between 0.05 and 0.15 in the clay
and lignite seams. The S-wave splitting is confirmed by polarization analysis prior to the inversion. The
results suggest that S-wave anisotropy may be more severe than P-wave anisotropy in near-surface

environments and should be taken into account when interpreting cross-borehole S-wave data.

6.2 Introduction

Seismic traveltime tomography is routinely used in a cross-borehole setup to reconstruct elastic
parameters and has evolved to a commonly applied high-resolution method, with applications that range
from geotechnical site characterization (Yamamoto et al., 1994; Rumpf and Tronicke 2014),
hydrogeological investigations (Fechner 1998; Moret et al., 2006; Paasche et al., 2006; Doetsch et al.,
2010), mineral exploration (Seebold et al., 1999) and nuclear waste storage (Wong et al., 1983; Marelli
et al., 2010), to reservoir characterization (Macrides et al., 1988; Zhang et al., 2012).

Tomographic studies are often performed under the assumption that the subsurface medium is isotropic
with respect to the seismic velocity. However, real materials are often anisotropic, with the seismic
velocity dependent on the azimuthal or polar angle (Thomsen, 2002). Anisotropy can be caused by
aligned cracks (Crampin, 1981) or minerals (Brocher and Christensen, 1990), sedimentary layering
(Helbig, 1981; Thomsen, 1986) and stress anisotropy (Nur and Simmons, 1969; Clayton, 2011). Carrion
etal., 1992) have shown that even weak anisotropy can produce visible artifacts in borehole tomograms,
if unaccounted for. For the lowest anisotropic symmetry (triclinic) up to 21 independent parameters have

to be derived to fully describe the seismic velocity in an anisotropic elastic medium.
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An overview of anisotropic models and methods in seismic exploration can be found in (Helbig and
Thomsen, 2005) and (Tsvankin et al., 2010). Fortunately, the material can often be described by simpler
forms of anisotropy where symmetries exist, which significantly limit the number of independent
variables. Usually the material is interpreted as being transversely isotropic with an axis of symmetry
that is either vertial or tilted, designated VTI or TTI, respectively. For a VTI medium the number of
independent variables is reduced to five, which are best described by the Thomsen parameters (1986);
these are the vertical P- and S-wave velocity (Vp0, Vs0) and the anisotropy parameters &, § and y. In
case of a TTI medium the tilt angle (0) and the azimuth () of the axis of symmetry have to be given as
well. A detailed analysis of notation and seismic inversion methods for different anisotropic symmetries
is given by (Tsvankin and Grechka, 2011) and (Tsvankin, 2012, pp. 1-13).

The seismic kinematic equation was first extended to heterogeneous and anisotropic environments by
Cerveny (1972). He applied a Hamiltonian form of the eikonal equation (Vidale, 1988) to a general
anisotropic medium and expressed a first-order traveltime perturbation equation in terms of the
polarization vectors of the P- and S-waves. Chapman and Pratt (1992) proposed a similar approach to
Cerveny (1972) in a cross-borehole tomographic setting and presented an inversion for TT1 parameters
in a near-surface (< 60 m) clay environment Pratt and Chapman (1992). This inversion procedure of
Chapman and Pratt (1992) was further used by Pratt et al. (1993), who acquired seismic data in the
crown pillar of a sulfide ore mine and inverted the P-wave traveltimes for TTI parameters. Their
anisotropic inversion approach successfully removed distortions that had previously affected the
velocity distributions derived from an isotropic assumption and provided further analysis of the overall

bulk properties of the rock mass.

These previous borehole tomographic studies, which focused on the inversion for the anisotropy
parameters, only used P-wave traveltimes. Thus, only the TTI parameters Vp0, &, § and 6 were derived
(¢ was inferred), while the S-wave velocity (Vs0) and the SH-wave anisotropy parameter y were
ignored. Several studies have been conducted using jointly measured P- and S-wave traveltimes and
assuming an isotropic seismic velocity wavefield. For example, Angioni et al. (2003) derived elastic
properties in a geotechnical context, Daley et al. (2004) constrained a hydro-geological model, while
Dietrich and Tronicke (2009) used a geostatistical inversion of P- and S-wave data to delineate the
detailed structure of an aquifer and to derive elastic parameters, such as Young's modulus, bulk modulus,
shear modulus and Poisson's ratio. Further, von Ketelhodt et al. (2018) used both a vertically and
horizontally polarized shear source to generate a jointly measured P-, SV- and SH-wave dataset at the
SAFIRA test site in Zeitz, Germany. The P- and S-wave traveltimes were jointly inverted using a
structural constraint. This meant that the two models (P- and S-wave velocity fields) were coupled by

assuming that the cross-gradient (cross product of the gradients of the two models) was zero. The S-

99



wave tomograms, obtained by joint inversion, no longer showed distortions and were easier to interpret

than S-wave tomograms obtained by independent inversions of the S-wave traveltime datasets.

The inversion procedures of Cerveny (1972) and Chapman and Pratt (1992) suffer from a singularity
problem for the two S-waves. Zhou et al. (2008) suggested an altered version of the traveltime-
perturbation-based inversion, which does not suffer from the S-wave singularity problem. In this paper,
we first introduce our anisotropic inversion, which is based on the inversion procedure of Zhou et al.
(2008). We extend the inversion procedure by adding cross-gradient constraints (Gallardo and Meju,
2003, 2004) to ensure structural similarity for the resulting VTI parameters and test the capabilities of
the inversion algorithm on a synthetic model. Finally, we apply the inversion to cross-borehole data
consisting of P-, SV- and SH-wave traveltimes, acquired at the SAFIRA site in Germany (von Ketelhodt

et al., 2018), to estimate the full suite of VTI parameters.

6.3 Tomographic Inversion Theory

6.3.1 VTI model

We invert for a transversely isotropic model with a vertical symmetry axis (VT medium), which is best
described by the five Thomsen parameters (Thomsen, 1986) defined in terms of the density normalized

elasticity tensor elements a, 4, a;3, ds3, A4, Agg aS

Vp0 = Jass, (6.1)

Vs0 = Ja, (6.2)

_ Qg 7 a3
S PR 6.3)
5* = TaZ. [2(a13 — asa)? — (az3 — asq)(ay; + azz — 2a44)], (6.4)
33
_ Qs — U4y
Y e, (6.5)

Here, VpO is the vertical P-wave velocity and VsO0 is the vertical S-wave velocity. The parameters ¢, §
and y are dimensionless and describe the magnitude of the anisotropy. In the case of isotropy, all three
parameters are equal to zero. The parameters € and § influence the P- and SV-wave velocities, while
the SH-wave velocity depends on the parameter y. The parameter ¢ describes the fractional difference
between the vertical and horizontal P-wave velocity, and predominantly governs the magnitude of the
P-wave anisotropy. The SV-wave velocity mostly depends on the squared P- to S-wave velocity ratio
and the difference between ¢ and &, which is summarized by the SV-wave anisotropy parameter o =
(Vp0/Vs0)?(e — &§) (Tsvankin and Thomsen, 1994; Tsvankin, 2012). The parameter y describes the
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ellipticity of the SH-wave traveltime surface and is subsequently described as the SH-wave anisotropy

parameter.

6.3.2 First order traveltime perturbation equation

We utilize the first-order traveltime perturbation equation by Zhou et al. (2008). Thereby, the traveltime
7 for an anisotropic medium is expressed as the integral of the phase-slowness vector p along the raypath
R

Tp = fp - dx, (6.6)
R

where - represents the dot product of the 3D vectors. This formulation is extended for the case that the
model m,, undergoes a perturbation from m,, to m,, + §m,,, whereby the model is comprised of the five
(i.e.v =1,2,...,5) VTI-model parameters Vp0, Vs0, &, §, y. The raypath also undergoes a perturbation

from R:x to R + &R: x + 6x, with the 3D position vector x. Equation 6.6 can then be re-formulated to

theon = | (B +8p)- dlx+ 5% 67)
R+6R

After some simplifications, and by ignoring higher-order terms, the first-order traveltime perturbation
equation is given by Zhou et al. (2008) as

OTg = f(Sp -dx — dp - 6X). (6.8)
R

Both the changes to the phase-slowness vector perturbation (6p) and to the raypath coordinate
perturbation (6x) are caused by a model perturbation (6m). Subsequently, the phase-slowness
perturbation (5p) in the anisotropic medium is approximated by two contributions. The first contribution
comes from the model changes (6m) with a fixed raypath (R) and the second contribution from the

raypath perturbation (8R), while the model (m) remains unchanged, i.e.

d 9]
6pz—p6mv+ P

op . 6.9
om, ox; 6%, (69)

This phase-slowness disturbance approximation (8p) is incorporated into equation 6.8 giving

Jp
5T_L(amv5m,, . dx +Haxl 6xl dx + dp - 5x]

_ dx Jp dx Jdp dpl>
_fR<dT am,,) dmvdr-l_L(dr dx; dr 0% dr,

_ dp Jp dpl)
—L(U 6m,,> dm, dT+L(U ox,  dr 6x; dt,

101



_ (U 6p>d d 6.10
_IR o, m, dr, (6.10)

which introduces the group velocity (U = dx/dt). In the above formulation (equation 6.10), we use the

relation
9P _ . _ 0% dpi_dpi
ox; ox; drt dx; dt’
The identity
p Jou (6.11)
om, P om, '
allows equation (6.10) to be expressed in the two forms
57 = f (A op ) smy d 6.12
T= R r amv m]; Sl ( * )
5t = fl( aU)a d (6.13)
T= U n am, m, ds, .

where c is the phase velocity and Tt = dx/ds and ds = |dx|. Zhou and Greenhalgh (2005) show the
calculation of the integrands in equation (6.12) and (6.13), which Zhou et al. (2008) use, together with
the first-order traveltime perturbation formula of Cerveny (1972) to simplify equation (6.10) to

5t = fam" o 4 6.14
T= U om, s. (6.14)

Thus, the traveltime perturbation equation for a VTI medium is simplified to only include the phase
velocity (c), the group velocity (U) and the phase velocity derivatives (dc/dm,,), which are derived
explicitly in Zhou et al. (2008). Since the traveltimes determined from tomographic data are related to
the phase velocity (c), we use Crampin's formula (1981) to determine the group velocity (U) for a 2D

medium with

U= |2+ (%) | (6.15)

The phase velocity (c) for a VTI medium is angle dependent (polar angle 8) and derived by Daley and
Hron (1977), whereby

[p2 _
P t.P--0Q, P,SV (6.16)

\/a66 + (a44 - a66) COSZ 9 ) SH

Cc =

with
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P = %(Q1 +Q2),
Q=0102—0s
Qy = ay; + (ay — ayy) cos® 6,
Q2 = ayy + (az; — agq) cos® 6,

1 )
Q3 = Z(a13 - a44) sin”(26).

The variables a;,, a;3, asz, as, and aqq are the density normalised matrix elements of the elastic
modulus matrix which Thomsen (1986) related to his parameters that are defined in equations (6.1) to
(6.5).

6.3.3 Joint-inversion for anisotropy parameters

To apply the perturbation equation practically and reconstruct the anisotropic model from a tomographic
dataset, we discretise the inter-borehole space two-dimensionally into N cells. Therefore, the
perturbation formula (equation 6.14) has to be expressed in a discrete form, which is given by

Zf T s (6.17)
R, €U amv

The traveltime perturbation for a specific ray is determined by summing the individual components

related to the ray segments (Ry).

In the simplest form, the tomographic problem that is iteratively solved, is expressed as
my = mg_gy +J 6T (6.18)

for iteration [ = 1,2, ..., with the anisotropic model (m) consisting of the five model parameters (Vp0,
Vs0, g, 8, y), the traveltime residuals (6T) and the Jacobian matrix (J), which connects the traveltime
residuals (6t) with the model parameters (m). The superscript —g denotes the generalized inverse. With
the first-order traveltime perturbation equation, the Jacobian (]) is given by the partial derivatives of the
traveltime (T) with respect to the model parameters (m). In discrete form, Zhou et al. (2008) express the

Jacobian as

N
I =ﬁ=_2ﬂ 1 ac] +[i ac] (6.19)
O~ om; £ 2 | LeU om; Y om; k ’
] ]

mpx
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whereby, the parameters ¢, U and aaTrCl

- are determined by means of Lagrangian interpolation (Kreyszig,

2011, pp. 809-811) at the cell edges, with position x, (left edge) and position x5 (right edge) of the ray

segment Ry, of ray j.

This, of course, requires an anisotropic curved raytracing to determine the raypath with its segments
(Ry). To achieve this, we are using a modified version of the raytracing algorithm of Giroux and
Gloaguen (2012), which is available through the bh_tomo tomographic software package (Giroux et al.,
2007). The algorithm is based on the algorithm of Gruber and Greenhalgh (1998) and uses a grid of
primary nodes, located at the corner of the model cells, and secondary nodes populated in between.
Originally, the traveltimes at the nodes were determined based on an elliptical anisotropic velocity

model. We modified the code and determined the traveltimes according to a VTI velocity model instead.

6.3.4 Constraints

To regularize our solution, we applied cross-gradient constraints (Gallardo and Meju, 2003, 2004) to
ensure structural similarity among the five resulting VTI-model parameters. This meant that the VTI-
model parameters were coupled by assuming that the cross-gradient, which is the cross product of the
gradients, is zero. Changes in the model should then occur along the same boundaries. The 3D cross-

gradient function (t) for two models, model 1 (m™}) and model 2 (m#), is defined as
— ym Vm® 6.20
ty,y, 2) m,, (x,y,2) X m,, x,y,2) (6.20)

for iteration (). The 3D cross-gradient function has three components (x, y, and z), given by

M) gl _ o (1) o (2)
te vm, ;,Vm, ) = Vm, o, vm, o
_ _ 1) o2 1) o (2)
ty(x,y,2) = ty,(z) = | Vm, o,Vm ;) —Vm ¢ Vm, (6.21)
2(0) 1) oo (2) 1) g2}
vm, ;) Vmy ¢y = Vm,y o, vm,

However, on a 2D plane, the models only vary with distance (x) and depth (z). Perpendicular to that
plane (y-direction) the model is assumed to be constant and therefore the model derivatives (Vm,,) are
zero. Thus, only the y-component of the cross-gradient function is non-zero (i.e. t = t, (x, z)), which

we discretized using a forward difference scheme (Gallardo and Meju, 2004; von Ketelhodt et al., 2018).

The individual components of t are then given by

tea-1) = Axl —[m{ (mf? —mP) + ml (m @)+ m? (-], 622)

with the subscripts ¢, b and r denoting the centre, bottom and right cell of the discretized model (c.f.

Figure 1 in Gallardo and Meju, 2003). In the above formulation, it is only possible to determine the
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cross-gradient function (t) of a known model, i.e. the previous iteration (I — 1). To determine (t) for the
current iteration (), and to incorporate the constraint into equation (6.18), we use a first-order Taylor

expansion
Am{!
ty ~tey + (B BE) ( Am{2}>, (6.23)
with the gradient of the cross-gradient function (Vt = B = ({1} B{2})) for models m{"} and m?},

By definition, the cross-gradient function is determined only between two models. Therefore, we apply

the constraints a total of four times, in that we couple Vs0, ¢, § and y to Vp0.
We incorporate these constraints into our inverse problem (equation 6.18), which we now state as

Joy ) < 8Ty )
Amp, = , 6.24
<7\B(l) O\ (629

with the matrices J and B composed of

B]P,Vpo 0 B]P,s G]P,S 0

J= 0 Jsvyso Jsve Jsvs 0 ), (6.25)
0 Jsuyso O 0 Jsuy
Bypoxvso  Bvpoxvso 0 0 0
B 0 B 0 0
B= VpOxe VpOxe (6.26)
BVp0><5 0 0 BVpOX(S 0
Bypoxy 0 0 0 Bypoxy

Two weighting parameters are employed: 3 and A. The parameter (8 controls the difference in traveltime
accuracy between the P- and S-waves. We define {8 as the ratio of the standard deviation between the S-
and P-wave traveltimes (S-wave traveltime is the average between SV- and SH-wave traveltimes). Since
we acquired data in the near-surface environment (< 50 m), the P- to S-wave velocity ratio ranged from
5 to 8, and therefore our factor {3 reflected this and was also between 5 and 8. If we were to omit (3, i.e.
B = 1, then the inversion would primarily fit the model to the less accurate S-wave traveltimes. The
parameter A controls the weighting of the cross-gradient constraint. By setting A to zero means having
no cross-gradient constraint and setting A to a very large value ensures a high degree of structural

similarity, but also acts as a damping filter to the starting model.

We solve equation (6.24) in a least-squares-sense by using an LSQR algorithm (Paige and Saunders,

1982). We perform a maximum of twenty-five LSQR iterations with a stopping criterion taking effect
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when two subsequent models correlate by more than 99.99%. The number of LSQR iterations
corresponds approximately to the number of singular values (Yao et al., 1999). By conducting twenty-
five iterations we ensured that contributions from the anisotropy parameters &, § and y could be resolved

while disregarding small singular values that only insignificantly contributed to the model.

To constrain the inversion further, we threshold the model parameters separately after each iteration (1),
e.g. if Vp0; < a, then Vp0; = a for a lower bound (a), or if Vp0; = b, then Vp0; = b for an upper
bound (b), for a model cell i.

6.3.5 Iterative inversion scheme

The iterative inversion scheme is made up of three parts. First, a homogeneous starting model is chosen,
based on the average P- and S-wave velocities and initial anisotropy parameter estimates. Secondly, the
homogeneous starting models for Vp0 and VsO are improved by conducting separate inversions only
with traveltimes corresponding to the horizontal P- and S-wave raypaths. Since we operate in a
horizontally layered sedimentary environment, this improves the starting model. Finally, the three
datasets (P-, SV-and SH-wave) are jointly inverted, by conducting ten anisotropic curved-ray iterations,
to invert for the VTI-model parameters, consisting of the two velocity fields (Vp0, Vs0) and three
anisotropy parameters (¢, &, y). After each curved-ray iteration, equation (6.24) is solved with a twenty-
five iteration LSQR algorithm.

The cross-gradient weighting parameter A is chosen to minimise the traveltime residual, i.e.
min||Jm — t||,», While ensuring a maximum smooth model m, with the model smoothness defined as
[lm]| ,,. This procedure of finding an optimal cross-gradient constraint parameter (A) is similar to finding

an optimal damping parameter in linear inversion problems (Aster et al., 2013, p. 94).

6.4  Synthetic Verification

To verify the inversion procedure, we performed a reconstruction test with synthetic data. The source-
receiver geometry is identical to the geometry of the SAFIRA dataset. Furthermore, the synthetic model
has similar velocities and anisotropy magnitudes as estimated for the SAFIRA dataset (Figure 6.1). We
used the anisotropic raytracing algorithm to determine synthetic P-, SV- and SH-wave traveltimes and
reconstructed the synthetic models by using the inversion sequence described above, using
homogeneous starting models (phase velocities of Vp0 = 1000 m/s and Vs0 = 100 m/s; anisotropy
parameters of ¢ = 0, § = 0, y = 0). The P- and S-wave starting models were improved by performing
an inversion only with traveltimes corresponding to horizontal raypaths. Subsequently, we performed
ten curved ray anisotropic inversions to reconstruct the model (Figure 6.1b). The choice of the cross-

gradient weighting parameter A is shown in Figure 6.1d, where the inversion is performed with several
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different cross-gradient weights. We choose A by minimizing the model smoothness, while ensuring a

minimal traveltime residual, which occurs for A = 7500 (Figure 6.1d).

The joint inversion for VTI parameters (Figure 6.1) demonstrates that the P- and S-wave velocities are
reconstructed well, with all subtle features (e.g. the undulation at a depth of 35 m and the thin layer at a
depth of 27 m) accurately resolved. The resolution of the reconstructed anisotropy parameters is slightly
lower compared to Vp0 and Vs0, and is dependent on their magnitude. Our synthetic distribution of y
has the highest dynamic range with magnitudes from y = 0 to y = 0.15. The reconstruction of y shows
that all subtle features are well resolved, with a similar quality to Vp0 and Vs0. The reconstruction of
the parameters € and 6 shows that not all subtle features (undulation and thin layer) are resolvable, which
is due to the lower dynamic range of the synthetic € and § values (¢ = 0.01to € = 0.06 and § = 0.01
to § = 0.05, Figure 6.1a). Nonetheless, the bigger geological features (e.g. the thicker layer at depths of

15 to 20 m) are resolved with the correct magnitudes.

In addition, we were able to compare the traveltime residuals of the anisotropic models, obtained by
jointly inverting the P-, SV- and SH-wave traveltimes, to the residuals of the isotropic models, obtained
by separately inverting the P-, SV- or SH-wave traveltimes for the three tomograms Vp, Vsv and Vsh
(Figure 6.1c). The root-mean-square (rms) errors are reduced for the anisotropic inversions, with the
rms error defined as the £2 norm of the residual traveltimes. For the P-wave the rms error reduces from
1.16 ms to 0.32 ms, for the SV-wave residuals from 9.62 ms to 6.28 ms, and for the SH-wave the
residuals significantly reduce from 10.14 ms to 1.54 ms when inverting for anisotropy. The large
improvement for the SH-wave errors is due to the large values of y = 0.15 in the synthetic model. Thus,
the synthetic reconstruction shows that our inversion for anisotropy parameters improves the imaging

of geological features and reduces the rms error of the residual traveltimes.
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Figure 6.1: Synthetic anisotropic models (a) are reconstructed using the joint-inversion approach (b),
whereby the optimal cross-gradient parameter was chosen with A = 7500 (d). Separate isotropic

inversions of the P-, SV- and SH-wave data are shown in (c).

6.5 Application to the SAFIRA Site

6.5.1 The SAFIRA dataset

The SAFIRA (Sanierungs-Forschung In Regional kontaminierten Aquiferen, i.e. research on remedial
measures in regionally contaminated aquifers) research facility is located at the southern border of the
Elster sedimentary basin, approximately 40 km south of Leipzig and 5 km east of Zeitz in Germany
(Dietze, 2007, pp. 24-28). The research area is located on an old hydrogenation plant which was
constructed in 1939 to produce fuels, lubricants, benzene and paraffin. During World War Two the plant
was mostly destroyed by bombing, but reconstructed during the subsequent Soviet occupation. The
operations ceased after the German reunification in 1990 due to high production costs. However, as a
consequence of the destruction in World War Two and frequent leaks that occurred up to 1990, large
amounts of benzene and by-products contaminated the ground water. A research facility was established

in 1999 in the area of the contamination plume and the SAFIRA project started. The main objective of
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the research activities was to test new ground water treatment methods (Weil et al., 2002) and many

boreholes were subsequently drilled.

The geology at SAFIRA consists of two aquifers, with layered clay and interbedded lignite seams. The
overconsolidation of the clay and the lignite seams during the glaciation period of the Elster-Saale
provide the theoretical conditions for a velocity difference between differently polarized S-waves. In
such an environment, anisotropy is likely to occur since theoretical considerations and laboratory
transducer measurements have shown that the S-wave velocity changes with increased external stresses
and stress anisotropy (Fratta et al., 2004; Lee et al., 2005; Ku and Mayne, 2014).

Seismic data for tomographic analysis were acquired between two borehole pairs in the depth range of
10 to 50 m (Figure 6.2). The two acquisition planes are specified as Plane 1 (between boreholes B29
and B51) and Plane 2 (between boreholes B44 and B45). Plane 1 is orientated north-northwest to south-
southeast, while Plane 2 is orientated north-northeast to south-southwest. The azimuths of the two planes
differ by approximately 50°. The boreholes in each pair are separated by approximately 10 m (Plane 1)
and 14 m (Plane 2).

a b
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Z 0] 20} |4
B29 — 3
T T T T T E [N T
0 20 40 = 111 {
East-West [m = 249 {
(m] § 113 : | Spread 2
Source-Receiver Orientation 30} I3 1 Receiver 1
y BE .
SHosource @ N @ | : Positions
Pl Spread 3
y a0l ' 4 Source P
SV-source x@ . i | Positions

Figure 6.2: Overview of boreholes employed for the seismic acquisition (a) for Plane 1 (14 m between
boreholes B29 and B51) and Plane 2 (10 m between boreholes B44 and B45). A cross-sectional view is
shown in (b) with example source and receiver positions for different ten-level receiver spreads. The
horizontally and vertically polarized source striking directions and three-component receiver

orientations are shown in plan view in (c).
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For both acquisition planes (Plane 1 and Plane 2), we employed two different sources: a horizontally
and a vertically polarized source. Both sources were pneumatically clamped to the borehole. Internally,
the sources use a number of electromagnetic coils that are placed adjacent to a copper plate. The copper
plate and the coils are repulsed when an electrical current flow is triggered. For the horizontally
polarized source, this causes the plate to mechanically strike the side of the borehole wall. In the case of
the vertically polarized source, the electromagnetic coils are repulsed vertically, which produces a
vertical shearing motion on the side of the borehole. Both sources were fired twice per position: up and
down for the vertically polarized source, and left and right with respect to the receiver borehole for the
horizontally polarized source. This enabled vertical stacking of the data to increase the signal-to-noise
ratio. We recorded the data with a ten-level three-component receiver array (10 Hz resonant frequency)

and temporally sampled at 16 kHz.

The sources and receivers were spaced at 1 m intervals and the source excitation was performed at the
same position as the receivers and at ten positions above and ten positions below the receiver spread.
This ensured an adequate overlap between adjacent receiver spreads, good angular coverage and a
completion of the acquisition in the allocated six days’ time. We measured the inclination of each
borehole at site and found that the deviation from vertical did not exceed 1 m over a depth of 50 m. We
used the surveyed borehole geometry in our inversions. Further, we determined the P- and S-wave
traveltimes manually and corrected them for trigger delays, which we measured by comparing the P-

wave arrival for both sources.

Before inverting for the anisotropy parameters at the SAFIRA site, we investigated whether the
environment is anisotropic. We first conducted polarization analyses of the S-wave arrivals from the
vertically- and horizontally polarized sources, which indicated the presence of S-wave splitting, and
secondly, we estimated the magnitude of the anisotropy by analysing the straight-ray velocities as a

function of the raypath angle.

6.5.2 Polarization analysis

To support a subsequent inversion for anisotropy parameters, we first determine the presence of S-wave
splitting with polarization analyses. Recording the seismic data with three-component geophone sensors
enabled the construction of hodograms (Jurkevics, 1988; Micheals, 2001), where the direction of particle
motion of the incoming seismic wave is determined. The seismic wave motion is visualized in 3D, by
plotting the amplitudes of the three different components (X, y, z) relative to each other. We use a
covariance matrix (Flinn, 1965) to determine the linearity, azimuth and dip of the motion. A linearity of
unity describes particle motion in a single linear direction, whereas a linearity of zero corresponds to

spherical particle motion. An example of such a polarization analysis is shown in Figure 6.3.
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Figure 6.3: Example hodogram analysis with the primary particle motion indicated by the red line in the
bottom three hodograms. The hodograms with calculated primary particle motion (b) to (d) depict
particle motion for different 2D planes and are determined for a 10 ms window, starting with the S-wave
traveltime pick from the vertically polarized source data.

P-wave Polarisation

We determine the P-wave polarization of the crosshole data subset (only horizontal rays), prior to
analysing the polarization of the S-waves. In general, the P-wave traveltimes are determined with a high
precision (with errors below 0.1 ms) and the polarization is therefore easier to interpret than an S-wave
that splits into a fast and slow S-wave in an anisotropic environment. We determine the three
polarization parameters, i.e. linearity, azimuth and dip, as a function of depth for the crosshole data
subset of both sources (Figure 6.4a, b), by analysing the P-wave particle motion within a 1 ms time
window. Even though the vertically polarized source produces low amplitude P-wave data for this
source-receiver geometry, the polarization analysis (Figure 6.4b) still yields a very similar result to the
polarization analysis of the horizontally polarized source (Figure 6.4a), where the P-wave coda has a

significantly higher signal-to-noise ratio.
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The polarization analysis shows that the P-wave is close to linearly polarized and the calculated dip is
slightly positive for both sources and fluctuates around zero (in the range of -30° to +30°). A small
positive dip is expected, as the velocity generally increases with depth and therefore the P-wave is
refracted upwards and reaches the receiver from below, causing a slightly positive, upwards motion on
the vertical channel.

We expected that 3D effects would be small in the layered environment and consequently that the P-
wave raypath would lie in the 2D plane between the two boreholes and hence the azimuth to be
approximately zero. However, the P-wave polarization analysis shows that the azimuth follows a pattern
that is controlled by the acquisition design, with the data recorded with receiver spreads consisting of
ten levels. We interpret this systematic rotation in measured azimuth to be caused by an axial rotation
of the receivers at depth. Ideally, the horizontal receivers should be aligned perpendicular to the source-
borehole plane to optimally record a horizontally polarized S-wave. Thus, we used the measured azimuth

to axially rotate the data (Jackson et al., 1991) and correct for this effect.
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Figure 6.4: P-wave polarization of the crosshole data subset for tomographic Plane 1 (boreholes B44
and B45). The linearity, azimuth and dip is determined from the hodograms as a function of depth. The
polarization is determined for both sources: the horizontally polarized source (a) and the vertically

polarized source (b). The azimuth of the P-wave is a function of the ten-level receiver spreads.
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S-wave Polarisation

After correcting the receiver orientation by rotating the data according to the P-wave azimuth, the rotated
crossline channels are now ideally orientated to record a horizontally polarized S-wave. We now
examine the S-wave polarization for both sources and acquisition planes, i.e. Plane 1 (Figure 6.5) and
Plane 2 (Figure 6.6). Similar to the P-wave polarization analysis, the S-wave polarization analysis
operates on a time window of about one period (t = 7.5 ms). Thereby, the analysis focuses only on the
very first S-wave motions. The advantage of choosing a small analysis time window is that the
polarization analysis only takes the first S-wave arrival into consideration, with no other later arriving
S-waves, e.g. refracted, and reflected S-waves, or the slow S-wave mode due to S-wave splitting,
influencing the results. The disadvantage is that the analysis is dependent on an accurate S-wave
traveltime pick. Nonetheless, the traveltime picking accuracy is determined at about 1 ms and is

therefore, within the time window range.
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Figure 6.5: S-wave polarization is shown for the horizontally (a-c) and vertically polarized source (d-f).
The linearity, azimuth and dip is shown as a function of the receiver and source depth for tomographic
Plane 1, between boreholes B29 and B51.
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Tomographic Plane 2
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Figure 6.6: S-wave polarization is shown for the horizontally (a-c) and vertically polarized source (d-f).
The linearity, azimuth and dip is shown as a function of the receiver and source depth for tomographic
Plane 2, between boreholes B44 and B45.

The S-wave polarization analysis (Figure 6.5 and 6.6) shows that the vertically polarized source
produces S-waves that are in general very linearly polarized (linearity > 0.8, Figure 6.5d and Figure
6.6d), with the polarization azimuth tending towards a range of 0° to 30° (Figure 6.5e and Figure 6.6¢).
The polarization dip of the vertically polarized source is generally in the 60° to 90° range (Figure 6.5f
and Figure 6.6f). Thus, the vertically polarized source produces S-waves that are generally vertically

polarized.

The horizontally polarized source, on the other hand, generates S-wave polarizations that are dependent
on the receiver depth. In the upper 30 m, the azimuth is in the 60° to 90° range (Figure 6.5b and Figure
6.6b). This was intentional as we shot in a direction perpendicular to the tomographic plane. In addition,
the dip (0° to 30° range, Figure 6.5¢ and Figure 6.6¢) suggests that a horizontally polarized S-wave (SH-
mode with transverse polarization, orthogonal to the propagation plane) is recorded. However, when we
analyse the polarization below a depth of 30 m to the bottom of the borehole at 50 m, then we see that
the azimuth (Figure 6.5b and Figure 6.6b) and dip (Figure 6.5¢, Figure 6.6¢) changes abruptly and
resembles the polarization characteristics of a vertically polarized S-wave (azimuth < 30° and dip >
60°).
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The S-wave polarization analysis (e.g. Figure 6.5c) shows that the measured polarization is often
consistent for a particular receiver, which is visible as horizontal striping in the images. We therefore
speculate that either source and receiver coupling or the near-receiver material play a non-negligible
role. Nonetheless, the general trend is not influenced by this filter effect.

Thus, we identify two different elastic zones; an upper zone from a depth of 10 m to 30 m and a lower
zone below 30 m to the bottom of the boreholes at 42 m and 50 m. The upper zone suggests a VTI
medium, induced by the overconsolidated clay and lignite seams. In the upper zone, the horizontally
polarized source generates predominantly SH-waves (Figure 6.5b, ¢, and Figure 6.6b, ¢) and the
vertically polarized source generates predominantly waves that are polarized in the vertical plane (Figure
6.5¢, f, and Figure 6.6¢, f). We suspect that these predominantly vertical polarizations can be attributed

to SV-waves, which are polarized perpendicular to the raypath propagation in the near-vertical plane.

In the lower zone, below a depth of approximately 30 m, the polarization of the S-wave changes. There,
predominantly vertically polarized S-waves are recorded (Figure 6.5b, ¢, and Figure 6.6b, ¢). Thus, the
VTI approximation cannot be applied here, as no SH-wave traveltimes are recorded in this lower zone.
We think it is possible that a different elastic zone is present with a different symmetry, such asa TTI
medium. In that case, the vertically- and horizontally polarized source would then have a nonzero
projection onto the propagation plane and each source would generate both the fast and slow S-wave
mode. If the SV-wave anisotropy parameter exceeds the SH-wave anisotropy parameter (o > y) then
the SV-wave would travel at a higher velocity than the SH-wave. A polarization analysis of the (fast) S-
wave would then show a primarily vertically polarized S-wave for both sources. Consequently, we
disregard the data from the lower zone and concentrate on the data of the upper zone, where we assume

a VTI medium.

6.5.3 Estimation of anisotropy

Prior to inverting for VTI parameters in the upper zone, we estimate the magnitude of anisotropy by
first comparing SH- and SV-wave traveltime picks on the raw data. Figure 6.7 shows the S-wave
traveltimes picked from the vertical channel data of the vertically polarized source (Figure 6.7a) and the
S-wave traveltimes picked from the transverse channel of the horizontally polarized source (Figure
6.7b). The two sets of S-wave traveltimes suggest that anisotropy is present, having a bigger influence
than traveltime picking uncertainties. Possible trigger delays are ruled out due to the P-wave arriving at
the same time for both sources. The frequency content differs for the two sources, with a dominant S-
wave frequency of approximately 150 Hz for the vertically polarized source and 300 Hz for the
horizontally polarized source. However, we suspect that this does not influence the traveltime picking

uncertainty. The traveltimes were picked on all three channels (radial, transverse and vertical). An
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example of such three component data is shown (in Figure 6.7c and d) for a source depth of 25 m and

receiver depth of 22 m with the picked SV- and SH-wave traveltimes.
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Figure 6.7: Receiver gather at a depth of 22 m, generated with the vertically (a) and horizontally

polarized source (b) in borehole B44. The data are shown in variable density visualization. Vertical

component data is shown for the vertically polarized source (a) and transverse component data is shown

for the horizontally polarized source (b). The S-wave traveltime picks are indicated by the crosses (SV-

wave traveltimes (a), SH-wave traveltimes (b)). An example of three component data is shown in (c)

and (d) for a source depth of 25 m and a receiver depth of 22 m (vertically polarized source (c) and

horizontally polarized source (d)).

Secondly, we estimate the magnitude of anisotropy by plotting the velocity as a function of the raypath

angle (Figure 6.8). We compare the mean velocities associated with a raypath angle (blue curves in

Figure 6.8) to the isotropic case (black curves in Figure 6.8). Subsequently, we use our inversion code
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to determine VTI parameters which fit angle dependent velocities (red dashed curves in Figure 6.8) to
the mean velocities. In this preliminary inversion, we assume a straight raypath and discretize using a
minimum amount of model cells. The estimated VTI parameters are determined as € = 0.028, § =
0.032 and y = 0.045 for tomographic Plane 1 and ¢ =0.011, 6 = 0.009 and y = 0.086 for
tomographic Plane 2. This initial estimate of the VTI parameters helps constrain the anisotropy
parameters during the inversion. For example, we constrain the parameters € < 0.05and § < 0.05 since
the minimal variation of the P-wave velocities as a function of the raypath angle suggests that little P-

wave anisotropy is present.
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Figure 6.8: Straight ray velocities are shown which are plotted as a function of the ray path angle for P-
waves (a), SV-waves (b) and SH-waves (c) in the VTI zone of Plane 2 of the SAFIRA dataset. The mean
velocities for a ray path angle are shown by the blue curve. The velocities in a homogeneous isotropic
medium would lie on the black curve. The mean velocities and the black isotropic curve deviate
marginally for the P-waves and up to about 10% for the S-waves. We invert for VT| parameters which

fit angle dependent velocities (red dashed curves) to the mean velocities.

6.5.4 Inversion for anisotropy parameters

We perform joint inversions for the anisotropy parameters in the VVTI zone (upper zone for depths of 10
to 30 m) for Plane 1 (Figure 6.9) and Plane 2 (Figure 6.10). We discretize the medium between the
boreholes into 7x16 and 6x 16 model cells with approximately 1040 traveltimes (380 P, 310 SV, 350
SH) and 930 traveltimes (330 P, 300 SV, 300 SH) for tomographic Plane 1 and Plane 2, respectively.
For both tomographic inversions, we chose homogeneous starting models for the anisotropy parameters

(=0, 6 =0, y=0). The starting P- and S-wave velocities (Vp0 and Vs0) were determined by
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inverting only with traveltimes along horizontal raypaths. Subsequently, we inverted for the VTI
parameters by performing 10 iterations with different values for the cross-gradient weighting parameter
(1). We chose A to minimize both the residual and model norm (Figure 6.9¢c and Figure 6.10c).

The inversion results show the layered stratigraphy, which is supported by borehole logs (Weif et al.,
2002). The estimated anisotropy parameters € and § have low values and are in the range of 0 to 0.04.
The estimated anisotropy parameter y, on the other hand, is significantly higher and is between 0 and
0.10 (Plane 1) and between 0 and 0.15 (Plane 2).

We compare the anisotropic tomograms, obtained by jointly inverting the P-, SV- and SH-wave
traveltimes for VT parameters, to isotropic tomograms, obtained by separately inverting the P-, SV- or
SH-wave traveltimes (Figure 6.9b and Figure 6.10b). Subsequently, we compare the rms errors of the
isotropic inversions to the rms errors of the joint-inversions for VTI parameters. While the SV- and SH-
wave traveltime residuals are significantly reduced (from 38 to 23 ms and 60 to 37 ms for the SV-waves,
and from 38 to 19 ms and 26 to 20 ms for the SH-waves for Plane 1 and Plane 2 respectively), the
residuals associated with the P-wave traveltimes increase (from 1.10 to 1.45 ms and from 0.8 to 1.3 ms
for Plane 1 and Plane 2) when we perform the joint-inversion for anisotropy parameters. Nonetheless,

the isotropic and anisotropic tomographic P-wave velocities have similar velocity distributions.
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Figure 6.9: Joint-inversion for VTI parameters for tomographic Plane 1 (between boreholes B29 and
B51) is shown in (a). We chose the cross-gradient parameter (1 = 2500) by trading off between the
model norm and the residual norm for inversions with different values for A (b). Separate isotropic

inversions of the P-, SV- and SH-wave data is shown in (c).
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Figure 6.10: Joint-inversion for VTI parameters for tomographic Plane 2 (between boreholes B44 and
B45) is shown in (a). We chose the cross-gradient parameter (A = 2500) by trading off between the
model norm and the residual norm for inversions with different values for A (b). Separate isotropic

inversions of the P-, SV- and SH-wave data is shown in (c).

6.6 Resolution

We determine the resolution of our VVTI inversions by first conducting a checkerboard test (Spakman
and Nolet, 1988; Rawlinson et al., 2014). We define two checkerboard models with the same acquisition
geometry as Plane 2 of the SAFIRA dataset, consisting of the five VTI parameters Vp0, Vs0, ¢, § and
y. The first model is a coarse checkerboard with checker dimensions of approximately 3x3 m (Figure
6.11a) and the second model is a fine checkerboard with checker dimensions of approximately 1.5x1.5

m (Figure 6.12a). In both checkerboard models the P- and S-wave velocities vary by £10% from the
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average velocities. The anisotropy parameters vary in the same direction as the P- and S-wave velocities
with € and & varying from 0.02 to 0.04 and y varying from 0.08 to 0.12, which are similar to the
anisotropy magnitudes we determined with the inversions (see Figure 6.9 and Figure 6.10). We use our
forward raytracing algorithm to compute synthetic traveltimes and add normally distributed noise with
a standard deviation equal to our measurement uncertainty estimates of 0.1 ms for the P-wave
traveltimes and 1.0 ms for the S-wave traveltimes. We then reconstruct the checkerboard models with
the same inversion algorithm that we used for the SAFIRA dataset. The reconstruction of the coarse
checkerboard model (Figure 6.11b) shows that the structures are well resolved for the velocity fields
Vp0 and Vs0. The resolution of the anisotropy parameters is lower, yet the general structures are still
detectable. The recovered velocities and anisotropy parameters have a similar magnitude as the synthetic
checkers (Figure 6.11a). The reconstruction of the fine checkerboard model (Figure 6.12b) shows that
the structures are only partly resolved. In addition, the recovered S-wave velocities and the magnitudes
of the recovered anisotropy parameters &, § and y are inaccurate, with the recovered values either too
high or too low. Thus, we estimate that our resolution is in the range of 3x3 m for the velocity fields

Vp0 and Vs0 and slightly higher for the anisotropy parameters €, § and y.
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Figure 6.11: Coarse checkerboard VTI-model with approximately 3x3 m cell sizes (a) and the

reconstructed model (b).
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Figure 6.12: Fine checkerboard VTI-model with approximately 1.5x1.5 m cell sizes (a) and the

reconstructed model (b).

Secondly, we infer the error of the inverted VTI parameters. To achieve this we randomly perturb the
measured traveltimes, by adding normally distributed random noise with a standard deviation equal to
our estimated measurement uncertainties (0.1 ms for the P-wave traveltimes and 1.0 ms for the S-wave
traveltimes). Subsequently, we invert for the VTI parameters, using the same inversion parameters
(number of iterations, magnitude of weighting parameters g and A). Then we determine the error of the
inversion by subtracting the result from the original inversion result (see Figure 6.9 and Figure 6.10).
This procedure of adding random noise, inverting and determining the error is repeated 100 times for
both tomographic Plane 1 and Plane 2. Finally, we determine a maximum absolute error as determined
by two standard deviations, from the error distributions of the 100 different inversions (Figure 6.13).
The maximum errors for the P- and S-wave velocities have maxima of approximately 80 m/s (maximum
error of 5% for the P-wave and 40% for the S-wave). The maximum errors associated with the anisotropy
parameter ¢ are approximately 0.02 for Plane 1 and 0.04 for Plane 2, while the errors associated with §
are close to zero. We suspect that the P-wave traveltimes, which are not affected by the anisotropy,
constrain these errors for € and §. The SH-wave anisotropy parameter y has the most amount of

uncertainty, with maximum errors in the range of 0.03 and 0.06 for Plane 1 and Plane 2.
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Figure 6.13: The absolute error estimated for the VTI parameters for Plane 1 (a) and Plane 2 (b). First,
inversions were performed with perturbed traveltimes, i.e. normally distributed noise was added.
Subsequently, an error was determined from the original inversion results (see Figure 6.9 and Figure
6.10). This procedure was repeated 100 times, i.e. 100 inversions with random errors. Finally, the

absolute error is determined as two standard deviations from the error distributions.

6.7 Discussion

The goal of our study was to increase the information derived from cross-borehole seismic data for
tomographic analysis by implementing directional energy sources that generate SV- and SH-waves, as
well as analysis techniques that jointly invert P-, SV- and SH-wave data to estimate the anisotropy
parameters. The estimates of resolution and error may be slightly understated, since Tsvankin and
Grechka (2011) have shown that anisotropy parameters are generally not estimated with an accuracy
higher than 0.04 to 0.05. Specifically, our estimated error for € and & may be higher. Nonetheless, the
inversion suggests that the magnitudes of the anisotropy parameters € and & are generally close to zero
with € reaching magnitudes of 0.04 in a few isolated model cells (see Figure 6.9 and Figure 6.10). The
checkerboard model reconstructions (see Figure 6.12) suggest that these isolated higher & magnitudes
are likely below the resolution limit and attributed to compensations of traveltime picking errors. In
addition, there is no plausible geological explanation of such local € maxima. It is thus probable that ¢

and & are close to zero.

Such small € and § magnitudes indicate that the P-wave anisotropy is very weak and negligible. This is
supported by the fact that the P-wave inversions with an isotropic assumption have a slightly lower error
compared to the error associated with the P-wave inversions with an anisotropic assumption. The SV-
wave anisotropy is also dependent on the magnitudes of £ and &, which implies that the SV-wave

anisotropy is weak as well. However, SV-wave anisotropy is controlled by ¢ = (Vp0/Vs0)?(e — §),
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with the squared P- to S-wave velocity ratio playing an important role. In our near-surface environment
the Vp/Vs ratio ranges from approximately 4 to 9. Even with very small € and § magnitudes, these high
velocity ratios cause considerable SV-wave anisotropy. This effect is shown in Figure 6.14, where the
angle dependent SV-wave velocity is shown in a homogeneously anisotropic medium for different
Vp/Vs ratios. The P-wave velocity and the difference between & and & were kept constant at 1800 m/s
and 0.01 respectively. For a Vp/Vs ratio of nine, the SV-wave velocity ranges from 200 to 240 m/s (20%
difference), while for a Vp/Vs ratio of three, the SV-wave velocity ranges only from 600 to 613 (2%
difference). Thus, at the SAFIRA site the SV-wave anisotropy is substantial, despite a negligible P-wave

anisotropy.
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Figure 6.14: SV-wave velocity as a function of the raypath angle for different VVp/Vs ratios is shown.
The P-wave velocity and the difference between ¢ and § were kept constant at 1800 m/s and 0.01. High
Vp/Vs ratios amplify SV-wave anisotropy severely, even if the anisotropy parameters € and & are small

in magnitude.

The inversions for the SH-wave anisotropy parameter y is in the range of 0.05 to 0.10 and 0.05 to 0.15
in the clay and lignite seams, with errors in the range of +0.03 and +0.06 for Plane 1 and Plane 2
respectively. The polarization analysis (see Figure 6.5 and Figure 6.6) and the initial anisotropy
estimates (see Figure 6.8) confirmed such S-wave splitting. The differences in y for the two tomographic
planes could be due to the structural complexity or due to an azimuthal dependency of y. In the latter
case a VTI-model would no longer be applicable for the SAFIRA site, but rather an orthorhombic or

lower symmetry model. However, the errors associated with the tomographic inversions do not make it
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possible to determine whether y is dependent on the azimuthal angle. Since the two tomographic planes
have different azimuthal alignments (difference in 50°), an azimuthal dependence may be possible.
However, more cross-borehole measurements with varying acquisition plane azimuths would be needed

to determine such a dependence.

The accuracy of our inversions for anisotropy parameters may also be influenced by other factors such
as slightly dipping geological layers, foliation or fractures. Nonetheless, we generated anisotropic
tomograms with significantly lower S-wave residuals compared to their corresponding isotropic
tomograms. This occurrence of S-wave splitting requires an anisotropic material. Therefore, it was
sensible to invert for all VTI parameters and not only for the SH-wave anisotropy parameter y. The
advantage of inverting for all VTI parameters is a higher certainty that € and § are close to zero and that

the material is in fact isotropic with respect to the P-wave, yet anisotropic with respect to the S-wave.

For consolidated rocks (depths > 3000 m), there is a linear relationship, with a correlation coefficient of
approximately 0.75, between the P-wave anisotropy parameter € and the SH-wave anisotropy parameter
y (Wang, 2002). However, in our anisotropic models, there is a significant difference between the two
parameters, with ¢ ~ 0 and y = 0.5 to 0.15, which may be explained by the soft sedimentary (sand and
clay) material. Performing laboratory tests of anisotropy parameters for saturated sands and clays in the
near-surface environment is challenging, since the same stress environment needs to be re-created or
preserved (Clayton, 2011). While S-wave velocity measurements are frequently carried out to determine
the shear stiffness because of its geotechnical importance (Mayne, 2001), a joint-measurement of P-,
SV- and SH-wave velocities is conducted less often (e.g. Mackens et al., 2017). We are not aware of
published work addressing P- and S-wave anisotropy in a saturated near-surface (depth < 50 m)

environment.

We suspect that the anisotropy is primarily caused by the clay minerals and the anisotropic stress
environment (differences in vertical to horizontal stress). Due to the high Vp/Vs ratio, we believe that
the stress-induced anisotropy could have a much larger effect on the S-wave compared to the P-wave.
This arises from the consideration that the S-wave amplitude is inversely proportional to the material
stiffness. Thus, in a low-stiffness near-surface environment, the high S-wave amplitudes could facilitate
such a higher sensitivity to the stress environment, compared to a low amplitude P-wave. The dynamic
range of the P-wave velocities (velocity range of 1600 to 1800 m/s or a difference of +5% from the
average) compared to the dynamic range of the S-wave velocities (velocity range of 140 to 420 m/s, or

a difference of +£50% from the average) support this.
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6.8 Conclusions

We performed a joint-inversion for anisotropy parameters for both a synthetic and a real dataset
consisting of jointly measured P-, SV- and SH-wave traveltimes for two tomographic planes at the
SAFIRA site. The inversion algorithm we used in this study is based on the traveltime perturbation
equation and utilizes cross-gradient constraints to ensure structural similarity of the resulting VTI
parameters. The inversion and error analysis shows that € and & are likely close to zero, indicating that
the P-wave anisotropy is negligible. Despite the low estimated magnitudes for £ and §, the high Vp/Vs
ratio of up to nine causes considerable SV-wave anisotropy. The SH-wave anisotropy parameter y
suggests magnitudes of 0.05 to 0.15 in the lignite and clay zones. This S-wave splitting into an SV- and
SH-wave was confirmed with a polarization analysis. In addition, the S-wave residuals are lower for the
jointly inverted VTI-model compared to separate inversions using only SV- or SH-waves. The high
magnitudes of the SH-wave anisotropy parameter y compared to very low magnitudes of the P-wave
anisotropy parameter & are unusual but may be common in near-surface environments, where the S-
wave may be much more sensitive to stress-induced anisotropy than the P-wave. S-wave measurements

may thus be well suited for 4D monitoring of remediation sites in near-surface environments.
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7. PUBLICATION V: POST-STACK DENOISING OF LEGACY REFLECTION SEISMIC
DATA: IMPLICATIONS FOR COALBED METHANE EXPLORATION, KALAHARI
KAROO BASIN, BOTSWANA

7.1  Abstract

We have recovered legacy 2D seismic data from the Kalahari Karoo Basin, Botswana, which show
signatures associated with the coalbed-methane-bearing seams of the Mmamabula and Morupule
Formations. These deeply buried coal seams (~ 500 m below surface) may represent a new alternative
source of energy for the region. Prior to interpreting the seismic data, we have improved the imaging of
the coal seams by attenuating noise with the curvelet transform. The data were transformed to the
curvelet domain, and scale and angular direction thresholds were selected and applied, thereby removing
previous processing artefacts and noise. The resulting denoised seismic data are characterized by high
signal-to-noise ratio, showing a clear continuity of the seismic reflections associated with the coal seams.
We constrained the seismic interpretation with borehole logs, which confirmed the locations of the coal
sequence at the top of the Mmamabula and Morupule Formations. The curvelet-denoised seismic
sections enable a more reliable mapping of the coal zone, which is displaced by major faults with throws
of up to ~ 500 m. Following these encouraging results, we emphasized the value of enhancing and
reinterpreting legacy data, as it is a cost-effective and environmentally-friendly method for deep coal

seam and mineral exploration.

7.2 Introduction

The Central Kalahari Karoo Basin of Botswana has been estimated to contain about 5.6 trillion cubic
meters (Tcm) of coalbed methane (CBM) reserves (Advanced Resources International, 2003).
Recoverable reserves are estimated at 1.7 Tcm with some of the most prospective areas found in the
eastern portions of the basin (Advanced Resources International, 2008). These estimates came from a
number of boreholes drilled into the coalbeds of the basin (Hildebrand et al., 2009; Milkov et al., 2017).
The natural gas resource is envisaged to offer great potential as an alternative fuel for future power
generation, transport and industry. During the 1970s, a reconnaissance aeromagnetic survey and
geological mapping of Botswana was undertaken to outline the depth and structure of the basement
rocks (Figure 1) (Reeves, 1978). The purpose of the survey and interpretation was also to determine the
nature and thickness of the overlying Kalahari Group and Karoo Supergroup. Shell Coal Botswana
carried out a reconnaissance drilling program in the Ncojane area, southwest Botswana during the late
1970s with the purpose of investigating the possible coal potential of this relatively unknown part of the
Karoo sequence (Clark et al., 1986). This was followed by “The Kalahari Drilling Project” (1981-1982)
in western and northern Botswana, where several boreholes were drilled, most of which penetrated the
Karoo sequence and confirmed the existence of a relatively continuous coal-bearing Karoo sequence

throughout western Botswana (Meixner and Peart, 1984). In addition, Advanced Resources International
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in association with Scales Associates and the Department of Geological Survey of Botswana undertook
preliminary CBM studies between 2001 and 2003. The main study investigated the availability and
potential for development of natural gas resources associated with the coal-bearing sequences of the
Kalahari Karoo Basin (Advanced Resources International, 2003). The major findings of these studies
indicated considerable coalbed methane and shale gas resources in the eastern and northern part of the
Kalahari Karoo Basin.

a) b) 700 ] 800 900 100

[ d
‘Western Cé¢niral
Kal hari]Sub—Bz:s/in/

7500

20°S

Northing |km]|

24°S

7300

20°E 24°F 28°E 700 800 900 1000
Easting [km]

Figure 7.1: The distribution of the Kalahari Karoo Basin in Botswana (a) is shown in light yellow
(modified from Smith, 1984). The location of the seismic lines (L1, L2, L3) and borehole B1 are
superimposed on the regional total intensity magnetic map (b), Courtesy of the Council for Geosciences
of South Africa. The distances along the lines are indicated in kilometres, e.g. line L1 ends at 75 km.

Although magnetic surveys and drilling were effective in the delineation of subsurface structures such
as dikes and major faults, they were unable to map the structure of deeply buried strata in detail, which
is critical for coalbed methane exploration. It was envisaged that an integrated exploration approach
involving geological mapping, magnetic survey, drilling and high-resolution seismic surveys, will likely
yield the best results. The reflection seismic method, in particular, has become an important tool to help
unravel structures hosting coal deposits at great depth. This study demonstrates how legacy reflection
seismic data, initially acquired for gold exploration, have been successfully used to explore for some of
the world’s largest, deeply buried coal deposits in Botswana and map the gross structural architecture

that controlled these deposits.

The reflection seismic method had its origin in the oil industry in the 1960s, where it was used to locate
oil and gas reservoirs in sedimentary rocks. Over the past few decades, the method has been actively
used for coal exploration, mine planning and safety (Krey et al., 1982; Goossens and Buchanan, 1984;
Gochioco, 1991; Tselentis and Paraskevopoulos, 2002; Prasad et al., 2015). For example, in the last 40
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years numerous 2D and 3D seismic data have been acquired in Australia and the United State of America
for coal mining operations and safety (Henson and Sexton, 1991; Urosevic et al., 1992; Gochioco, 2000;
Walton et al., 2000; Gochioco et al., 2012).

The major advantage of using seismic data is its ability to produce a more continuous image of a target
coal seam, which cannot be achieved via borehole drilling. Previous studies on seismic coal exploration
demonstrated that coal seams typically show strong contrasts in acoustic impedance with respect to
surrounding strata. These impedance contrasts are typically controlled by the low density and low
velocity of the coal compared to surrounding strata (Gochioco et al., 2012). For young coals where the
surrounding strata is poorly consolidated, the comparatively low velocity of the coal is responsible for

the acoustic impedance contrast.

High-resolution 2D seismic data were acquired by AngloGold in the 1980s in the same area that is how
known to host the CBM reserves. Figure 1 shows the location of three lines (L1, L2, and L3) in our
study area, underlain by the regional magnetic map. The primary goal of these seismic surveys was to
search for gold-bearing strata at depths below 2 to 4.5 km from surface, since gold-bearing units of the
Witwatersrand Supergroup were expected to extend northwards underneath the Kalahari sedimentary
cover. However, no gold-bearing conglomerate units were found beneath the Kalahari Karoo Basin.
With the discovery of coalbed methane reserves, these legacy seismic data have been revisited to map

and study the zones of coal seams in detail.

Unfortunately, the original seismic data were not optimally stored in the last four decades. With
company mergers and frequent changes of personnel a lot of critical information has been lost. For
example, the observer reports and headers of the raw data often omit crucial information such as the
accurate location, which is common for legacy seismic data of Southern Africa (Terracin and Manzi,
2017). Often no information is provided at all, making the re-processing unfeasible. Nonetheless, the
stacked seismic sections are available and can be used for a geological interpretation to complement the
present boreholes. Since part of the study area now has become a National Park, acquisition of new data
is difficult. This highlights the importance of enhancing and improving the quality of the legacy data.
Since the early 2000s, global developments in the re-processing and interpretation of the legacy seismic
data have made the technique increasingly effective to the point that it has become fundamental and a

well-established method in the oil, gas and mineral exploration.

A multitude of post-stack processing procedures are available to improve the signal-to-noise ratio, from
gain balancing and structurally conformal filtering (Khan et al., 2017) to random noise suppression via
Wiener filtering (e.g. Canales, 1984; Jeng et al., 2008). One relatively new and promising development

is the application of a multi-scale transform, called the curvelet transform, to seismic data (Hennenfent
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and Herrmann, 2006). Application of the transform to the post-stack seismic data improves the data
quality by attenuating both random and coherent noise. The developments of these denoising techniques
make it worthwhile to reprocess and reinterpret legacy data to enhance the detection of economic
resources, which is not possible with old conventional interpretation tools (e.g., amplitude display
analysis, manual and autopicking of horizons). However, despite these developments, denoising
techniques are underutilized in the coal environments and remains an unfamiliar technique to many
geoscientists in coal exploration and mining. The latest development of curvelet transform is particularly
interesting to Botswana’s CBM exploration mining industry because it supports the quest to locate
deeper CBM reservoirs, as well as any subtle geological structures that compartmentalize these targets,

ahead of exploration planning and drilling.

In this case study, the curvelet-filtered seismic sections offer new insights into the seismic stratigraphy,
the seismic reflectivity of the thin coal seams, and the timing of fault activity in the Kalahari Karoo
Basin, with significant implications for exploration for CBM resources. We first introduce the geologic
setting of the coalbed methane reserves in the Kalahari Karoo Basin and the aspects of the legacy seismic
dataset. We then describe the curvelet denoising procedure and show the results of such a denoising
application to our dataset.

7.3 Geological Setting

The Kalahari Karoo Basin is known to host substantial CBM resources, many of which are currently
located at great depths. These may become attractive to exploit in the future, depending on the oil price,
technological developments and environmental limitations. The basin (Figure 1a) contains rocks that
belong to the Late Carboniferous to Early Jurassic Karoo Supergroup, a predominantly clastic
succession that is sub-divided into local formations in the various sub-regions and delineated mainly by
basement topography and sedimentary facies changes (Brett et al., 2000; Bordy et al., 2010). The Karoo
Supergroup is mainly covered by sediments of the Cenozoic Kalahari Group. The detailed stratigraphy
of the Kalahari Karoo Basin is largely unknown and extensive sedimentological studies, to our
knowledge, have not been published (Singletary et al., 2003). The Karoo Supergroup in the Kalahari
Karoo Basin was deposited in relatively shallow depressions that resulted from the pre-existing relief of
the rigid cratonic basement and syn-Karoo faulting (Brett et al., 2000). The Karoo Supergroup is sub-
divided into several groups, namely the lower Dwyka, Ecca and Beaufort Groups and the upper Lebung

and Stormberg Groups (Figure 2).

131



CENTRAL KALAHARI BASIN

Group ‘Western Central Mmamabula SE Central Kalahari Lithographic
Kalahari & Kweneng & Morupule Column
Kalahari Kalahari Cover Sand

Stormberg Lava

Ntane Formation
Lebung Sandstones
Beaufort Kwetla Formation Mudstones

-] Mudstones with

. Boritse Formation Mmamabula Formation | Morupule Formation coal seams
cea eaenE Tt . I : ota o . Sandstones
70 4 Gilte
Bori Formation Makoro Formation 2 S,llt > Sandstones,
705 === Shale
Dwyka Dukwi Formation -} Sandstones
Kapvaal Gneiss

Figure 7.2: Stratigraphy of the Central Kalahari Karoo Basin, showing the lithographic depth column
derived from borehole B1 (after Bordy et al., 2010).

The Permo-Carboniferous lower part of the Karoo Supergroup generally hosts glacial deposits of the
Dwyka Group (diamictite and sandstone) followed by the marine to fluvio-deltaic rocks of the Ecca
Group (Brett et al., 2000). The Ecca Group is coal-bearing in an otherwise carbonaceous mudstone and
white, poorly-cemented arkosic sandstone environment (Cairncross, 2001). The succeeding Permo-
Triassic succession is entirely non-marine, non-carbonaceous in nature (Beaufort Group, Tlhabala and
Kwetla Formations: varicoloured to pale grey, non-carbonaceous mudstone, thin limestone and rare
claystone). The Late Triassic—Early Jurassic upper Karoo contains the fluvial and aeolian strata of the
Lebung Group (red mudstones, sandstones and medium- and coarse-grained, orange to white
sandstones) and igneous units of the Stormberg Group (continental flood basalts and associated
subvolcanic complexes) (Bordy et al., 2010).

Regional magnetic data (see Figure 7.1b) show the presence of many linear features, which are due to
faulting, and deeper crustal structures. The most prominent of these lineaments is the Palala—Zoetfontein
shear zone, which separates two Archean provinces, viz. the Kaapvaal and the Zimbabwe Province
(Schaller et al., 1999). The faulting affects the vertical position of the coal seams and thus prior imaging

is critical before planning exploration wells for CBM resources.

7.4  Legacy Seismic Data

The legacy seismic data covering the area of interest were acquired and processed by AngloGold in the
1980s and 1990s, producing final post-stack migrated seismic profiles that exhibit strong seismic
reflectivity for shallow (< 1000 m) and deep targets (> 1000 m). The seismic data encompasses three
2D lines (L1, L2, and L3) and span a length of approximately 80 km for L1, 100 km for L2, and 300 km
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for L3. Lines 1 and 2 are orientated approximately East-West, while line L3 runs North-South. Key

acquisition parameters are listed in Table 7.1.

Table 7.1: Data acquisition parameters of the 2D CBM Botswana dataset

Survey parameters Line 1 Line 2 Line 3
Type of survey 2D 2D 2D
Year 1989 1988 1989
Total survey length 75 km 100 km 300 km
Line direction NW-SE E-W SW-NE

Symmetrical split spread  Asymmetrical split Symmetrical split
Spread type in the middle spread at the ends of ~ spread in the middle

the lines
End on: near offset =
Offset range - - 150 m, far offset =
2500 m
Nominal fold 40 50 60
Recording system
Recording device SN 338 SN 338 SN 338
Sampling rate 4 ms 4 ms 4 ms
Recording length 6s 6s 6s
Sweep length 24 s 24 s 24 s
Sweep 10 -90 Hz 10 - 68.5 Hz 10 - 48 Hz
Source information
Source spacing 50m 50m 50 m
Energy source 1 vibrator 3 vibrato_rs (Pt?lton 1 vibrator
(Pelton MK 1) Mk 1) in a line (Pelton MKk 1)

Receiver information
Receiver spacing 25m 25m 25m
Receiver/trace 6 6 6
Geophone type 10 Hz (GSC 20D) 10 Hz (GSC 20D) 10 Hz (GSC 20D)

Aspects of the seismic design that were appropriate for assessing the resolution at primary target depths

include the source and receiver station intervals (SI, RI) along acquisition lines, source type and

dominant frequency of the data. The following parameters are relevant to the resolution of the legacy

data and are summarised in Table 7.2: The acquisition (SI: 50 m; RI: 25 m; sweep frequency: 24 s; 10-
90 Hz (L1), 10-68.5 Hz (L2), 10-48 Hz (L3)) using the Sercel SN 388 24-hit system (recorder) at a

sampling rate of 4 ms and a 40,000 pound peak force of one or three vibrators ensured good signal

strength and high quality of the seismic data.

The seismic data were passed through the standard workflow including field pre-processing and full

processing. Field pre-processing, which provides brute stacks with elevation corrections, was done to
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evaluate the quality of the data, estimate the signal-to-noise ratio (S/N), and to detect and remove
erroneous and noisy traces. Full processing improved the S/N ratio through various pre-stack operations
such as trace editing, gain recovery, linear noise removal, surface-consistent “spiking” deconvolution,
zero-phase spectral whitening, trace balancing, velocity picking and a 70% stretch mute. Subsequent
processing steps included the application of refraction statics, normal move-out correction, stacking, fx-
deconvolution, amplitude equalization, finite-difference migration and time-to-depth conversion (Table
7.2). Post-stack, the seismic data are characterized by a seismic zero-phase wavelet with a dominant
peak frequency of approximately 25 Hz for the three lines, an average velocity of 3300 m/s, and
wavelength (A) of approximately 132 m. According to the Widess (1973) criteria, the vertical
resolvability limit (R) for these data is approximately equal to R =X /4 =~ 33 m. The low frequency of
the data is not surprising since the objective of the survey was to image deeply buried strata (2 to 4.5

km depths) to explore for gold-bearing horizons.

Other side effects of the original objective to image deeper in the crust are artefacts in the area of the
coal reflector. These could be the result of a non-optimal choice in migration velocity, as well as intrinsic
artefacts resulting from the migration algorithm itself. In addition, the stacked seismic data may suffer
from pre-stack (i.e., filtering on shot gathers) processing artefacts. Thus the data had to be enhanced,
prior to the interpretation of the coal-bearing upper 1.5 km. In this structurally-complex environment,
we show that the curvelet transform proved exceptionally useful.
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Table 7.2: Processing steps applied to L1-L3 reflection seismic legacy data prior to curvelet denoising

1 Data reformat (convert SEGD to SEG Y)
2 Geometry application (CDP bin 25 m)
3 Trace editing
4 First-break picking and statics
5 1st RMS velocity analysis (iterative)
6 NMO mute
7 Minimum phase conversion
8 Noise attenuation (Band pass filtering and Spectral whitening)
9 Amplitude recovery: spherical divergence correction
19 Amplitude versus offset gain correction
11 Surface consistent gain correction
12 Frequency/Amplitude dependent noise attenuation
13 Zero-phase surface consistent spiking deconvolution
14 1st pass residual static corrections (iterative)
15 2nd pass RMS velocity analysis (iterative)
16 2nd pass residual static corrections (iterative)
17 NMO correction, 70% stretch mute
18 Stack
19 fx-deconvolution
20 Amplitude equalization using data window
21 Migration (Finite Difference algorithms)
22 Curvelet denoising
23 Time-to-depth conversion (using constant velocity of 3300 m/s)

7.5 Curvelet Denoising

Curvelets, like wavelets, belong to the family of multi-resolution transforms, also referred to as multi-
scale transforms, and have their origins in image denoising applications (Candés and Guo, 2002; Starck
et al., 2002; Candés and Donoho, 2004). Similar to curvelets, seismic wavefronts are oscillatory in the
direction of propagation and smooth along the front. Thus, curvelets resemble the seismic wavefronts
locally (Hennenfent and Herrmann, 2006) and provide a useful transformation to sparsely represent
seismic data with their continuous wavefronts and discontinuous edges. This sparsity characteristic can
be exploited to denoise seismic data. Shan et al. (2009), in a study using synthetic data, showed that the
denoising capability of curvelets is superior to 2D wavelets. The curvelet transform has proven very
useful when applied to real data, especially in structurally-complex environments. For example,
Neelamani et al. (2008) showed how curvelet denoising improved the quality of a post-stack 3D

reflection seismic cube, which was acquired in a carbonate environment.

Mathematically, the curvelet transform is an approximation of n-dimensional data, with n> 2. The signal

can then be represented by using a linear, weighted combination of curvelets (Neelamani et al., 2008)
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f(xl' rxn) = Z Al,fC (xl' :xn): (630)
l

with the n-dimensional seismic data (f), the curvelet coefficients (4, s) and the curvelet functions (C).
For the simplest, 2D case, the curvelet functions (C) are oscillatory in one direction and smooth in the
other. In the oscillatory direction, the curvelet function resembles a wavelet (usually the Meyer wavelet);
and in the smooth direction, the curvelet is spatially defined by a Gaussian function. The relationship
between their length and width is governed by the parabolic scaling relationship of length o 2xwidth.
They are thus anisotropic in their design, making them not only multi-scale, but also multi-directional.
The spatial Gaussian constraint ensures a good localisation, in terms of the uncertainty theorem (e.g.
Donoho and Stark, 1989), in both spatial- and frequency-space, i.e. the phase-space. An example of a
single 2D curvelet in the spatial domain is shown in Figure 7.3a and b, and in the frequency domain in
Figure 7.3c, which comes in the form of two angular wedges around the origin. This particular curvelet
is of scale 3 (third inner square frame in the frequency domain) with an angular direction of
approximately -45° (controlled by the angular wedges). Other scales are indicated by the Roman

numerals, in this example from scale 1 to scale 5 (Figure 7.3c).

(a) (b) (c)
i
N\ =
K;:: 'I%;\::i
RN /i

Figure 7.3: A curvelet is shown in the spatial domain (a). A different visualisation in the spatial domain
is shown in (b), where a Gaussian function constrains the curvelet in the smooth direction and a wavelet
constrains the curvelet in the oscillatory direction. The rapidly decaying amplitude of the curvelet in the
spatial domain makes its localisation possible. The frequency domain of the curvelet has the form of
two wedges around the origin (c). This curvelet is of scale 3, with the other scales indicated by Roman
numerals, in this example from scale | to scale V. For every other scale, the number of angular wedges
doubles (second dyadic coronae structure).

The number of angular wedges doubles for every other scale, which partitions the frequency domain
into second dyadic coronae. Curvelets of higher scales are thus characterised by higher frequency or

wavenumber components than lower scale curvelets. With the characteristic of different scales and
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angular directions, a parallel can be drawn to an F-K filter, whereby different scales (curvelet domain)
correspond to different frequencies (F-K domain) and different angular directions (curvelet domain)
correspond to different wavenumbers (F-K domain). However, filtering in the curvelet domain has been
more successful compared to filtering in the F-K domain (Naghizadeh and Sacchi, 2018), largely
because of a better sparse approximation to the seismic data.

A seismic image can be represented by a combination of curvelets of different scales and angular
directions. Figure 7.4 illustrates this principle of how the sum of different curvelet scales comprises a
simple seismic image. To decompose the seismic image into the different scale contributions, a forward
curvelet transform is applied to the data. Subsequently, the curvelet coefficients of all scales, except one,
are thresholded, i.e. set to zero. Finally, the inverse curvelet transform is applied. The forward and
inverse curvelet transform is based on the fast discrete curvelet transform code provided by the curvelab
project (Candés et al., 2005).
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Figure 7.4: Example of a seismic image and its deconstruction into multi-scale curvelets.

We follow a similar approach to denoise our seismic data. We firstly perform a forward curvelet
transform, secondly modify the curvelet coefficients by thresholding, and finally perform the inverse
curvelet transform to obtain a denoised image. There are several methods to determine the thresholds
and to decide which curvelet coefficients to keep (Gdrszczyk et al., 2014). In the simplest case, one
would choose to keep a certain percentage of the highest amplitude curvelets and discard all others, i.e.
set them to zero.

We used three criteria to perform denoising. Firstly, we threshold based on the highest curvelet
coefficient amplitudes, in that we remove all coefficients that are below that threshold. For example, we
rank the coefficients according to their amplitude and then keep a certain percentage, e.g. keep 10% of
the highest amplitude coefficients. All other coefficients are set to zero. Since uncorrelated noise is
usually lower in amplitude compared to reflection signal, this serves to denoise the data.

Secondly, we apply varying thresholds at different scales, as we have found that the reflections in a

seismic section are usually represented very well by only a few curvelet scales. All other scales, e.g.
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curvelets at the highest scale and with the highest frequency components, again predominantly represent
uncorrelated noise. Thus, thresholding the higher scale curvelets more aggressively than the lower scale

curvelets achieves a clearer image.

Lastly, we threshold based on angular direction to reduce coherent noise. The legacy seismic data we
worked with was processed in the late 1980s, with the assumption that reflectors are near-horizontal.
Thus, the post-stack finite-difference migration algorithm used does not faithfully image features with
dips exceeding approximately 35° to 45° (Yilmaz, 1986, p. 277). Thus, setting curvelet coefficients with
angular wedges in the range of 45° to 90° to zero, we can effectively remove steeply dipping artefacts

and coherent noise, without compromising the quality of reflectors.

We test our denoising scheme on a subset of the Marmousi2 synthetic dataset (Martin et al., 2006)
(Figure 7.5). We add different magnitudes (20%, 50% and 100%) of broadband white noise (Figure
7.6a-c) to the data subset and subsequently denoise using the curvelet transform (Figure 7.6d-f). The
differences between the noisy and the denoised sections are shown in Figure 7.6g-i. We repeat this
procedure for the Marmousi2 subset with added self-similar noise (Figure 7.7). In this context, self-
similar means that the noise content has the same frequency response as the reflection seismic data. The
frequency-wavenumber domains for the denoising of the Marmousi2 subset are shown in (Figure 7.8)
and (Figure 7.9). The difference between the noisy data and the denoised data (Figure 7.6g-i and Figure
7.7g-1) shows that only uncorrelated noise is removed from the image, while the reflections are
preserved.

a) Distance [km] b) Wavenumber

Time [ms]
Frequency [Hz]
D
(=]

Figure 7.5: We use a subset of the Marmousi2 model (Martin et al., 2006) (a) with the frequency-

wavenumber domain (b) is used to illustrate our curvelet denoising scheme.
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Figure 7.6: We add 20% (a), 50% (b) and 100% (c) broadband white noise to the Marmousi2 data subset
(Fig. 7.5) and denoise using the curvelet transform, with 20% noise: (d), 50% noise: (e), 100% noise (f).
The difference of the noisy datasets and the denoised datasets are shown in (g) to (i). The corresponding

frequency-wavenumber domains are shown in Fig. 7.8.
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Figure 7.7: We add 20% (a), 50% (b) and 100% (c) self-similar noise to the Marmousi2 data subset (Fig.
7.5) and denoise using the curvelet transform, with 20% noise: (d), 50% noise: (e), 100% noise (f). The
difference of the noisy datasets and the denoised datasets are shown in (g) to (i). The corresponding

frequency-wavenumber domains are shown in Fig. 7.9.
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Figure 7.8: The frequency-wavenumber domains corresponding to the curvelet denoising applied to the
Marmousi2 subset with added broadband white noise (Fig. 7.6).
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Figure 7.9: The frequency-wavenumber domains corresponding to the curvelet denoising applied to the
Marmousi2 subset with added self-similar noise (Fig. 7.7).

The details of the denoising procedure are demonstrated in Figure 7.10, where the different curvelet
scale and angular wedge contributions are shown. For visualisation purposes, we are using only four
scales for the curvelet transform in this example. We see that the reflections can be represented using
only curvelets of scale 2 (angular wedges from -45° to 45°) and scale 3 (angular wedges from -22.5° to
22.5°), highlighted in green. Less reflection energy is represented by curvelet domains highlighted by
yellow (scale 1; scale 3 with angular wedges between -45° to -22.5° and 22.5° to 45°; and scale 4 with
angular wedges between -22.5° to 22.5°). Thus, denoising would focus on removing curvelet
coefficients of all the non-highlighted curvelet domains. The green and yellow highlighted curvelet
domains would also be thresholded, e.g. keep 10% of the highest amplitude curvelets coefficients in the

green domain and keep 5% of the highest amplitude coefficients in the yellow domain, prior to applying
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the inverse transform and obtaining the final denoised image. Practically, we used more scales (6) and
angular subdivisions (16 angular wedges for scale 2) in the denoising example (Figure 7.6). However,
the principal denoising scheme and analysis remained the same.

Scale 1 -
Scale 2
Scale 3 4§ »
Scale 4
-90° -45° ] F 0° I 45° 90°

Angular Wedges

Figure 7.10: Example of the inverse curvelet transform applied to different scales and angular wedges.
The reflection horizons of the Marmousi2 data subset can be best represented by scale 2 (angular wedges
from -45° to 45°) and scale 3 (angular wedges from -22.5° to 22.5°), highlighted in green. Curvelets
domains highlighted by yellow also have some reflection data. The f-k spectrum is shown in the bottom
right corner of each inverse transform, where black is equal to zero, i.e. no energy content at these

frequencies and wavenumbers.

7.6 Application to Legacy Coalbed Methane Dataset

In a similar fashion to the synthetic data (see Figure 7.6 and 7.7), we applied the curvelet transform to
the 2D reflection seismic data from Botswana. We threshold the curvelet coefficients by keeping
approximately 10% of the highest amplitude curvelets and removing steeply-dipping coherent noise,
with a detailed area of a denoised migrated section shown in Figure 7.11. The denoised section (Figure
11b) shows that the potential migration artefacts, the effects of undermigrated data and the possible
stacking of non-reflection events above the main coal reflector (Figure 7.11a) are effectively removed.
This is also evident when viewing the difference between the denoised and original section (Figure
7.11c), which shows that both high-frequency incoherent noise, and steeply-dipping coherent noise are
removed from the curvelet denoised section. We show the influence on the interpretation in Figures
7.12, 7.13 and 7.14. Reflections are more continuous after denoising, which is indicated by the white
boxes and arrows in (Figures 7.12b and 7.13b).
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Figure 7.11: Curvelet denoising applied to the CBM Botswana dataset. The original data (a) is enhanced
by curvelet denoising (b). The difference between the original and denoised data is shown in (c), which

mainly consists of dipping events that interfere with the horizontal reflection horizons. The
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corresponding frequency-wavenumber domains are shown in (d) to (f).
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Figure 7.12: Improvements to interpretation after curvelet denoising applied to Line 2. The continuity
of the reflections is enhanced after curvelet denoising (b), compared to the original stacked data (a). The
difference between the original data and the denoised data is shown in (c). Attribute analysis of the data

in the white box is shown in Fig. 7.14 (a) and (b).
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Figure 7.13: Curvelet denoising applied to the original data of Line 3 (a), with improvements shown
after the denoising in (b). The difference between the original data and the denoised data is shown in
(c). Both continuity (white arrows) can be enhanced and high frequency noise (white box) can be
removed by applying the transform to the data, without compromising the quality of the reflection

horizons. Attribute analysis of the data in the white box is shown in Fig. 7.14 (c) and (d).

To show the effectiveness of the curvelet denoising and the improved continuity of the reflection events,
we computed the instantaneous phase, available in the Seismic Micro-Technology Kingdom Suite
package, (Figure 7.14) of both the original and the denoised data in the white boxes (see Figure 7.12
and 13). Instantaneous phase is one of the instantaneous attributes (post-stack attributes), described by
Taner (2001), which have been successfully used to enhance the quality of the seismic interpretations
for both hard- and soft-rock reflection seismic data (Manzi et al., 2013). The instantaneous phase
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attribute is measured from —180° to +180° and is derived from the complex seismic trace consisting of
a real and an imaginary trace component (Taner and Sheriff, 1977). Firstly, we chose the instantaneous
phase attribute because of its sensitivity to noise present in the seismic data. The computation of the
instantaneous phase is independent of the trace reflection magnitude, which explains this sensitivity to
noise. Secondly, we used the instantaneous phase to enhance the lateral continuity of reflections. Figure
7.14a-d shows some portions of the instantaneous phase displays of the original and denoised seismic
sections for L2 and L3 (indicated as white boxes in Figures 7.12 and 7.13). It is evident that the
instantaneous phase computed for the original data is contaminated by high noise spikes (indicated by
black boxes) resulting from the low signal-to-noise ratio of the original data (Figures 7.14a, c). In
contrast, the instantaneous phase displays for the denoised sections (Figure 7.14b, d) provide an
improved resolution with less chaotic seismic events at both shallow and deeper parts of the sections
(shown by black boxes). Furthermore, phase attributes computed for the original seismic sections
(Figures 7.14a, c) exhibit more chaotic and less continuous reflection events (indicated by black arrows)
than those observed in the phase displays computed for the denoised sections (Figure 7.14b, d). In
addition, further inspection of the instantaneous phase displays for the denoised sections suggest that
the attribute is able to highlight areas that are characterized by seismic wavelet interference due to
stratigraphic terminations and complex faulting (see black arrows).
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Figure 7.14: Instantaneous phase computed for a selection of Line 2 (a, b) and for a selection of Line 3.
The selections are indicated by the white boxes in Fig. 7.12 (Line 2) and Fig. 7.13 (Line 3). The curvelet
denoised sections (b, d) show better instantaneous phase continuities compared to the original data

sections (a, c).

In the original data, shown in Figures 7.12a, 7.13a, 7.144, c, it is not easy to verify whether or not these
discontinuities represent real faults, and this may lead to misinterpretations. On the other hand, our
results show that the application of the curvelet transform to legacy data can attenuate noise and preserve

the continuity of the seismic events.

The interpretation of the denoised sections is shown in Figure 7.15. The interpreted seismic sections
(Figure 7.15b, d, ) are based on the data of borehole B1, using a constant time-depth conversion with a
velocity of 3300 m/s. Seismic reflectors correlating with the coal sequence and host stratigraphy were
then interpreted on the 2D seismic profiles. In total, we interpret three distinct reflection horizons, which
correspond to different sedimentological packages. The upper reflection corresponds to package P1,
consisting of the Kalahari cover and the Stormberg Group. The impedance contrast between the
overlying basalts of the Stormberg Group and the sandstones of the Ntane Formation cause the reflection
horizon, which is not entirely continuous. For example, line L1, the western half of line L2 and the
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southern half of line L3 do not show a reflection horizon from sedimentological package P1, which is
likely caused by a thin Kalahari cover and basalt layer in those areas.

a) Linel Distance [km)] ¢) Line2 Distance [km]
20 60 20 60

80

[uny] pdoq [wy] pdaq

[uny] yrdaq

f) Line 3 Interpreted Distance [km]| End of L2
20 40 80 100 140 ¥ 160

[uny] ypdaq

220 240 260 280 300

Borehole Stratigraphy

Kalahari Cover
. Stormberg
D“ Ntane

[uny] yydaqq

Mosolotsane
Thlabala
Serowe
Morupule
Kamotaka

Dukwi

[uny] yadaq

EEEEEER

Basement

Figure 7.15: Stacked and denoised seismic sections for Lines 1 (a), 2 (c), and 3 (e, g) are shown, as well
as the corresponding interpretations (b, d, f, h). The interpreted seismic sections comprise three distinct
reflections, thereby enabling the division of the sections into three different sedimentological packages
(P1, P2, P3) and underlying basement. Verified faults are indicated by a bold line and non-verified faults
by a dotted line.
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The second, and primary, reflector is due to the coal zone occurring in the top of the Mmamabula /
Morupule Formations. A distinct change on the variable density display marks the strong seismic
reflector. The reflector was traced as peaks on the seismic section, since we expected a decrease in
acoustic impedance from the overlying high velocity sediments of the Mosolotsane Formation, to the
relatively low velocity and density of the coal seams of the Mmamabula / Morupule Formations. We
interpret the area between the upper reflector and the coal zone reflector as sedimentological package
P2, consisting of the Ntane, Mosolotsane, Thlabala / Kwetla Formations and extending until the Serowe

Formation.

Below, we see discontinuous reflections which could be caused by the cratonic basement. The very
bottom of borehole B1 extends to the basement on line L3 (Figure 7.15h). However, due to the
discontinuous, and partly low amplitude nature of the basement reflections, more boreholes are needed
to constrain the position accurately on line L3. For lines L1 (Figure 7.15a, b) and line L2 (Figure 7.15c,
d) the basement reflector is more identifiable, with possible thrust faulting occurring on line L1 (Figure
7.15a, b). However, the interpretation is only based on the single borehole B1 and we would need more

boreholes to confirm the interpretation.

The interpreted sedimentological packages P1 to P3 show significant faulting in a post-coal depositional
phase on lines L2 and L3, which crosscut and displace the coal sequence, with vertical displacements in
the range of 20 m to 475 m. For example, the Palala-Zoetfontein fault is clearly visible on line L3 (bold
black line on Figure 7.15f) at around 145 km along the profile with a throw of approximately 475 m.
Another significant, yet different, normal fault with a throw of approximately 450 m is visible between
67 km to 80 km along the profile on line L2 (Figure 7.15d). Further non-verified normal faults are visible

with smaller throws on line L3 (dotted lines. Line L1 does not show any significant faulting.

All the identified faulting affects the coal zone and could therefore be factored into the future CBM
exploration and development. The seismic data show the benefit of delineating the faults and different

CBM depths before commencement of further exploration drilling.

7.7  Discussion

Seismic methods have been used for coal and coalbed methane exploration for more than 20 years. Many
case studies have demonstrated the ability of the method for imaging deep thin coal seams and structures
that crosscut them. In particular, Eaton et al. (2010) and Malehmir et al. (2012) provide a comprehensive
overview of key accomplishments from various mineral exploration projects, including coal, in
Australia and around the world. Many examples provided clear images of coal seams at the subsurface
despite varying geological conditions and different acquisition and processing parameters. All

environments have their challenges but in the end, a successful utilisation of the method is dependent
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on the quality of the final seismic images, from which a geological interpretation is then derived to direct

drilling.

Denoising techniques using the curvelet transform, like many image-based filters, are sensitive to noise
in the seismic data from which they are derived. The noise in data may be coherent or incoherent and
have different sources. The noise tends to interfere with the thin coal reflections and complicate the
seismic interpretations. For example, the dipping coherent noise can cause linear features on seismic
sections, which are not easily distinguishable from real geological features. These interferences can be
so strong that they make it almost impossible to clearly identify the actual geological structures. The
cause for dipping coherent noise in the data is not known, but it is very likely that much of this noise is
related to processing artefacts (such as velocity errors related to statics, NMO and migration, as well as
possible remainders of surface waves and refracted waves prior to stacking) and acquisition footprints
(such as those due to geometry, fold, azimuths and offsets). Migration velocity errors, in particular, can

cause overlapping signals in the data.

We note that the denoising technique was applied on the image in the post-stack and post-migrated
domain. It is thus important to realize that this technique is image-driven and is therefore sensitive to
artefacts due to inadequate processing steps. More importantly, its computation is not based on the
physics of wave propagation. We therefore envisage that the application of the curvelet transform to the
shot gathers (if become available in the future) may provide much better images of the subsurface in our
data. Nevertheless, our results suggest that curvelet transform denoising technique can be of great help

to an interpreter of legacy data.

7.8 Conclusion

In this study, we have demonstrated that improving seismic images of the legacy seismic data acquired
in complex geological setting covered by thick sediments is possible through the application of the latest
post-stack processing algorithms. The existing 2D high-resolution legacy seismic data, initially acquired
for gold exploration over the Kalahari Karoo Basin, has been re-examined and interpreted for CBM
resources and reservoirs. We applied a curvelet denoising algorithm to the dataset to improve the post-
stack imaging of shallow coal reflectors, located up to a depth of 1000 m. Initially these reflectors were
poorly imaged due to a poor choice in migration velocity, migration artefacts, as well as incoherent
noise. The subsequent interpretation has shown to be important in determining coal geometry and depth
location, as well as the presence of faulting. Normal faults with throws of up to approximately 475 m
have been identified. Since only very limited borehole data exists, this information will likely be factored

into future CBM exploration and development for the security of Botswana’s energy.
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Although the acquisition and processing steps undertaken for Botswana 2D seismic data offered great
advantages for accurate coal interpretation, the conventional interpretation techniques did not allow for
exploitation of the data to its full potential. For example, coal continuity and subtle faults could not be
easily recognized on the migrated seismic sections. To effectively characterise the coal seams in detail,
new seismic data acquisition would be needed, employing modern technology such as high-resolution
3D acquisition, and broadband sweeps. However, denoising procedures using the curvelet transform
proved to be an effective method for reducing noise and enhancing the detection of these features in the
available legacy data. The depth position of the coal seams and orientation of structures (faults) that

offset the coal seams were mapped with a high level of confidence.
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8. CONCLUSIONS AND OUTLOOK

8.1 Conclusions

The main research goal of this thesis was to evaluate S-wave tomography in different geological settings
and to find optimal processing parameters. The first two publications (Chapters 3 and 4) showed the
general benefits of interpreting S-wave, in addition to P-wave, tomography data. In Publication I,
different mechanical properties were derived, which aided the interpretation of a large weak zone prior
to the construction of a large infrastructural project in Kuala Lumpur, Malaysia. Publication 11, showed
different measurement techniques to improve the quality of a regional S-wave velocity model in the
Groningen gas field, the Netherlands, to improve the modelling of surface wave amplification factors,
which are relevant for the regional reservoir-related seismicity. Particularly, S-wave tomography
showed that the S-wave velocity is laterally highly variable, which was not obvious from the P-wave
measurements on their own. To test the effects of S-wave polarisation and anisotropy, further
tomography measurements were conducted at the SAFIRA research facility in Zeitz, Germany, where
different directional seismic sources were employed. This lead to the generation of horizontally and
vertically polarised S-waves, as well as P-waves. Thus three traveltime datasets with the same
acquisition geometry had to be interpreted. In Publication Ill, I proposed a joint-inversion procedure
that structurally coupled the S-wave traveltimes to the more accurate P-wave traveltimes. This produced
better S-wave tomograms that were devoid of previous X-shaped artefacts, aided the interpretation in
the hydrogeological near-surface environment, and could become a standard technique to more reliable
estimate S-wave velocities. In Publication IV, | showed that the tri-axial recordings of the tomography
data enables the detection of seismic anisotropy. | proposed an inversion procedure that estimated VTI
parameters (Vp0, Vs0, &, 6, y) by jointly inverting for the P-, SV- and SH-wave traveltimes, while again
ensuring structural similarity through the use of cross-gradient constraints. The results showed that
anisotropy plays an important role in near-surface S-wave tomography data and, if disregarded, can
severely distort the results. Publication V addressed a secondary research goal of this thesis, where the
curvelet transform was applied to denoise reflection seismic data from the Kalahari-Karoo Basin,
Botswana. The discovery of CBM resources lead to an increased interest in these legacy reflection
seismic data and | showed that curvelet denoising is a valuable signal processing tool to increase the

signal-to-noise ratio prior to the interpretation.

8.2 Outlook

Even though several advantages of S-wave tomography and curvelet denoising were discussed, there
are still many possibilities for further research and improvements. Firstly, it would have been beneficial
to estimate the P- and S-wave velocity by a joint-inversion approach in Publication I, instead of the
individual inversions that were performed and then jointly interpreting these. By collecting data with an

additional, vertical, source would have perhaps also enabled the direct inversion for the elastic
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parameters. Further, discrete joint-inversions could have been performed, which were originally
proposed for cavity detection (Musil et al., 2003) and may have been more suitable than smoothness
constrained first-onset traveltime inversion as used in Publication I. Also hybrid joint inversion
approaches using fuzzy clustering for linking inverse problems (e.g. Linder et al., 2010; Sun and Li,
2016), could have offered the possibility of discretely and jointly inverting the datasets with
petrophysical constraints. In geological settings such as the one encountered in the Kuala Lumpur
Limestone, with high-contrast anomalies and cavities, such petrophysically constrained fuzzy clustering
approaches might be more promising than smoothness-constrained inversion or purely discrete

inversions.

The inversion for anisotropy parameters discussed in Publication 1V, suffered from a lack of resolution.
Due to the increase in parameters the number of model cells had to be reduced. Otherwise the
tomographic inversion problem would not have been overdetermined as required for a least-squares
inversion. Adaptive or staggered grids (Vesnaver and Béhm, 2000) could provide a solution to this
dilemma, by performing multiple inversions, every time with a slightly shifted grid. These different
tomograms would then be combined to yield a tomogram of higher resolution. A different method to
increase the resolution would be the use of a full waveform inversion (FWI) (Kéhn, 2011, pp. 54-55;
Lth et al., 2014). This method uses the entire wavetrain, opposed to only the traveltimes. The IFOS2D
project (Bohlen et al., 2016), from the University of Karlsruhe, offers such an inversion package and

could be used in the future.

One of the main challenges | see with anisotropy parameter estimations is their uncertainty, since
inaccuracies in traveltime picking will always be compensated by the anisotropy parameter estimates.
In Publication 1V, the uncertainty estimate was produced with the help of checkerboard tests, which
have their limitations due to the use of the same parametrisation and the same forward solver to generate
the synthetic dataset and to subsequently invert the data (Rawlinson et al., 2014). Using a Bayesian
inversion approach (Giroux and Gloaguen, 2012) would be beneficial in determining the uncertainty,
since the variance is a directly determined parameter in such a statistical inversion process. A Bayesian
inversion approach could also be compared to a local-search smoothness constrained inversion to

determine the variation in result and uncertainty.

Further, it would be interesting to compare the estimated anisotropy parameters with seismic laboratory
measurements (e.g. Lee and Santamarina, 2004) of core logs. Unfortunately, no longer such core logs
exist at the SAFIRA site. Thus, similar tomography measurements would have to be performed at a
different test site. A different verification of anisotropy parameters could come from vertical seismic

profiling measurements (VSP), since Tsvankin and Grechka (2011) showed that anisotropy parameters
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can be estimated from such VSP surveys. These measurements could also be extended three-

dimensionally and perhaps offer even more insight into additional anisotropy parameters.

S-wave tomography was performed in near-surface environments, with the geology consisting of mainly
soft sediments (sands and clay) and to a lesser degree weathered rock (limestone). To further develop
S-wave tomography it would be beneficial to test in hard-rock environments such as the deep
Witwatersrand gold mines. Such a highly pressurized environment would likely produce wavefield
effects related to anisotropy, scattering and dispersion that could possibly be used in imaging. Perhaps,

even triplication points in SV-wavefields could be detected and utilised.

The curvelet transform was applied to post-stack reflection seismic images. However, ground-roll
usually represents the biggest noise contribution for onshore reflection seismic surveys on land.
Naghizadeh and Sacchi (2018) proposed a technique based on the curvelet transform to remove such
ground-roll. Thus, the curvelet code of Publication V could be extended to handle pre-stack seismic data
as well. This could provide very useful for future seismic surveys and the subsequent processing. Finally,
different multi-resolution transforms, such as the shearlet transform (Easley et al., 2008), could be used
for seismic noise reduction and compared to the employed curvelet transform.
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10. APPENDIX

The appendix consists of instructions for the three Matlab programs that | wrote and implemented for
data analysis of Chapters 5, 6 and 7. The code is available in the digital copy of this thesis.

10.1 Joint-Inversion — Matlab Code Instructions

The joint-inversion program is a 2D code for the estimation of seismic velocities (P- and S-wave mode)
in between near-vertical borehole pairs and was used for the inversions presented in Chapter 5. The
program requires a set of co-measured (same acquisition geometry) traveltimes. These traveltimes are

then used to estimate seismic velocities.

The “heart” of the program can be found in Main_inversion.m (single dataset inversion),
Main_inversion_jointm  (inversion of two datasets, eg. P- and S-wave), and
Main_inversion_joint_3sets.m (inversion of three datasets, e.g. P-, SH- and SV-wave). These programs
have the primary objective of (1) loading the traveltime datasets, (2) defining the inversion parameters,
such as the number of iterations, (3) calling the inversion subroutine, and (4) displaying and saving the

results.

The inversion subroutine differs slightly depending on the number of datasets that are inverted (i.e.
different subroutines for Main_inversion.m, Main_inversion_joint.m, etc.). In these subroutines (the file
names start with inv_Isqr2D) (1) further inversion parameters are defined, (2) the forward raytracing

executed to determine an rms-error and (3) the matrix inverted with an LSQR subroutine.

10.2 Inversion for Anisotropy Parameters — Matlab Code Instructions

The anisotropy parameter estimation program is based on the FORTRAN program by Zhou et al. (2008).
Therefore, parts of the program were ported to the Matlab environment. The main use of the program is
similar to the joint-inversion program, in that the main inversion program file has to be run (denoted
Main_Safiral top.m and Main_Safira2_top.m). In this file the inversion parameters are defined and
subroutines called. In addition forward modelling studies can be tested. These program files start with

forward (e.g. checker board reconstruction tests).

10.3 Curvelet Denoising — Matlab Code Instructions
The SeiCurve program was written to easily denoise reflection seismic data using the curvelet transform.
The user can read in (noisy) seismic data in segy or seg2 format, interactively choose the best curvelet

denoising parameters and save the result to segy or seg? file.
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The program was written using the object-orientated capabilities of the Matlab environment and a
Model-Controller-Viewer architecture was chosen. This means that the graphical user interfaces (GUIs)
are defined in the program files denoted with View (e.g. View_Main.m controls the GUI of the main
program when it starts). All the data storage and manipulation (e.g. segy seismic data and curvelet
transform) is performed in Model.m. Further seismic data storage is perfomed in the Matlab files
Curve.m and Scale.m (strictly these are also of the “model” category in the Model-Controller-Viewer
architecture). Lastly, the program files denoted with Controller serve to communicate between the
viewer and the model. In these files, the subroutines are called and different viewing options set. The
main program can be started by calling the program file Controller.m from the main Matlab

environment.
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