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Abstract

Faults and fault zones in the subsurface can create problems in reservoir production and well
placement if gone un-detected because of restriction of fluid flow or affecting the ability of the
reservoir to hold fluids. In seismic interpretation it is hard to map out the full extent of faults
and fault zones, meaning there is room for erroneous interpretations. The imaging of faults and
fault zones are largely dependent on size, throw and the stratigraphy bounding the fault or fault
zone. Models with a range of geometries associated with normal faulting have been created,
these are drag, parallel faulting, vertical fault overlap, imbricate fault systems and fault lenses.
Using simple generic models and further creating more complex models from plaster models
provides a mean of increasing the structural complexity. By populating the models with elastic
parameters from well 34/10-41 S of the Brent group it is possible to model these structures to
see their seismic equivalent. A total of 20 models have been created with varied complexity and
structural geometry. By using a 2D Point Spread Function based modelling approach it is
possible to take both generic models and segments from plaster models of faults and fault zones
to further asses how the models are imaged seismically. These models have been modelled at
different scales and with varied geophysical parameters to see how this affects the seismic

response.

The generated seismic sections show that high angles of incidence, a low dominant frequency,
a decrease in angle of maximum illumination or increase in noise further worsens the ability to
detect faults in the subsurface and properly map out the extent of faults and fault zones.
Furthermore, illumination or reflectivity issues further worsens the detectability of faults and
fault zones. The findings of this study coupled with previous knowledge to an interpreter may
help assess fault and fault zone geometries in the subsurface, as well as helping to understand

how scales and geophysical sensitivity affects the respective geometries.
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Chapter 1

Introduction

1.1 Motivation

Faults play an essential role in several industrial sectors, including oil and gas exploration,
geothermal energy extraction and CO2 storage (Meixner et al., 2016; Nicol et al., 2017; Wiprut
and Zoback, 2000). Clapp (1910) introduced the concept of faults restraining fluids in the
subsurface and the concept has been well studied since then. For interpreters of reflection
seismic images, faults often induce uncertainty because of limited seismic resolution and
illumination, possibly combined with a lack of geometrical understanding of how the faults
affect the reservoir (Bond, 2015; Roe et al., 2014). Faults are essential in any reservoir setting,
considering this can be a make or break for whether a reservoir is viable for production or not
(Braathen et al., 2009). The understanding of the damage zone and the fault core is key on how
fluids move throughout the reservoir, making it important to grasp (Caine et al., 1996).
Therefore, constraining faults, fluid pathways and closures is imperative to assess the larger
geological setting (Caine et al., 1996). Faults are often interpreted from seismic data as
continuous straight surfaces in 2D, without considering their 3D aspect (Roe et al., 2014). With
seismic modelling, it is possible to take models or laboratory analogues and study their synthetic
seismic signatures. Creating synthetic seismic and comparing them to actual seismic images
allow for a better understanding of fault geometries and seismic fault imaging — knowledge that
can be used during structural interpretation of seismic data (Lecomte et al., 2015). This thesis
will use seismic modelling to improve our understanding of how fault geometries are imaged
in reflection seismic data by modelling different fault and fault zone structures. These faults
and fault zones will be scaled to different sizes and have different modelling parameters
tweaked to better understand how the scales and sensitivity of the modelling will affect seismic

imaging.
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1.2 Aims and objectives

This thesis aims at improving the understanding of how faults are imaged in seismic subsurface
data, allowing fault interpretation to be conducted with greater confidence. To achieve this goal,
the following objectives were set:
1. Create generic models and models based of segments from plaster models to
understand how faults are represented in seismic.
2. Apply a Brent Group-type stratigraphy to the models, to see how the structural models
would be imaged in a North Sea Brent Group stratigraphic framework.
3. Vary the sensitivity of the modelling parameters, as well as the scale of the models to
understand their impact on the seismic image using a 2D PSF based modelling

approach.

1.3 Approach

When using interpreted seismic profiles or cubes, it is imperative to remember that these are
based on conceptual geological models interpreters think are present in the subsurface at the
considered location. An interpretation can be correct, partially or completely wrong. With this
in mind, interpreted faults may introduce pitfalls when conducting a geological assessment of
the subsurface. An important factor to acknowledge is that interpretations may often contain
bias from the interpreter (Bond, 2015). To analyse that, it is possible to use conceptual models
with known and well-studied fault structures to generate their seismic signatures and then
compare the latter with the former to identify interpretation pitfalls. Using a ray-based 2(3)D
convolution approach is a fast and reliable way for an interpreter to validate seismic compared
to more conventional modelling techniques (Lecomte et al., 2015). At first, geological models
of fault structures were thus created in the present study. These geological models were then
used as to create synthetic seismic using Point-Spread Function (PSF) based convolution
modelling. 20 models were created with this approach, ranging from generic models to plaster
models. The approach outlined made it possible for the synthetic seismic to be studied alongside

real seismic and present literature about the subjects mentioned in the thesis.
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Chapter 2

Background Theory

Faults

Faulting happens when there is a build-up of stress, which causes strain that is represented by
discontinuities in the brittle crust. To recognize the nature and complexity of faulting is of
importance. This chapter will review faults, different fault structures, how faults are detected

in the subsurface from seismic data and the Brent Group which is used as an analogue later.

2.1 What is a fault and how does 1t occur

A fault is a shear discontinuity in a body of rock caused by the fracturing of the rock body. The
plane representing the fault is often not one singular plane but consists of several planes linked
together and structures related to the displacement of the rock body (Fossen, 2020). A fault and
a fault zone are often used interchangeably, with a fault zone being defined as a structure
comprising a fault core, damage zone, and protolith (Caine et al., 1996) or as two or more
subparallel slip surfaces (Childs et al., 2009). As for the definition by Caine et al. (1996) it is
not required that it consists of all these components and they do not have to be scaled in relation
to each other. In Fig 2.1, a conceptual model of a fault zone with its architectural components
can be seen.

FAULT ZONE ARCHITECTURAL COMPONENTS
B rauLt core

Gouge
Cataclasite
Mylonite

DAMAGE ZONE

Small faults
Fractures
Veins

Folds

PROTOLITH

Regional
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PROTOLITH AND

FAULT CORE & DAMAGE ZONE
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Figure 2.1: A schematic of a generic fault zone with accompanied architectural components.

Modified from Caine et al. (1996).

Anderson (1905) outlined how faults are naturally classified based on stress regimes. A normal
fault occurs when the greatest pressure is applied vertically and with the minor pressure being
in the horizontal direction. Reverse faulting happens when the greatest pressure is horizontal,
and the minor pressure is applied vertically. Strike slip faulting happens when the greatest
pressure 1s in a horizontal direction and the minor pressure is in another horizontal direction.
Subsequently reverse faulting usually creates a fault with a dip of less than 45° and normal
faulting usually happens at a dip greater than 45° (Anderson, 1905). The different kinds of

faulting and associated tectonic regimes (principal stresses) are visualized in Fig 2.2.
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Figure 2.2: Illustration of different stress regimes and corresponding fault creation. From

Markou and Papanastasiou (2018).

Normal faults are often created at a dip of around 60°. This is because it represents the ideal
fracture conditions in regard to the stress regime in an extensional setting and the medium being
fractured (Anderson, 1905). The analysis of fracturing of a rock can be done with the use of
laboratory experiments or numerical modelling and can be visualised using a Mohr diagram.
The Mohr-Coulomb failure criterion is a mathematical approach to quantify when a rock is
going to fracture based on principle stresses or normal- and shear stress. The linear equations
representing the Mohr-Coulomb failure envelope are set up as a function of normal/shear
stresses or principal stresses. It is possible to visualize this in a Mohr diagram as seen in Fig 2.3

and where the major and minor principal stresses plotted as o; and oyyy respectively, are plotted
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along the horizontal axis, and the shear stress t along Y-axis. If the Mohr circle that is plotted

is tangent to the failure envelope, the corresponding rock will fracture (Labuz and Zang, 2015).

T

T =g(a)

(o,

& | fe
haa

failure envelope

Figure 2.3: A schematic Mohr-diagram with Mohr-Coulomb failure criterion. If the circle

tangents the failure criterion it will induce fracturing. From Labuz and Zang (2015).

2. 2 Fault growth by linkage

Fault growth by linkage is something that must be considered in context. Faults are created as
previously touched upon, when differential stress becomes high enough, reaching the Mohr-
Coulomb failure criterion and there is a release of stress in the form of strain (deformation) of
the rock. Faults will interact with other faults both when a fault forms in isolation as well as
when reactivation happens; this will create longer faults and may contribute to the fault
geometry changing (Fossen, 2020). If there are faults currently present in an active stress
regime, faults tend to link together as this is the path of least resistance. This contributes to non-
linear fault planes when looked upon in 2D or 3D dimensions and is an important factor to
consider when interpreting seismic. Not only are a fault in seismic more than a single plane, but
in 2D/3D dimensions it often introduces curvature, continuation of pre-existing faults and the
introduction of more complexity in the form of substructure-geometries (Mansfield and
Cartwright, 2001). The understanding of fault growth by linkage can be further understood in
several ways, i.e., by numerical modelling, interpretation of field outcrops or laboratory
experiments (Fossen and Gabrielsen, 1996; Gabrielsen and Clausen, 2001; Lindanger et al.,
2004; Mansfield and Cartwright, 2001). Fault growth by linkage can happen both horizontally
and vertically depending on the pre-existing structures and stress regimes in the area. With

vertical growth, structures like fault lenses can be created; horizontal growth can create
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structures like relay ramps. Fault growth by linkage is something that may happen at any scale,
from microscopic cracks to mesoscopic fractures. With reactivation and fault linkage a fault in
a current stress regime, might develop an orientation that differs from what is expected of that

stress field (Fossen, 2020).

2.3 Fluid pathways and obstacles

Faulting is of importance for several reservoir types, these being either oil and gas ones,
reservoirs for the storage of CO2, water reservoirs or for geothermal energy extraction (Meixner
et al., 2016; Nicol et al., 2017; Zoback and Zinke, 2002). The reason for this is that faults can
act as pathways for fluids, as well as obstacles preventing flow in a reservoir situation (Braathen
et al., 2009). If a fault is considered a tight path, later reactivation of faults may open the
previously sealing fault bounding the reservoir. There are several reasons that may work in
collaboration or alone to reactivate a fault: first, reactivation may happen if there is an increase
in compressional stress; secondly, an elevated pore pressure because of the presence of gas may
cause the fluid pressure to increase inducing a fracture; the final reason being that the present
day orientation of a fault may be in optimal orientation for a frictional slip, taking into

consideration the current stress field applied to the fault (Wiprut and Zoback, 2000).

2.4 Fault geometries and features

This thesis is going to focus on modelling extensional faulting. Associated with normal faulting
there are several terms that are used to describe the fault associated structures that has
accumulated over the years because of intensive research on normal faulting (Peacock et al.,
2000). In Fig 2.4 a conceptual model of a normal fault system can be seen, with its associated
structures (Fossen, 2020). This part of the thesis will outline structures associated with normal

faulting as well as showing some of these structures as viewed in seismic sections.
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: Fault zone

: Synthetic fault

: Antitnetic fault

: Breached relay ramp
: En-echelon faults,
unbreached relay ramps
Graben

Horst

: Fault lens

: Smear

10: Fault rock

11: Footwall collapse
12: Drag

Figure 2.4: Illustration of a conceptual normal faulting model where structures associated with

normal faults are visualized. From Fossen (2020).

2.4.1 Drag associated with normal faulting

Both for reverse and normal faulting, drag can be associated with the occurrence of a fault.
Fault drag is the fault-related curving of layers adjacent to a fault (Grasemann et al., 2005). The
drag itself is not a part of the fault structure; however, it affects the displacement created by the
faulting. There are two terms that are linked to drag, this being normal- and reverse drag. These
terms are however not associated with the fault being a normal or reverse fault. They refer to
the convexity (normal drag) or concavity of the layers (reverse drag). Drag is important in
terms of reservoirs. The drag that is present in a reservoir setting can increase communication
between beddings in the reservoirs, increasing the conduit in a reservoir (Fossen, 2020). Drag
can be observed in Fig 2.4, 12 in the illustrative model. Both reverse and normal drag

interpreted in seismic can be seen in Section 2 of Fig 2.6.
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2.4.2 Extensional imbricate fault systems and faults in parallel

Extensional imbricate fault systems are a common fault geometry in areas with extensional deformation.
These faulting systems are often referred to as “‘domino” or “bookshelf” faulting, where normal faulting
occurs parallel to each other, (a) in Fig 2.5. There are two reasons for an extensional imbricate fault system
to occur: the faults can be linked with a detachment fault below (b) or they can be created with transfer of
fault displacement into a décollement zone below (c). As the extension progresses in an imbricate fault
system, this causes the dip of the faults to decrease, while stratigraphic dip in the rotated fault blocks
increase (Ferrill et al., 1998). Large scale rotated fault blocks can be viewed in seismic in Section 1, Fig
2.6. Later in the thesis imbricate fault systems will be modelled with synthetic seismic to better understand

the structures seismic equivalent.

(@)

Figure 2.5: Schematic of “domino” or “bookshelf” faulting in (a), (b) illustrates how the faults
can be created from linking of a detachment fault below and (c) illustrates how these faults can
be created with fault displacement into a décollement zone below. From Ferrill et al. (1998).

Faults in the same extensional regime with an approximately equal stress field will generate
faults with about the same dip or conjugate faults, e.g., responsible for grabens and horsts
(Fossen, 2020). Therefore, being able to detect parallel faults is of importance, since this is
something often observed in seismic sections in areas of rifting. An example in seismic, can be
viewed in Fig 2.6, section 3, b). This thesis will later model generic examples and segments

from plaster models of faults in parallel.
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2.4.4 Lens structures and fault overlap.

Lens structures in a reservoir setting can have impact on fluid flow, this specifically if there is
communication or contacts between units of low or high permeability. There is greater control
of the fluid flow along the faulted beds if the stratigraphic throw of the fault is near horizontal.
Geometries of fault lenses are often poorly understood in reservoir studies, this either because
of the lack of resolution in seismic images, or due to the complex geometries which are hard to
quantify and map (Lindanger et al., 2007). Lens structures from plaster models will later in the
thesis be modelled with, to better understand seismic signatures of said structure. As described
earlier in fault growth and linkage, faults tend to propagate into the area where the stress build
up can be transferred into existing faults. Vertical fault overlap is when faults are partially
overlapped or fully propagated into another fault. This scenario is closely related to the
formation of lens structures, vertical fault overlap can be seen interpreted in seismic in Fig 2.6,

section 3, a).
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Section 2

e e REVETSE _ e
Ay

Basement

Figure 2.6: Shows three seismic sections that have been acquired from different sources.
Section 1 from Fossen and Hesthammer (1998) shows a seismic section containing rotated fault
blocks. Section 2 from Fossen (2020) shows interpreted normal- and reverse-drag in seismic.
Section 3.a from Rykkelid and Fossen (2002) shows vertical fault overlap interpreted in a
seismic section and section 3.b from Rykkelid and Fossen (2002) shows the occurrence of
faults in parallel.

10
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2.5 Seismic acquisition and resolution.

Seismic acquisition surveys are conducted by sending sound energy into the subsurface and
following this, recording the reflected energy at geophones. What is measured is the reflection
coefficient the energy has when introduced to a new boundary in the subsurface. This energy
response is created from the impedance measured at boundaries in the subsurface and
comprised of a relationship between P-wave velocity, S-wave velocity, and bulk density of
rocks in the subsurface. Acoustic impedance (Al) relates to normal incidence p-wave reflections
and elastic impedance takes into consideration the S-wave velocity (Herron, 2011). When a
seismic acquisition survey is conducted a shot is recorded by several receivers. These receivers
then records traces individually, as a response to the reflection coefficient increase/decrease.
Processing of the seismic is then conducted and the individual pulses are comprised into a single
seismogram. Fig 2.7 shows the decomposition of individual reflections and how these responses

are further super positioned into a single seismogram (Simm and Bacon, 2014).

Lithology Impedance  Rc Individual reflections ~ Synthetic
- R b2 3 4 5 6 seismogram

two-way time

Figure 2.7: Illustration of how difference in lithology induces differences in impedance and
reflection coefficient, then further how the reflection responses are super positioned into a

single synthetic seismogram. From Simm and Bacon (2014).

Interpreting seismic is no easy task, as geological details may be below seismic resolution.
Seismic resolution is determined by the ability to separate features that are close together.

Reflectors might resolve features in the subsurface, or they might not resolve features in the

11
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subsurface. Seismic has a certain resolution, if two reflectors are too close to be resolved
individually, they will show as a merged response (Herron, 2011). Resolution is determined
by the relationship between velocity (V), the dominant frequency (f) and the wavelength (A) in

the survey:

A=V/f Equation 2.1

The vertical resolution as a rule of thumb is (A/4), meaning that the thickness of a geological
layer must be larger than this value for both the top and the bottom of the layer to be resolved
in the seismic. The lateral resolution relates to the Fresnel zone is and in general estimated by
(A/2) after migration (Herron, 2011; Simm and Bacon, 2014). With these two general principles
in mind, it is important to note that a higher dominant frequency, a lower velocity or these two

in combination would improve the resolution in the seismic (Faleide et al., 2021).

2.6 Overview of the Brent Group

The Brent Group (Gp.) will be used as an analogue for applying elastic parameters to the
modelling that is going to be conducted in this thesis. Therefore, this chapter will give a general
overview of the Brent Gp. as a whole. Economically the Brent Gp. is of great importance,
considering that this group if a prolific hydrocarbon bearing group in the North Sea. Consisting
of the Tarbert Fm., Ness Fm., Etive Fm., Rannoch Fm. and Broom Fm (Richards, 1992). In
addition to this, the Oseberg Fm. on the Horda platform is a part of the Brent Gp. The Brent
Gp. is aresult of an outbuilding delta, deposited during the Jurassic. In the late Jurassic to Early
Cretaceous rifting happened, which as a result the Brent Gp can be found at varied depths, as
seen in Fig 2.8. Because of this very impactful rifting event, the Brent Gp. is often found and
produced from in rotated fault blocks. Some successions in the Brent Gp. may be missing in

areas because of this rifting and followed erosion (Halland et al., 2014).

12
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- Depthtothe mid Jurassic

P 270m

B oo

;f'-_:_'_‘_.__ :_ oo BrentGp

: : ] :- Bryne Fm

—t 1

::: :.: Sleipner Fm

Faults
Jeeren graben

Contour interval 200 m

Figure 2.8: A map showcasing the depth to mid Jurassic Brent Gp. marked with red striped line.
From Halland et al. (2014).

A general description of the lithology of each formation and the well specific lithology used to
acquire the elastic parameters used for modelling can be found in Chapter 5, Data and

Methodology.

13
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Chapter 3

Structural models

Seismic images provide essential information to geoscientists about structures and lithologies
in the subsurface. With interpretation of seismic images comes biases from the specific
geoscientists that are doing the interpretation (Alcalde et al., 2017). Plaster models provide a
solid mean for seismic modelling, as the structures have a known geometrical evolution.
Generic models are often resorted to when learning about a new geological concept, as
simplification can help broaden understanding. Hence, why synthetic modelling will be

conducted on these conceptual models.

3.1 Generic models

Generic models provide a gateway to general knowledge that, once explored and understood,
can be applied to more specific cases (i.e., Fossen, 2016; Marshak, 2011). However, before
attempting to model the more complex plaster models. Generic models of normal faulting will
be systematically studied to later allow a better understanding of more complex seismic
analogues than those modelled from plaster models. This way of working have been explored
in the past with the article by Magee et al. (2015). With the use of this approach, it is possible
to compare the seismic representatives of generic models amongst each other, then further
compare them to specific cases, which in this work is represented by examples extracted from

plaster models.

3.2 Plaster models

The use of physical models to create structural geometries to later be studied are not a new
concept, it has been done using different kinds of setups for decades (Allen, 1966; McClay,
1996). This chapter will review how plaster models are made, advantages, as well as limits with

using plaster models for seismic modelling purpose.
3.2.1 How plaster models are created

Before being able to construct models using plaster, a setup must be constructed to confine an

area for where the plaster model is created. Different papers outlies different setups (Fossen
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and Gabrielsen, 1996; McClay, 1996). However, most of the setups used share some common
traits, e.g., the sidewalls are made of glass to visualize the deformation process, one wall being
fixed and one wall being non-fixed. The non-fixed wall is used to either extend or contract the
plaster after it being poured in to conduct the experiment. How the non-fixed wall is moved is
dependent on how accurate an experiment is conducted. Constructing a moving mechanism
using motors was done by McClay (1996); doing this leaves less room for human errors as
unvoluntary moving the non-fixed wall can be a source of errors for the experiment conducted,
and if enough harm is done might be a reason for a compromised experiment. There are also
experiments conducted with the use of human motion to move the non-fixed wall. An example
of this is Fossen and Gabrielsen (1996). In Fig 3.1, an example of a plaster model setup can be
seen and consisting of the main components previously mentioned. Fig 3.1, A) shows the
experiment in start position, Fig 3.1, B) shows the experiment after the extension of box is

conducted and the plaster being deformed accordingly.

A) d
Plaster / Glass e
R 7
—
10 cm
B)
- //_f/ _ -

10 cm

Figure 3.1: Illustration of how a plaster experiment is conducted. A) shows the experimental
setup in a start position with plaster already poured into the box. Solid black mass represents

the framework induced, as this could either be barite or a wooden base. B) shows how extension
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of the box induces fractures in the plaster mass. Yellow arrow indicated the direction of

extension. From Lindanger et al. (2004).

After the box itself is set up, there are still some preparations that has to be done. The glass
panes should be lubricated to reduce friction between the plaster and the walls, stopping friction
from compromising the experiment (Lindanger et al., 2004). If the goal with the plaster
experiment is to induce faulting in a specific setting a framework can be added to the box. To
construct a specific environment a material which can withstand more stress than the plaster
can be added, this is visualised as the black substance far down left in Fig 3.1. An option for a
material that can withstand more stress before fracturing is a soft barite (Fossen and Gabrielsen,
1996), another one being wood as described in Lindanger et al. (2004). The wooden base used
in Lindanger et al. (2004) does not fracture when conducting the experiment making it a very
competent in terms of geological analogies, meaning that it will resist more stress, compared to
the soft barite used in (Fossen and Gabrielsen, 1996). Once the requirements for a given
experiment is finalized, the plaster can be applied in the box and ink/carbon powder can be
applied to the sides to enhance the visual geometrical evolution representing bedding, which

would be the case for many geological settings (Lindanger et al., 2004).

3.2.2 Advantages working with plaster models.

Working with plaster models introduce several advantages when it understands of how faults
form and how faults develop. The very fine-grained plaster makes it possible to see very fine
details in fault development, which could otherwise be missed in an experiment using a
different physical matter, for example sandbox models where small-scale deformation might
not be as prominent. Another great advantage with the use of plaster models is that it is possible
to see how the faults develop and it is possible to map out how all the geometries are formed
with the use of a camera, this can then be well documented and the whole process could be

replayed (Fossen and Gabrielsen, 1996).

3.2.3 Limits associated with plaster models

There are limits associated with the use of plaster models. The material used to create the plaster
models is homogenous, so this distinguishes the plaster experiments from real world geology
in terms of the mechanical properties. The plaster may experience difference in solidification

and expulsion of water, causing potential errors in the experiment with the rheology of the
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plaster considered. Layering markers are visible in the plaster models with the use of ink or
carbon powder as the most common method to distinguish parts of the plaster making it
represent layering in the final model. However, these markers do not represent sedimentary
layers like it would have been deposited in the real world. With applying layers to the model
there is room for human error and the layers might misrepresent layering in the final model

(Fossen and Gabrielsen, 1996).

Chapter 4

Background theory on seismic modelling

Geoscientists have used seismic modelling for a long time to visualize how a geological model
would appear in a seismic section or cube. There is a wide range of modelling methods in
seismic (Carcione et al., 2002). In practice, the usual approaches to performing seismic
modelling of 2D or 3D varying structures is either using full-wavefield methods, especially
finite-difference, or ray-based ones (RB). In the present work, a ray-based 2(3)D convolution
approach simulating Prestack Depth Migration (PSDM) results is used (Lecomte et al., 2003;
Lecomte et al., 2016). This chapter will review some background theory on seismic modelling
and explain why the selected 2(3)D convolution is a satisfactory approach to model the various

fault geometries of interest.

4.1 Seismic modelling

In the hand of a geoscientist, seismic modelling is a tool that can, e.g., help validate
interpretation. Different modelling techniques can be applied, having all both advantages and
drawbacks (Carcione et al., 2002; Lecomte et al., 2015). For example, full-wavefield methods
are robust options when it comes to seismic modelling, being able to generate complete
synthetic seismograms. However, this approach is time-consuming, requiring substantial
computing power and may need expert users, especially because the modelled synthetic
seismograms further require processing before yielding seismic images to compare with.
Therefore, though this type of method is often used in comprehensive and benchmark modelling
studies, especially to test seismic processing and imaging, it is not suited for a rapid modelling

of various and possibly detailed geological models as needed here. On the other hand, a ray-
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based (RB) approach to seismic modelling is often considered suitable in several scenarios,
despite the high-frequency approximation applied to the wave equation (Gjeystdal et al., 2007).
Within the term of RB modelling, there are several approaches too, the most common and
simplest being 1D convolution, as often used to explain seismic traces to interpreters. An
illustration of this is seen in Fig 2.7 (Simm and Bacon, 2014). However, 1D convolution has
strong limitations and cannot properly model 2(3)D structures, thus allowing room for
misinterpretation and misevaluation of a geological structure (Lecomte et al., 2015). Therefore,
Lecomte et al. (2003) introduced a 2(3)D point-spread function (PSF) convolution as a better
alternative to 1D convolution, while keeping efficiency and ease of use. The PSF is the
convolution operator applied to an input reflectivity model to simulate a PSDM image. These
PSFs are point-scatterer responses of PSDM imaging and they can be efficiently estimated by
RB modelling (Jensen et al., 2021). A PSF-based convolution accounts for limited resolution
and illumination effects, considering geophysical parameters such as, e.g., velocity model,
survey, and wavelet type (Lecomte et al., 2016). 1D convolution does not account for lateral
resolution and limited illumination effects, while full-wavefield approaches are more extensive

in terms of computing power and time. In the following section, the PSF concept is reviewed.

4.2 Point Spread Functions (PSFs)

The PSF is the key element for conducting a 2(3)D convolution modelling, as done here to
obtain PSDM images, i.e., directly in depth, the input models being also designed in that
domain. Of importance for this type of modelling is the illumination vector Igg. When there is
a specific velocity model (Fig 4.1 a), the seismic illumination at a reference point (Fig4.1 b) in
the target area is calculated by ray methods via the slowness vectors Py and Ps, from shot (S)
and receiver (R), respectively (Fig 4.1 c). Slowness vectors are perpendicular to wavefronts and
inversely proportional to velocity. The illumination at a given reference point is given by the

following equation (Lecomte et al., 2016):
Isg = PR — B Equation 4.1
At the considered reference point, assumed to be representative of the target area, all shot and

receiver pairs of a selected acquisition survey yield a collection of illumination vectors Igg (Fig

4.1 d). The latter characterize the overall resolution and illumination at that reference point and
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they are used to generate a so-called PSDM filter in the wavenumber domain (spatial and
wavenumber domains are related by Fourier Transform, similar to time and frequency) in

combination with a wavelet.

Surface

w imaging

zone

reference
\ a) point

90°-dip
generic I, span

illuminated reflector 45W .

Figure 4.1: a) Raypaths in a model, to a given reference point. b) Isz from source and receiver.
¢) A single illuminated reflector dip. d) Span of several source and receiver pairs with several

illuminated reflector dips. e) generic Iz span. From Lecomte et al. (2016).

It 1s also possible to generate simplified/generic sets of Isg when no survey and background
model are available (Fig 4.1 e). The PSF is the spatial version of the PSDM filter, i.e., obtained
after applying a Fourier Transform to the latter. For the work conducted in this thesis as there
is no survey and velocity model to use, this simpler approach is illustrated in Fig 4.2. A generic
set of Isg (4.2, a) is used to generate a PSDM filter for the creation of the PSF. With this
approach the modeller decides the average velocity in the considered area to model, a generic
Isg (Fig 4.2, a) span simply defined by a few parameters (e.g., dip range of illuminated
reflectors) (Fig 4.2, b), dominant frequency and wavelet used for modelling (Fig 4.2, c). When
this is decided, the PSDM filter is created (Fig 4.2, d) and later Fourier transformed into the
PSF (Fig 4.2, e). These inputs can then be varied to perform a sensitivity analysis creating a
different PSDM filter and resulting PSF when modelling to better understand how a seismic

models respond when a parameter is tweaked.
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Figure 4.2: Illustration of how a generic PSDM filter is created and later Fourier transformed
into a PSF. b) the generic illumination span is mapped directly onto the PSDM filter, a)
mimicking the process of obtaining Isz described in Fig 4.1, b-d). ¢) deciding the wavelet and
frequency to be used for modelling. b-c) decides how the d) PSDM filter will look like. Fourier
transformation is then used on the PSDM filter to create the ¢) PSF, which can later be
convolved with a reflectivity model to create the resulting seismic image. Modified from

Lecomte et al. (2016).

The PSDM filter and the following PSF controls what geological dips that can be seen in the
synthetic seismic created by controlling the angle of maximum illumination, this by defining
the total span angle of the PSDM filter. Fig 4.3 showcases two instances of PSDM filters with
one case being 45° (Fig 4.3, a) and one case being 90°, not achievable as this represents a perfect
seismic acquisition (Fig 4.3, b). Their respective PSFs can be seen in Fig 4.3, ¢ and Fig 4.3, d.
Fig 4.3, e and Fig 4.3, f shows the geological dips that these PSDM filters will illuminate and
not illuminate. For the case of perfect illumination all geological dips will be illuminated in the

seismic sections produced from this PSDM filter and accompanied PSF (Lecomte et al., 2016).
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Figure 4.3: How maximum angle of illumination controls what geological dips will be
illuminated in seismic produced from the PSF-based method. a) A PSDM filter with 45°
maximum dip. b) A PSDM filter with 90° maximum dip (perfect illumination). c) A PSF created
from PSDM filter a). d) A PSF created from PSDM filter b). e) Shows what geological dips
PSDM filter a) and corresponding PSF c¢) will illuminate (green area), this instance will not
illuminate any geological features that has a dip higher than 45° (ved area). f) Shows what
geological dips PSDM filter b) and corresponding PSF d) will illuminate (green area), this
instance will illuminate any geological dips even 90° dipping ones (perfect illumination).

Modified from Lecomte et al. (2016).
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Chapter 5

Data and Methodology

This chapter will address the data and methodology used to produce 2D synthetic seismic
images of plaster models and generic models. From plaster models, three models are used to
generate synthetic seismic. The fault structures previously outlined in Chapter 2, has been
constructed in RapidGeology and photoshop with varying the fault geometry of the different
faulting scenarios. These have then been made synthetic models from. Both the plaster models
and generic models have been modelled for various sensitivity analyses, i.e., playing with

different parameters.

5.1 Generic models.

Generic cases of faulting have been created in this thesis with the use of Adobe Photoshop and
RapidGeology. The generic cases have been scaled with different fault dip, fault offset and fold
tightness, with reasoning to better understand how a variation in these parameters reflects upon
the synthetic seismic. Well data from 34/10-41 S have been used to populate these generic
models with elastic parameters, how these elastic parameters are acquired can be seen later in

this chapter. All the generic models are scaled to represent 500m x 500m profiles.

5.2 Plaster models.

Three plaster models from an extensional experimental setup were chosen in this thesis to
undergo synthetic seismic modelling. The plaster models used were made at the Structural
Geology Laboratory at the Department of Earth Science, University of Bergen. The plaster
models are named according to their scientific numeration from when these models created.
Table 5.1 outlies the name/numeration of the models as well as how the profiles was acquired.

To conduct seismic modelling on these plaster models.
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Table 5.1: Numeration of the plaster models used in the synthetic seismic modelling and what

the profiles has been processed from.

Name (Scientific numeration) | Processed from:

001/94 Photogrammetry has earlier been conducted, LIME file.
10/99 Photographic image taken of the physical model.

1.1/01 Photographic image taken of the physical model.

5.3 Plaster models and generic models as geological analogues.

The plaster models used in this modelling study was created with a binary coloration, this is a
result of the experimental setup with black carbon powder on a white plaster background. With
a binary coloration a synthetic stratigraphy was applied to the models. Layering in the plaster
models that are very distinguishable or parallel packages has been chosen to represent
lithological changes. Elastic parameters are further added to this synthetic stratigraphy to be
able to conduct seismic modelling. For the generic models, simple fault structures have been
constructed and furthering having their geometrical shape/relation differentiated. This to be
able to observe what is happening in seismic sections when the geometries differ. The generic
models and segments from plaster models have been further scaled up to understand how a

change in size/volume will affect the seismic imaging.

5.4 Well data and elastic properties.

Considering that the elastic parameters and the geology must be chosen and not something that
is observable in the plaster models, an analogy must be drawn to further make relevance in
geology. As described earlier in Chapter 2, there are different fault zone architectural
components that can affect the elastic parameters in a fault zone, however when taking into
consideration that these often are below seismic detection levels (Faleide et al., 2021), a layer-
specific synthetic lithology will be applied to the modelling. A well 34/10-41 S has been chosen
to pick elastic parameters from. This well contains the Heather Formation and the Brent Gp.,
for which the models in this thesis will have elastic properties populated from. The well data is
acquired from the DISKOS database that University of Bergen has an open-source agreement
with. In Fig 5.1, the position of the well in the North Sea can be seen, as well as how this relates

to the geographic location in Norway and Europe.
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Figure 5.1: Map showing the location of well 34/10-41 S, what block/sub area the well is located

in. This map shows the relative geographical location of the well to Norway and Europe.

With the choice of modelling the plaster models and generic models as if they are Brent Gp.
analogies it is important to recognise what that means in respect to geology. The Brent Gp.
contains five formations respectively, Broom Fm. Rannoch Fm. Etive Fm. Ness Fm. and
Tarbert Fm., sometimes also the Oseberg Fm. is included in this group. This group are a result
of an outbuilding delta of Uppermost Lower Jurassic to Middle Jurassic age (Halland et al.,

2014). The general lithology of these formations and well specific lithology follows below:

Broom Fm: A typical lithology for this formation consists mainly of shallow marine, poorly
sorted conglomeratic sandstones, which are coarse-grained. With an age in the North Sea
ranging from Upper Toarcian to Bajocian (Halland et al., 2014). The well report from well
34/10-41 S describes this formation as a coarsening upwards sequence dominated by sandstone.

Towards the base of this formation, it becomes gradually more silty (NPD, 2022a).
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Rannoch Fm: Consists mainly of micaceous sandstones throughout the North Sea with an Upper
Toarcian to Bajocian age (Halland et al., 2014). The well report from well 34/10-41 S describes
this formation as a gradually coarsening upwards sequence based on the gamma ray pattern.
The sandstone has a light brown coloration and is moderate to well sorted. There are some

occurrences of calcite cemented sandstone aggregates recorded in this formation (NPD, 2022a).

Etive Fm: Consists mainly of sandstones that are of Bajocian age. These sandstones are less
micaceous than the sandstones often present in Rannoch Fm. interpretations on this formation
is resembled to be upper shoreface, channel deposits, mouth bar deposits and barrier bar
deposits (Halland et al., 2014). The well report from well 34-10-41 S describes the formation
as an isopack of sandstones. With a sand characteristics being moderate to well sorted and sub

to rounded in shape (NPD, 2022a).

Ness Fm: The lithological signature for the Ness formation varies, there are coals, mudstones,
siltstones, and sandstones often present in this formation. Closer to the Tarbert Fm, the Ness
formation often consists of sandstones. Ness Fm. are of a Bajocian to Bathonian age (Halland
et al., 2014). The Ness formation in well 34/10-41 S is mainly consisted of sandstones and is
characterised as a heterogeneous unit. There is blocky coal present in the formation. Some

places there are recordings of limestone appearing in the formation (NPD, 2022a).

Tarbert Fm: This formation consists mainly of sandstones (Halland et al., 2014). The formation
in well 34/10-41 S has a lithological signature consisting of a very calcareous sandstone (NPD,
2022a). The Tarbert formation in this well resembles the general description of a Tarbert

Formation (NPD, 2022a).

The Heather Fm. is located above the Brent Gp. in well 34/10-41 S. This formation is acting as
a caprock for reservoirs in the area with partly sandy intervals, but consisting mostly of grey
silty claystone preventing fluid flow in areas where there are proven reservoirs (Halland et al.,
2014). In this particular well, the Heather formation are made up of claystone with stingers of

dolomite and limestone (NPD, 2022a).

A well log used for extraction of elastic parameters from well 34/10-41 S can be seen in Fig
5.2, as well how the different properties above, within and below the Brent Gp. is fit into a

model.
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Figure 5.2: A visual representation on how the well data goes into a model. Synthetic layering

is decided and the elastic properties from well 34/10-41 S are added to a model.

With the use of the well logs for RHOB, AC and DTS, average density, P-wave velocity (Vp)
and S-wave velocity (Vs) can be estimated for each geological formation. Density data and
velocity data are recorded with different tools added to a drill string. The unit for the density
data (RHOB) is in g/cm3, and can be used as is. However, AC and DTS data are slowness data
with a unit in microsecond per foot (us/ft); for the velocities to be used in seismic modelling
with the selected software, AC/DTS must undergo a conversion to km/s as used in SeisRoX.
The conversion from us/ft to ft/s follows Equation 5.1 (Rider and Kennedy, 2011),

Velocity = Equation 5.1,

At-1076

where At is the slowness that has been measured from the well log. Once this conversion is

performed, the values can be converted from ft/s to m/s:

Velocity in ft/s * 0.3048 = velocity in m/s Equation 5.2
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When Equation 5.2 has been applied after the use of Equation 5.1, the data are in the correct
unit to be used for seismic modelling. A full overview of the elastic parameters with their final

conversion can be seen in Table 5.2.

Table 5.2: Elastic parameters (density, P-wave velocity, and S-wave velocity) acquired from

well 34/10-41 S, with followed conversion.

34/10-41 S Elastic parameters

Formation density P-wave P-wave S-wave S-wave

(g/cm?) velocity velocity velocity velocity

(us/ft) (km/s) (us/ft) (km/s)
Heather Fm. 2.29 112.8 2.7 248 1.2
Tarbert Fm. 2.46 72.5 4.2 170.5 1.8
Ness Fm. 2.26 107 2.8 202.3 1.5
Etive Fm. 2.15 105.8 2.9 200.7 1.5
Rannoch Fm. 2.3 97.4 3.1 192.8 1.6
Broom Fm. 2.38 109.5 2.8 230.6 1.3
Below Brent 2.25 92.1 3.3 201 1.5

average

5.5 Geological analogue to synthetic seismic.

Generic models have been created from the fault geometries and features that are explained
more in detail under Chapter 2. These are then used as preliminary models to be conducted 2D
PSF-based convolution modelling on. First, a model is created in either RapidGeology or Adobe
Photoshop (Fig 5.3, a), then later converted to grey scale (Fig 5.3, b). Elastic parameters from
the well then populated onto the image, and converted to SEG-Y format using a MATLAB
script. A reflectivity model is created in SeisRoX (Fig 5.3, d), and the PSF is convolved with

the reflectivity model (Fig 5.3, e) to create a synthetic seismic profile.
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f) e)

_—

d)

—

Figure 5.3: This figure illustrates how to go from a generic model to a synthetic seismic section.
a) shows the original sketch up of the desired fault geometry, in a .png format. b) Converted to
grey-scale image to be able to assign values in MATLAB. c) Shows one of the SEG-Y files
created from the .png coupled with elastic parameters. d) The SEG-Y files containing P-wave
velocity, S-wave velocity and density are then imported into SeisRoX and a reflectivity profile
is constructed. e) This reflectivity profile is then convolved into a synthetic seismic image with
the PSF f) resulting in the seismic profile

The approach for conducting synthetic seismic modelling on a plaster model has a workflow
that differs a bit from what is used on a generic model. At first a segment from the plaster model
has to be interpreted (Fig 5.4, a) and given a synthetic stratigraphy (Fig 5.4, b). Following this,
the model has to be converted to grey scale (Fig 5.4, c) for the MATLAB script to be able to
assign elastic parameters to the model (Fig 5.4, c¢). Following this the reflectivity model is
created in SeisRoX (Fig 5.4 e). This reflectivity model is then convolved with a PSF (Fig 5.4,
f) and finally a synthetic seismic profile is created (Fig 5.4, g). This whole workflow is

visualized in Fig 5.4.
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Figure 5.4: From plaster model to synthetic seismic of a segment. a) Area in plaster model is
chosen. b) extracted geometry are added synthetic stratigraphy to. ¢) Conversion to grey scale.
d) MATLAB script run on the grey scale, converting it into SEG-Y adding elastic parameters.
e) Reflectivity model is created from the SEG-Y files. f) PSF is convolved with the reflectivity
model creating the e) resulting synthetic seismic profile (PSDM).
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5.6 Sensitivity analyses of seismic images.

Sensitivity analyses on various parameters through seismic modelling may help better
understanding how different geological and geophysical parameters may affect these images.
In this study, a range of geophysical and geological parameters are selected to better address,
how faults with their corresponding geometries and elastic properties are imaged in seismic
sections. The various parameters that have been selected in the present work are listed below.

The modelled seismic sections can be found in the next Chapter, 6, dedicated to Results.

e Dominant frequencies of the wavelet: 10 Hz, 20 Hz and 30 Hz
e Noise: 0 %, 25 %, 50 %, 75 %, and 100 %
e Incident angles: 0°, 20° and 40°

e Angles of maximum illumination: 30°, 45°, 60° and 90°
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Chapter 6

Results

This chapter presents the results acquired from following the methodology presented in the
previous chapter. Synthetic seismic modelling has been conducted on generic cases and
segmented areas of the three plaster models used in the thesis. Section 6.1.1 will take the reader
into a more detailed view of the generic extensional fault models used for seismic modelling.
Following this section, section 6.1.2 will present the synthetic modelling cases made from the
generic models. Likewise, the following two sections, 6.2.1 and 6.2.2, will first show the plaster
models used, and the latter showcase the produced synthetic seismic from segments of the
plaster models. Finally, a sensitivity study is conducted on one case for both a generic model
and a segmented model in section 6.3. In all examples, there is no vertical exaggeration (VE
1:1) and all results being proxy of PSDM images, the vertical axis is always depth (and not
time, as often with actual seismic data if not depth-converted or migrated).

All modelling results presented in this part of the thesis are conducted using zero-phase Ricker
wavelets. In this thesis, increase in Al corresponds to positive reflections (peaks, red) while
decrease in Al corresponds to negative reflections (through, blue) with centralized peaks. All
modelling conducted in this thesis uses an average velocity of 3.1km/s in the creation of the
PSDM. The acoustic impedance and normal-incidence reflection coefficient is also calculated

for each layer/boundary and listed in Fig 6.1.

1D Al

- + Formation density P-wave Acoustic
3 . .
(g/cm?) velocity impedance Reflection
Ao coefficient
Heather Fm. 2.29 2.7 6.18
0.25
Tarbert Fm. 2.46 4.2 10.33
-0.24
Ness Fm. 2.26 2.8 6.33
-0.007
Etive Fm. 2.15 29 6.23
0.067
Rannoch Fm. 23 3.1 7.13
-0.03
Broom Fm. 2.38 2.8 6.66
0.05
Below BRENT 2.25 33 7.43

average

Figure 6.1: Modelling presented in this thesis is conducted using zero-phase Ricker wavelets.
The peak of the wavelet is coloured red when associated with a positive reflectivity (increase
in impedance) and blue when negative reflectivity (decrease in impedance). The reflection
coefficients between the boundaries of the analogue used are listed in the table on the right.
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6.1.1 Generic extensional fault models

Five different extensional geometries have been chosen to model in the following section. The

five different extensional geometries and how they are varied can be seen in Fig 6.2 and are:

e Vertical fault overlap, varying distance between the three faults.

e Drag, varying dip angle and how far away resulting deformation starts.
o Parallel faulting with 60° dip, varying distance between the two faults.
o Parallel faulting with 30° dip, varying distance between the two faults.

o Imbricate faulting, varying the throw between the faults.

I created these models to provide a comparison basis for interpreters on how simple input
models of faults are displayed in seismic profiles. The models are then varied, showcasing how
varying the size of the structure and the geometry affects the resulting seismic profile. The
models seen in Fig 6.2 display the different generic structural situations modelled, with variety
displayed vertically downwards in the figure. The vertical fault-overlap models have a distance
between faults that have been subsequently increased in increments of 25 m, starting from 25

m. The throw is constant at 35 m for each case, keeping layer thickness constant.
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Vertical Fault Drag Parallel faulting Parallel faulting Heather Fm.
Overlap 60° dip 30° dip Tarbert Fm.

Etive Fm.

-------------------------------------------------------------- Imbricate faulting

Heave 50m

25m II

50m VI

\

Figure 6.2: Generic models created with the purpose of later modelling these to seismic. The
red, blue and green numeration boxes represent how the structures are varied, and a summary
of the varied parameters can be seen in the lowermost past of the figure. (VE 1:1)

The variations in the drag geometry are differences in dip angle and how far away the drag
deformation starts from the fault. Coming in pairs of dip/width of deformation zone; 35°/45 m,
25°/67.5 m and 20°/90 m. The throw in the drag cases is constant, being 70 m to drag-tip. For
both parallel-faulting cases, the distance between faults increases in iterations of 50 m, starting
from 50 m in both cases. The total throw of the faults is 70 m and 35 m for both steps of the
faulting. For the case of imbricate faulting, the variations are in throw. The heave for the faults
is constant at 50 m. However, the throw is varied between the two subcases, being 25 m and 50

m, respectively.
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6.1.2 Modelling of generic extensional fault models

The results of the synthetic seismic modelling based on section 6.1.1 can be seen in Fig 6.3 and
Fig. 6.4. The quadratic profiles of 500 m within Figs. 6.3 and 6.4 are the equivalent of modelling
with the same size as what was presented in 6.1.1. These models have been further modelled
with an upscaling or downscaling in size. All seismic profiles presented in Fig 6.3 and Fig 6.4
are modelled using a Ricker wavelet with a dominant frequency of 30Hz. The angle of incidence
is set to 0°, and the angle of maximum illumination is 45°. Some shared features happen for the
scaled instances. When the model is downscaled, the resulting synthetic seismic profiles have
thicker reflections. A decrease in model size causes indeed some loss of resolution in the
resulting synthetic seismic profile. All the modelled cases have the Tarbert Fm. analogy, which
has a higher velocity than the other layers, resulting in a higher velocity layer in comparison to
the other layers in the seismic, with corresponding higher reflectivity values, dominating the
seismic response around the layer. The higher velocity formation causes the dominant seismic
response around the layer, making it harder to distinguish the boundaries. This resolution effect

is observed in real-world seismic surveys (Simm and Bacon, 2014).

The vertical fault-overlap cases displayed in Fig 6.3 have a throw increasing in steps of 7 m
from 21 m to 35 m. The thickness for the Tarbert Fm. — Broom Fm. analogues and fault length
are going from 42 m in steps of 14 m to 70 m. As the model increases in size, the distance
between the three vertical overlapping faults increases. In 1a), the distance is increased in
increments of 5 m from 15 m to 25 m. For 1b), the distance is increased in increments of 10 m
from 30 m to 50 m. The last vertical fault-overlap example 1c¢) is increased in increments of 15
m from 45 m to 75 m. The first fault from the top in the cases produces a significant seismic
response. The faults below produce weaker seismic responses compared to the uppermost fault.
As the models increase in size and the distance between the faults increases, the faults in the

model produce more fragmented reflections.

The generic models of drag are seen in Fig 6.3. The three models with two scaling cases each
have a squared grid of 250 m and 500 m. The throw from the drag-tip is for the 250 m squares
35 m, and for the 500 m squares, the throw is 70 m. Ness Fm. — Rannoch Fm. has a thickness
in the horizontal bedding of 70 m for the larger profiles and a thickness of 35 m in the smaller
seismic profiles. The dip geometry is varied, as seen in Fig 6.2. A continued peak reflectivity

can be seen in the smaller profiles stretching across the whole profile, something not perceptible
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in the more extensive profiles. Observing the fault superimposed on the smaller profile, the

major through are seen going into the footwall of the model.

All layers from Tarbert Fm. — Broom Fm. in the extensional imbricate fault instances (Fig 6.3)
are of equal thickness in each scaling size for both 3a) and 3b). The thickness of these layers
and the span between faults are 20 m for the smallest profiles, incrementing 10 m up to the
profile with a grid size of 500 m. For the last profile, the thickness/fault distance is 100 m. The
variation between the models comes in the form of the throw. For 3a), the throw is 5 m for the
smallest profile, increasing by 5 m for each model up until the one with a 500-m grid size. The
latter model, 3b) has a throw starting at 10 m for the smallest one, increasing in an increment
of 10 m to the 500-m grid size model, which has a throw of 50 m. Finally, the largest model in
3b) has a throw of 100 m. By observing the two cases and looking at the profiles with the same
size, it is noticeable that the reflections are more continuous in the model with the smallest
throw, and more disruptive in the model where the throw is equal to the layer size. As 3a) is
scaled upwards, the reflector appears as a more disruptive reflection in the seismic, allowing an
easier fault placement. However, with the 3b) model this is observable at a smaller grid size,

because of the fault throw being larger.
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Vertical fault overlap, distance between faults varied  Faults with drag, drag geometry varied

Heather Fm.

Tarbert Fm.

Etive Fm.

Figure 6.3: Shows the modelled results from the generic models created with different spacing
between vertical fault overlap, drag cases and the imbricate extensional systems. Each case is
scaled with no vertical exaggeration (VE 1:1) and corresponding PSF is seen in each profile.

Fig 6.4 shows the parallel examples first presented in Fig 6.2. These have been scaled to
different sizes. The first generic models that are modelled in this figure are two parallel faults
with 30° dip. The difference between the three different models is the spacing between faults.
In terms of layer thickness the Ness Fm. to Rannoch Fm. analogy has a layer thickness being
14 m, 42 m and 70 m respectively to the size of synthetic seismic model, with throw being half
the layer thickness. Scaling of 1a) have a varied spacing between faults, from smallest to largest
case being respectively 10 m, 30 m and 50 m. The scaling of 1b) has a distance between faults
from smallest to largest profile being 20 m, 60 m and 100 m, respectively. The last scaling, 1c)
has a distance between faults being 30 m, 90 m and 150 m, respectively. There is not much
observed variation between the smallest profiles that have been modelled. These show a strong
negative dipping amplitude which further levels out. The larger profiles shows the reflection
being thinner, switching between being level and dipping out. The three cases of parallel

faulting which have a 60° dip and further being varied in scale in Fig 6.4 are of same varied
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distance normal to the fault as the previously mentioned 30° dipping parallel faults. The Etive
Fm. analogy in the 60° dip model have a higher thickness than the previously described
constellation, the thickness being 22 m, 66 m, and 110 m respectively for the smallest to largest
seismic profiles. For the smallest models, the reflections have a higher dip at the start, before
levelling out. With the examples of 60° dipping parallel faults the reflections in the modelling

are more segmented compared to the 30° dipping scenarios.
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Two parallell faults with 30° dip. Distance between faults varied

Heather Fm.

Tarbert Fm.

Etive Fm.

Figure 6.4: Synthetic seismic modelled from the generic parallel cases first shown in Fig 6.2.
PSF-1 is the PSF corresponding to the smallest profiles that are 100 m x 100 m in size. Models
are subsequently upscaled in size in 1-3, 100 m x 100 m, 300 m x 300 m, 500 m x 500 m. (VE
1:1).
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6.2.1 Seismic modelling on plaster models.

Three different plaster models are used in this thesis for the modelling study. The plaster models
used were made at the Structural Geology Laboratory at the Department of Earth Science,
University of Bergen. At first, an introduction of the plaster models will be given, and then
further segments of said plaster models will be modelled. Complete profiles of the plaster
models are seen in Fig 6.5. Two of the models have one side being used to extract segments,
and these models have the experimental numeration 001/94 (Fig 6.5a) and 1.1/01 (Fig 6.5d).
The last model with an experimental numeration of 10/99 (Fig6.5b and Fig6.5c) has segments
from both sides of the plaster model that will be extracted for synthetic seismic modelling.
When these plaster models were created, the experimental setup was conducted with a barite
powder base, and occurrences of the barite powder are still visible in the plaster models. The
barite powder used in the creation of these models is sometimes cluttering for the carbon
powder that has been applied during setup; this is most frequent in the lowermost part of the
models. Shows of barite powder are marked with black arrows in Fig 6.5. This is also something
that occurs places higher up in the models. These uppermost barite markings are minor in size
compared to those at the base of the model and are marked with red arrows in Fig 6.5. The
plaster models that have been acquired shows structures in detail. However, mishaps can occur
in several steps of creating said models. Reduction of details is also observed in some areas of
the plaster models in the form of loss of carbon powder. Examples of carbon powder loss are
pointed out with a green arrow in Fig 6.5. When conducting seismic modelling of segments of
the plaster models, areas like the ones pointed out with green arrows have been attempted to be

avoided/cropped out.
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Figure 6.5: Plaster models that are used to conduct segment-based modelling on in this thesis.
Barite markings are marked with red arrows, cluttering or loss of carbon powder is marked with
green, and black arrows mark the base used in the modelling setup.
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6.2.2 Results from seismic modelling of segmented plaster models

The plaster models previously shown in Fig 6.5 and explained in section 6.2.1 have had
segments selected from the plaster models. These segments will be further explained and scaled
up in this section of the thesis. The segments are extracted in a ratio relative to the size of the
plaster models. This to preserve a constant aspect ratio of the segments relative to if the whole
plaster model itself was scaled. The scaling instances incorporated in this part of the thesis are
included to see how scaling of the segments are reflected in the outputted seismic image. All
the segments extracted in this section are modelled with a dominant frequency of 30Hz, 45°

angle of maximum illumination and a 0° incident angle.

From the plaster model that transferred to Lime, the one with experimental numeration; 001/94,
a total of three segments have been extracted. The extracted segments from the 001/94 plaster
model can be seen in Fig 6.6, Fig 6.7, and Fig 6.8. Several different fault zones have been
extracted in these cases. In the first segment from the plaster model showcased in Fig 6.6 three
cojoining faults have been modelled. The faults are superimposed onto the seismic image. It is
observed in the seismic profiles that the layer boundaries between Heather Fm. — Etive Fm.
have the largest seismic response in the different stages of the scaling of the model. A higher
velocity Tarbert Fm. analogy creating a strong reflectivity and smaller offsets moving
downwards in F2 and F3 combined with a weaker relative reflectivity are responsible for the
poor detectability below the Etive Fm. analogue. Cases 1-2 does not have reflections that
resembles much offset of the reflections. The later cases show more offset of the seismic
reflections than the previous examples. As the profiles are upscaled in size, the faults and offsets
get larger. It resembles the geological model more precisely. The details around F2 and F3 are

better resolved in Fig 6.6, 3-5.
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Figure 6.6: Imbricate fan, branching out into three faults are extracted from plaster model
001/94. Numeration 1-5 represents an increase in model size. Increase in model size increases
the fault throws, and fault lengths. (VE 1:1).

The second segment extracted from the 001/94 plaster model is showcased in Fig 6.7. The
plaster model has a segment with two major faults that has a higher dip angle than the smaller
faults extracted. The near vertical faults are not represented well in the smaller seismic profiles.

Only when the model is scaled up further are they viewable in the seismic.
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Heather Fm.

Tarbert Fm.

Etive Fm.

v 30 Hz, 45°ma;.‘illuminatipn
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Figure 6.7: Faults with varied length and dip has been extracted from plaster model 001/94.
Numeration 1-5 represents an increase in model size, resulting in larger faults with accompanied
larger throws. (VE 1:1).
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The final segment extracted from plaster model 001/94 is seen in Fig 6.8. In this model there
are 4 major faults. With three of them F2-F4 having orientation in the same vicinity. The offset

for these faults is minor. F1 is imaged better than the three other faults.

Heather Fm.

Tarbert Fm.

Etive Fm.

ool /9y

rmkeﬁeéﬁvny-‘

Figure 6.8: Four faults with F1, having a different orientation than F2-F4 which are parallel
faults. Numeration 1-4 represents different scaling of the model. (VE 1:1).
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From the plaster model with numeration 1.1/01 a single segment has been extracted. This
segment is representing a drag geometry and can be seen in Fig 6.9. Model 1 shows a bending
of the Etive Fm. analogue, and it is hard to determine where the fault goes. As the model is

upscaled in size, the fault placement comes more naturally.

Heather Fm.
[ ‘
Etive Fm. h e

- +
30 Hz, 45°max. illumination MAX

y.° W °©

Reflectivity

_ — —
- 0 4 0 +- 0 + - 0 +

Figure 6.9: Drag geometry extracted from 1.1/01. Nummeration 1-4 represents different scaling
of the model. The reflectivity of the model can also be seen in the top right corner. (VE 1:1).

From plaster model 10/99 two segments have been extracted. The first one being a lentoid-like
geometry, seen in Fig 6.10 and an imbricate fault setup seen in Fig 6.11. The lens structure (Fig
6.9) is in this case is made from two faults offsetting a small part of the layer. The seismic
profiles created from 1-3 are the ones that show the greatest variation. 4-6 does not vary much
in the seismic response. The width of the fault lens is poorly resolved in all cases in Fig 6.10,
the Ness Fm. — Etive Fm. analogue boundary is very hard to distinguish in the seismic. This has
to do with the similar elastic parameters that are used for the modelling. The elastic parameters

can be seen in Table 6.1.
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Table 6.1 Elastic parameters used for modelling with Ness Fm. and Etive Fm. analogues.

34/10-41 S Elastic parameters
Formation Density P-wave velocity S-wave velocity
(g/cm?) (km/s) (km/s)
Ness Fm. 2.26 2.8 1,5
Etive Fm. 2.15 29 1,5

30 Hz, 45°makx. illumination 30 Hz, 45°max. iIIumination

B

Figure 6.10: Lentoid like structure extracted from the 10/99 plaster model. Numeration 1-6
represents different scaling of the structure extracted. (VE 1:1).

For the imbricate example extracted (Fig 6.11) several faults are a part of the extracted segment.
The faults are similar in size, but the offset differs, which is the major contributor to why some
of the faults fall below seismic resolution compared to the ones that has enough throw/layer
thickness to be seismically imaged. The two faults that are the closest to each other in the model

are not being imaged as two faults in the smaller models, because they are to close, they end up
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being represented as one fault. However, there is some shows that might indicate the occurrence
of two faults, that being the break of the reflectors marked with black arrows in Fig 6.11. As

the size is upscaled the reflectors are further segmented.

Heather Fm.

Tarbert Fm.

T —— .

Etive Fm.

-

Figure 6.11: Imbricate fault system extracted from 10/99 plaster model. Numeration 1-4
represents different scaling of the imbricate fault system. The corresponding PSF to the seismic
can be viewed in the down left corner of each seismic profile. (VE 1:1).
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This section of the thesis supports the theory that some structures, when not large enough falls
below seismic resolution. Even when scaling the structures several times, there are features that
are in the geological model which are not represented in the seismic. Results like this,
emphasises that seismic interpreters should always think twice on what a seismic image
represents in terms of structures in the subsurface. A sensitivity study is included in the section
following this, to investigate how geophysical parameters affects the responding seismic

profile.

6.3 Sensitivity analysis

The sensitivity analysis is conducted to investigate how the seismic signature of different fault
structures are affected when varying the geophysical parameters and at what resolutions these
structures are mapped seismically with variations to these parameters. Noise is subsequently
added to different modelling results to investigate. The parameters that will be investigated in
the sensitivity analysis are:

e Changing the frequency content.

e Changing the angle of illumination.

e Changing the incident angle

e Adding noise to the seismic

6.3.1 Chancing the frequency content:

The frequency is an important geophysical parameter, which primary function is to control the
resolution of a seismic image. For this sensitivity analysis three instances of a change in
frequency have been used to model with, all with a Ricker wavelet. One generic model with
variation in size and one segment from a plaster model varied in size has been modelled with
10 Hz, 20 Hz and 30 Hz being the dominant frequency. The reasoning for this being that these
frequencies represent conventional frequencies in real seismic (Reiser et al., 2012). To give the
reader a better understanding about the fault sizes versus the wavelength of the synthetic seismic

the ratio between the fault length and the wavelet is calculated (Equation 6.1) in both Fig 6.12
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and Fig 6.13. The ratio can be seen in the top right corner of the seismic profiles and the
reference fault length (L) is marked on the geological model.

Equation 6.1: Fault length / wavelength.

As the frequency is increased in the seismic modelling, the faults are better resolved. In Fig
6.12, for the 10 Hz cases, the reflections are seen curving. In the 20 Hz cases, the uppermost
fault is being imaged quite well. However, the two lowermost faults in the models are not being
resolved well since the reflectors/layers in background model are not separated enough from
each other. The highest frequency displayed (30 Hz), yields better resolution, as expected and
provides information that would previously be below resolution, e.g., clearer boundaries

between the layering.

Heather Fm.

Tarbert Fm.

Etive Fm.

Figure 6.12: Generic vertical fault overlap that has been scaled and have different dominant
frequencies (10Hz, 20Hz, 30Hz) applied through the modelling process. Reference length (L)
for the calculation marked in figure. (VE 1:1).

The seismic response found in Fig 6.13 shows resemblance to what was previously mentioned

for Fig 6.12. In Fig 6.13 the lens structure is better resolved with an increase in model size and
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with a higher dominant frequency. There are instances modelled in Fig 6.13 that produces the
same seismic image when upscaling/downscaling and increasing/decreasing the frequency. If
the frequency is divided by two, it will give a wavelength twice as large, making the resolution
twice as worse. On the other hand, if a model is upscaled by two, thus keeping the ratio constant,
that counterbalances the decrease in resolution, hence achieving the same result. This is marked
with yellow and green arrows in the Fig 6.13. Dominant frequencies have a large effect on the

resulting seismic, as explained above.
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Heather Fm.

Equivalent
resolution
(relatively)

Figure 6.13: Lentoid-like geometry extracted from 10/99 plaster model. Increase in scale is seen
downwards in the figure. The structures have had different dominant frequencies applied
though the modelling process (10Hz, 20Hz, 30Hz). Equivalent seismic profiles as a result of
increase in model size and reduction in dominant frequencies are marked with arrows.
Reference length (L) for the calculation marked in figure. (VE 1:1).
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6.3.2 Changing the angle of illumination

The angle of maximum illumination is essential for recognising faults in the subsurface. In
seismic modelling, mimicking this parameter is done by changing the span of the illumination
vector. This is observable in the PSFs in Fig 6.43 and Fig 6.15. A generic model and one
segment from a plaster model have been chosen to undergo seismic modelling with varied
maximum illumination angles. Both instances are modelled with 30°, 45°, 60° and 90°
maximum illumination angles. These maximum illumination angles was chosen to represent
realistic values (0° - 45°), less realistic values (0° - 60°), (Rabbel et al., 2018) and a case of

perfect illumination (90°) which is unrealistic (Lecomte et al., 2016).

Fig 6.14 is an generic imbricate fault system being displayed with a distance between faults of
30 m, layer thickness of 30 m and a throw of 15 m. The faults have a 60° dip. The faults are
hardly distinguishable when it has been modelled with 30° maximum illumination. This appears
more as a dipping stratigraphy than a segment with several faults. As the illumination angle is
increased, the block contours are more representative of those of the background model. With
the best representation being the one of 90° max illumination (perfect illumination). As the

illumination increases, the reflection levelling between faults is also more apparent.

30 Hz, 30°max.
illumination
Heather Fm. -
Tarbert Fm. —~—
m-“ = —
Etive Fm.
. -

—-— .
- -
— 150m

30 Hz, 45°'max. 30 Hz, 90°max.
illumination illumination
E - | — -

- -
—— —
- 1 - — 1 : - - . - -

- -
— - . -
- - - - -\ —
- | i50m" - 150m o 150m"

Figure 6.14: Extensional generic imbricate system modelled with different maximum
illumination angles (30°, 45°, 60° and 90°). Corresponding PSF to each modelled instance can
be seen in the down left corner of each seismic profile. (VE 1:1).
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In Fig 6.15, a segment extracted from plaster model 10/99 is visualised. The 30° maximum
illumination profile has a difficulty picking up on the faults in the background model. However,
as the maximum illumination angle increases, faults are better visualised in the seismic. The
faults in the background model have a difficulty being represented with correct corresponding
dips in the seismic profiles. The fault dips are better represented with an increase in maximum
illumination. As the maximum illumination angle increases, the fault blocks are more rotated,
representing that of the background model in a better manner. However, some faults are not
adequately visualised even within the profile representing a 90° max illumination angle. The
visualisation of these faults in seismic relies on more factors than just the maximum
illumination angle. This result emphasizes that it is essential to remember that a fault dip in a
seismic profile, might not represent the actual dip of a fault present due to pure resolution issues
and interferences, if the illumination is perfect. There might also be hidden features that are not

visualized in a seismic profile.
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Heather Fm.

Tarbert Fm.

Etive Fm.

Geomodel

30 Hz, 30°max. illumination 30 Hz, 45°max. illumination

Figure 6.15: Extracted imbricate fault system from 10/99 with different maximum illumination
angles modelled (30°, 45°, 60° and 90°). Corresponding PSF to each modelled instance can be
seen in the down left corner of each seismic profile. (VE 1:1).

6.3.3 Changing the incident angle

When modelling it is possible to test out how different incident angles would affect the seismic

image created. A change in incident angle in modelling is the equivalent of changing the source-
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receiver constellations in real seismic acquisition. In this thesis it has been modelled with the
incident angles of 0°, 20° and 40°. These values where chosen as they represent incidence
angles found in seismic surveys (Faleide et al., 2021). The illumination angle is constant for the
modelling cases at 45°. Changing the incident angle has been done on one segment from the

001/94 plaster model, and for the cases of 60° dipping parallel faulting.

Fig 6.16 shows the reflection coefficient plotted against angle of incidence to showcase how
the different layer boundaries are affected by the increase in incident angle. As seen in the
figure, the reflection coefficient of the different layer boundaries is affected differently with an

increase in incident angle.

Boundaries:

Heather Fm.
Tarbert Fm.
Ness Fm.
Etive Fm.
Rannoch Fm.
“Broom Fm.

|
Below Brent
avg.

Reflection coefficient

-0.5 \

o e
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o] J—

0 30 40 6
Angle of incidence °

Figure 6.16: All layer boundaries modelled with and their difference in reflection coefficient
with an increase in angle of incidence.

In Fig 6.17 a thickening of the reflector, as well as a loss of detail both horizontally and
vertically is observed as the incident angle is increased. Example of loss of resolution in (1)

Fig. 6.17 is pointed out with black arrows in the figure. A loss of resolution is also observed
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when the model is scaled to a bigger size. Both the faults and the stratigraphy in the model

becomes increasingly harder to distinguish from the seismic as the incident angle is increased.

F1=256m

F3=218m

/F1=384m

F3=327m

Figure 6.17: Segment extracted from plaster model 001/94 of an imbricate fault fan system.
Numeration 1-3 represents different scaling of the model. Each model size has then different
incident angles applied (0°, 20° and 40°). Corresponding PSF to each modelled instance can be
seen next to the seismic profile. Arrows mark places in the model that experience a loss of
resolution in the models, because of increase in incident angle. (VE 1:1).

The same principles that were pointed out from Fig 6.17 is also in play for Fig 6.18. A loss of
resolution both horizontally and vertically happens when the incident angle is increased. For
Fig 6.18, 1D traces from the resulting seismic images, have been extracted from the profiles
marked with green striped lines. There are visible changes in the pulses, the peaks and throughs

are wider, with a smaller amplitude for higher incident cases. For the case of parallel faulting
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with the smallest distance between the faults, and with the highest incident angle (40°), the
choice of interpreting this as one or two faults, could be hard. For the cases where the incident
angle is lower, it is more obvious that there are two faults as well as where the faulting should
be interpreted. A greater distance between the parallel faults (30 m, 60 m, and 90 m) helps a lot
for the 40° incident angle cases, it is more apparent where the faults should be placed in the

seismic section for the case of 90m distance between faults.
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Figure 6.18: Generic parallel faulting with 60° dip and increase in distance between faults seen
downwards in the figure. Each model has had the incident angle increased (0°, 20° and 40°).
Corresponding PSF to each modelled instance can be seen in the down left corner of each
seismic profile. Seismic trace from each model is also extracted, to visualize that the seismic
trace differs with an increase in incident angle (0°, 20° and 40°). Green striped line shows where
the 1D trace has been extracted. (VE 1:1).

6.3.4 Adding noise

Noise is an effect that is found in all real seismic. Several methods are available to remove noise
from seismic imaging, but not all noise can be removed (Bekara and Van der Baan, 2009).
Therefore, it is vital to present some of the seismic modelled in this thesis, with noise added.
Noise has been added following the same procedure as outlined by Lubrano-Lavadera et al.
(2018). Noise has been added in a steady increment in order to assess the effect that noise has
on the seismic images produced. Adding noise has been done on one generic model and one

segment from the 001/94 plaster model. Noise has been increased from 0 to 100% in steps of
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25% for both Fig 6.19 and Fig 6.20. In both figures, 1) represents the background model used
in modelling. 2) is the reflectivity of the model. The reflectivity of the random noise can be
seen as 3) for both Fig 6.19 and Fig 6.20. The reflectivity of this random noise was then
converted into seismic (4/5) and superimposed onto the separate seismic modelling done on the

models.

In the minor drag instance found in Fig 6.19, the layer geometries and drag geometry are harder
to distinguish as noise increases. The Tarbert Fm. - Ness Fm. analogue boundary has the most
substantial reflector. The strength of this reflector is higher and as such withstands the addition
of noise better than the other and weaker analogue reflectors found in the profile. However, the
shape of the most prominent reflector is also being misrepresented in seismic with the increase
in noise. At the two highest noise levels, the layer boundaries below the thought Tarbert Fm. -
Ness Fm. boundary are hardly distinguishable. The noise has the most effect in the smallest of
the models shown in Fig 6.19. The larger model also shows, like the smaller one, that the layer
boundaries below the Tarbert Fm. — Ness Fm. analogue are most susceptible to noise increase

because of their weaker reflectivity.
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Figure 6.19: Two scaling of a generic drag case modelled. Corresponding PSF can be seen in
the first seismic profile. Increase in noise is then added downwards in the figure. 1) shows the
background model used for seismic modelling. 2) shows the reflectivity of the model. 3) shows
a random reflectivity panel generated to create noise with the use of the PSF based modelling
approach. 3 and 4) shows the seismic noise created from 3) which is then added to each
modelling case to represent noise. (VE 1:1).
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Fig 6.20 shows an extracted segment from the 001/94 plaster model, where the noise has been
systematically increased. The model's stratigraphy is harder to distinguish because of the high
reflectivity Tarbert Fm. — Ness Fm. boundary. Considering that the offset of F2, F3, and F4 is
the largest below this boundary, it is harder to correctly interpret faults in this area. Following
this, an increase in noise may mask areas of faulting, making an interpreter miss faults like F2-
F4. The masking of faults like this could be problematic when producing from a thought
reservoir or looking for a target, as noise makes it harder to distinguish what is in the seismic

and there might be hidden fluid barriers in the form of faults (Braathen et al., 2009).
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Figure 6.20: Parallel faults F2-F4, with fault F1 being conjugate to the rest of the faulting. This
model 1) has then been seismically modelled with increase in noise. 2) shows the reflectivity
of the background model. 3) shows the reflection of random noise, which is later turned into
seismic noise 4) and added to the modelled cases to increase noise ratio. (VE 1:1).
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Chapter 7

Discussion

Generic models of faulting and segments extracted from plaster models have been constructed
for synthetic seismic modelling. Further, the generic models and examples extracted from
plaster models have been varied in terms of scale and geophysical sensitivity. The first section
of this chapter will discuss differences from previous works using generic models and plaster
models for a seismic modelling purpose. Secondly, a section discussing both scaling and
variations in the geophysical parameters will be presented. Following these sections, a section
discussing the seismic expression of the fault geometries will be presented. Finally, a section

discussing synthetic seismic versus real seismic will be presented.

7.1 Differences from previous work

7.1.1 Generic models
Seismic modelling of simple normal faulting has been conducted in the past. Jackson et al.

(2014) modelled generic models of normal faulting. In the article they published, 1D
convolution was used. 1D convolution is as discussed by Lecomte et al. (2016) a less valid
solution to seismic modelling, as 1D convolution is lacking in terms of less realistic illumination
and (lateral) resolution. A comparison using the modelling technique that has been used in this
thesis will be made with the 1D convolution method that Jackson et al. (2014) made in their
article is visible in Fig. 7.1. Fig. 7.1a shows the method that has been used for modelling in this
thesis, i.e., PSF-based modelling approach (Fig. 7.1a). Also showed is an equivalent of the same
background model using 1D convolution done with the same software (Fig. 7.1b) and a seismic
section from Jackson et al. (2014) modelled with 1D convolution using RokDoc modelling
software. The 1D convolution approach results in seismic profiles that does not take into
consideration the lateral resolution and lack of illumination (see PSF in b), hence the faults
modelled are easier to position/interpret in the 1D modelled seismic compared to the PSF-based
approach. By using the 1D convolution approach, errors may thus arise from the simplicity of

the modelling technique. The article proposes thickness thresholds in the model for how thick
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the layers need to be for them to be resolved. Considering that 1D convolution is used, it may

render these values obsolete.

Background model PSF based approach 1D convolution
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Figure 7.1: Comparison of PSF-based modelling approach versus the 1D convolution method.
A background model is showed and then modelled with the PSF-based approach a). Then the
same model is used to generate a 1D convolution equivariant b). c) shows a seismic section
from Jackson et al. (2014) created with 1D convolution.

7.1.2 Plaster models

The segments from plaster models are modelled following the use of a generic based modelling
approach in this thesis. In the world of seismic modelling, outcrop-based modelling is what is
most frequently used for a seismic modelling purpose (e.g., Anell et al., 2016; Eide et al., 2018;
Rabbel et al., 2018). However, there are at least two instances to the knowledge of the author
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where plaster models have been used for a seismic modelling purpose. Firstly, an article by
Lindanger et al. (2004) showcased seismic modelling on a plaster model; in this article both a
ray-tracing and a finite-difference modelling approach were applied to the plaster model, this
to generate synthetic records to use for migration tests. Secondly, seismic modelling from a
plaster model was conducted, also with SeisRoX, to specifically study survey impacts on

seismic images (Andersen, 2014).

For both former modelling instances using plaster models, the models were modelled as a whole
and being scaled up from their sub-meter size to kilometre size. The modelling was conducted
at one scale only, in contrary to what was done in the present work, and the model parameters
were not changed, the modelling goals being different, as mentioned above. Using complete
plaster models is a suitable way to present a model in seismic, but with a segmentation-based
modelling approach of the plaster models, the author believes that the different fault geometries
are better presented, with more control over the faults being imaged in the seismic. With scaling
the models to different sizes, it is further possible to see how the fault geometries would be
imaged accordingly in seismic sections, thus giving the reader an idea of how large the model
must be for faults and stratigraphy to be imaged. Lindanger et al. (2004) used modelling to
emphasise the differences between the ray-tracing and finite-difference approaches. Andersen
(2014) put more emphasis on how geophysical survey parameters influence the resulting
seismic profile, especially the survey direction. Neither of the works mentioned showed a
discussion on the scaling of the created models, other than matching that of a reservoir. The
present work has instead used modelling with the goal of understanding how different fault
types in the subsurface are imaged, and how differences in scale and other geophysical
parameters affect the resulting synthetic seismic sections. One thing to note is also that the
previously mentioned authors only did seismic modelling of a few plaster models. In the present
work, several plaster models were modelled and compared to results obtained with simpler and

generic models easier to analyse.

7.2 Variations in models and sensitivity

Both variations in model size and geophysical parameters used in modelling are affecting how

faults are resolved when imaged in seismic. By scaling, layer thickness, fault length and throw
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can be decreased or increased. The selected geophysical parameters further affect the resolution
and illumination of the models when varied. The following part discusses how both scaling and

variability of geophysical parameters affect the resolution of the faults modelled in this thesis.

7.2.1 Scaling of models

Scaling of models for seismic modelling purposes are nothing new. Scaling of experimental
analogues, outcrop analogues or using existing outcrops that match that of a reservoir in size is
commonly done (e.g., Anell et al., 2016; Lindanger et al., 2004; Rabbel et al., 2018). Andersen
(2014) and Lindanger et al. (2004) both scaled their plaster models when modelling from sub-
meter size to kilometre-size. Generic models for seismic modelling purposes have also been
scaled to different sizes in the past (Jackson et al., 2014). Faults in reservoirs can induce
problems when it comes to production or well planning. Therefore, it is imperative that
plausible faults are researched to the greatest extent possible before doing drilling operations
(Aldred et al., 1999). The present work has thus studied different scales to see how the seismic
responds accordingly. However, as seen earlier in the result parts, the faults are not always
resolved in the seismic profiles. The results shown in Fig 6.3, Fig 6.4, and Fig 6.6 — Fig 6.11
all show that with a greater model size, the resulting seismic resolves more features of the input
model. This has simply to do with the faults being longer, resulting in a larger fault throw and
stratigraphy being thicker. Even though faults are not always resolved to the full extent,

amplitude differences might indicate that there are faults present in a seismic profile.

The results produced from generic- and plaster-models have similarities within the model-type
used and the seismic response between them differs because of how the models were made.
The scaling of the generic models in this thesis is a more clear-cut case, where the layering is
made quite coherent in size. Therefore, the faulting is resolved, at about same scaling sizes. In
the segments from the plaster models there are more inconsistent layer thicknesses, resulting in
some thinner layers, which may not always be resolved in the modelled seismic sections. The
throw across the generic models is quite coherent making the generic models be resolved in
about the same scaling size. For the segments modelled from plaster models, the faults differ
more, as there is more variability of the stratigraphic thicknesses and dip applied to the models.
For example, Fig 6.8 shows faulting of layers varying in thicknesses and with a throw smaller
compared to some of the other examples modelled in this thesis. Therefore, examples like this

will be resolved at a greater scaling size compared to those of other examples modelled.
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7.2.2 Discussing sensitivity analyses

Constraining results when conducting synthetic seismic modelling is important because ideal
modelling is not always the case. Therefore, reviewing the sensitivity used is essential for
investigating the influence of the parameters in the modelling study (Lecomte et al., 2016).
Therefore, this section of the thesis will discuss the different parameters used in this modelling

study.

7.2.2.1 Dominant frequencies
Two models with different dominant frequencies of the Ricker wavelets as seen in Fig 6.12 and

Fig 6.13 were modelled in this thesis (10 Hz, 20 Hz, 30 Hz). Ricker wavelets are often the first
choice in seismic modelling purposes due to their — zero-phase - symmetrical shape (e.g., Jensen
et al., 2021; Lecomte et al., 2016; Lindanger et al., 2004), and due to their simple relation
between dominant frequency and pulse breadth (Simm and Bacon, 2014). However, a zero-
phase Ricker wavelet, with its symmetrical shape, may not be representative of wavelets
extracted from actual seismic data, some being asymmetric (Wang, 2015). SeisRoX does not
allow modelling with non zero-phase wavelets, though it allows any kind of input wavelets,
which are then turned into their zero-phase equivalent (an ideal seismic processing should

indeed produce a zero-phase wavelet for imaging).

Fig 6.12 and Fig 6.13 show the modelling results with different dominant frequencies. The
dominant frequencies in real seismic vary with depth (Eide et al., 2018; Jackson et al., 2014).
For the layering in the models to be sufficiently resolved vertically, here at an average Vp
velocity of 3.1 km/s, the models with a 10-Hz dominant frequency have to be ~78-m thick. The
layers modelled with 20-Hz dominant frequency must be ~39-m thick and finally the layers in
models with a 30-Hz dominant frequency have to be ~26-m thick. In Fig 6.12 and Fig 6.13 the
models that were increased in size and modelled with reduced dominant frequency had near-
identical seismic profiles created. This emphasises the importance on how dominant
frequencies affect resulting seismic sections. The synthetic seismic presented in Fig 6.3, Fig
6.4, and Fig 6.6 — Fig 6.11 show that some of the fault throws are below seismic resolution.
Nevertheless, the seismic amplitudes change in the faulted areas and such variations are often

detected in actual seismic.

66



Chapter 7 Discussion

Jackson et al. (2014) model with dominant frequencies of 20 Hz, 25 Hz, 50 Hz and 75 Hz. 20
Hz and 25 Hz are expected to be found in conventional seismic (Reiser et al., 2012). If the latter
dominant frequencies (50 Hz and 75 Hz) are compared to actual seismic, thread carefully, as
this is something not often achieved in practice, unless very high-resolution seismic is used, as

possibly done for shallow structures (Faleide et al., 2021).

7.2.2.2 lllumination angle

All seismic models before Fig 6.14 were modelled with a 45° maximum illumination angle. For
Fig 6.14 and Fig 6.15 the maximum illumination angle was varied (30°, 45°, 60° and 90°). In
the generic model of rotated fault blocks in Fig 6.14, the — steep - faults are not illuminated for
the case of 30° and 45° maximum illumination. The faults in the generic model are not
illuminated as the faults with a 60° dip exceeds the dip for maximum illumination. These
modelling instances, however, show an undulating of the reflectors, indicating that there might
be faults in the model even though these are not perfectly represented in the seismic. Small
irregularities like the ones shown for the 30° and 45° maximum illumination examples are
something to note, as this is something to keep in mind if wells are to be placed in areas where
seismic shows these characters. For the cases of 60° and 90° maximum illumination the faults
are well imaged in the seismic and there are minor differences between these instances.
Comparing these to the 30° and 45° maximum illumination examples it is apparent that the
lateral resolution is increased as maximum illumination increases. The geometry of the rotated
fault blocks is better defined in the cases where maximum illumination is greater than the fault

dip.

For the segmented plaster model modelled in Fig 6.15 the layers are below seismic resolution.
When increasing the maximum illumination of such an example with below resolution layering,
the faults are not well defined for either of the cases, 30° - 90° maximum illumination. When
the maximum illumination is increased, it is however observed that the seismic aligns more to
match that of the faults superimposed on the seismic. Yet, the seismic does not match accurately
the dip of the faults because of the bedding being below seismic resolution and due to complex
interference effects. This is important to take into consideration when evaluating a prospect in
the seismic for drilling. Thought faults in reality might thus not be in the position derived from

a seismic section, and there might be unresolved faults altogether. Even though these examples
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show only rotated fault blocks, this could apply to any situation where two or more conjugate

faults act together, e.g., parallel faulting or fault lenses.

7.2.2.3 Incident angle

Modelling in this thesis are done with different incident angles for generic parallel faulting with
60° dip and a varied distance between faults (Fig 6.18), as well as a segment from a plaster
model. The varying segment from the plaster model can be seen in Fig 6.17. Both modelling
instances experienced a loss of resolution with an increase in incident angle (0°, 20°, 40°).
Increase in incident angle as seen in Fig 6.15 are the most prominent from 20° - 40°. The generic
parallel-faulting model had a selected seismic trace extracted from all the profiles, and the latter
differs between the models. For the generic model with the smallest distance between faults (15
m) it is hard to distinguish the faults as the incident angle is increased. It is also apparent in the
seismic modelling cases that the full extent of the faulting is hard to determine when there are
such large reflectivity contrasts between Heather Fm to Tarbert Fm. to Ness Fm. These
boundaries have the largest impact on the seismic as viewed in Fig 6.6, but it is also important
to remember that this is an illumination effect too. The incident angle is something that
increases with depth as lower incident rays may be diverted in seismic exploration (Eide et al.,
2018). Hence, something that should be taken into consideration in the seismic interpretation

process and be accompanied for depth.

7.2.2.4 Noise

The seismic profiles created before Fig 6.19 were generated without noise. For Fig 6.19 and
Fig 6.20 noise has been applied to the model (25%, 50%, 75% and 100% noise). Noise in
seismic is an important factor to take into consideration as this affects detectability of faults and

stratigraphy in the subsurface (Simm and Bacon, 2014).

Several past works regarding seismic modelling has included adding noise (Jackson et al., 2014;
Lubrano-Lavadera et al., 2018). Because all modelling conducted before Fig 6.19 is modelled
without no noise, the thicknesses needed for something to be resolved might not be accurately
interpreted in actual seismic due to that parameter (Eide et al., 2018). The drag model presented
with increase in noise (Fig 6.19) show that as the noise is increased, the features within the

model are harder to detect. The interface between the Heather Fm. — Tarbert Fm. analogue
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remains the best imaged in the seismic due to its strong reflectivity. The underlying interfaces
below are however still recognisable up to 75% noise. Extracting the exact drag geometry in
the model is nevertheless hard with increase in noise. The segments extracted from plaster
model 001/94 can be seen in Fig 6.20 with further added noise. The well visible interface of
Heather Fm. — Tarbert Fm remains dominant. However, as the faults have a minor throw
compared to that of the latter example, the faults are a lot harder to distinguish in the model.
When comparing the two cases it is apparent that larger fault throws are easier to resolve in

seismic, even with noise added, than that of lower throw.

7.2.2.5 Overview of parameters
There are many parameters in seismic that may influence how faults and fault zones are

resolved in seismic. All the parameters discussed above, possibly in combination with others,
must be included in the thought process, and influences from unconstrained parameters could
be a reason for a wrong interpretation in seismic sections. The geological framework of an area
is also something that should be integrated in the analysis. In the instance of the Brent Gp. in
Fig 7.2 a plot has been created from estimated depths to the Brent Gp. using exploration well
bores to showcase how the parameters discussed in this section of the thesis are varied with
depth to target. Information used to create the figure are derived from: (Eide et al., 2018;
Jackson et al., 2014; Lubrano-Lavadera et al., 2018; Simm and Bacon, 2014). Appendix A

showcases how the plot have been created.

69



Chapter 7 Discussion

Number of exploration wells that contain
Brent Gp. with associated depth.

Count
10

5 15 20

Increase in incident angle with depth.

Decrease of dominant frequency with depth.
Decrease in illumination with depth
Depth Top Brent Gp. [m]

ye
@
W
s
@
-
O
Q@
=]
o
ar
s
| —
@
L.
Q
o
]
©
c
20
W
<
=
O
@
=
=
-
=
@
W
®
@
-
(&
Q@
o
-
o0
e
QL
c
L

Figure 7.2: The effect of the various geophysical parameters that has been modelled with and
discussed in relation to increase in depth of the Brent Gp. The wells that have been selected are
wells with a maximum inclination of less than 10°. The reasoning behind sorting of the wells
is that wells should be near vertical to achieve an approximation to true depth. Out of 389 wells
in the dataset, 139 wells were sorted out because of a “high” maximum inclination and 250

were used for plotting. Data from NPD (2022b, 2022c).

70



Chapter 7 Discussion

7.3 Takeaways from the seismic expression of the fault

geometries.

A general assumption can be made for the geometries that are seismically modelled in this
thesis. As the results are modelled with a 3.1 km/s average velocity, and a 30 Hz dominant
frequency the lateral resolution is given by 52 m and the vertical resolution is 26 m. Some of
the modelling results showed that, even though some layers and fault throws are being below
seismic resolution (e.g., Fig 6.8 and Fig 6.11), the synthetic seismic indicate a low-amplitude
response due to these below-resolution structures. Other geological features (e.g., sand
injectites) below seismic resolution have earlier proven to be able to be detected in seismic via
a similar PSF-based modelling (Bradaric et al., 2022). Furthermore, small faults with minimal
throw are also detectable. However, it is important to note that detecting and mapping out the
full extent of a fault in seismic is two widely different things, the latter being only possible with

an optimal geophysical framework.

7.3.1 Extensional imbricate fault systems and parallel faults
The parallel faulting that has been modelled in the work (Fig 6.4 and Fig 6.8) were both

modelled with a 45° maximum illumination, which often falls below that of the fault dip angle.
The layers laterally confined between the faults are thus not resolved to the greatest possible
extent, as showcased in Fig 6.14. Therefore, faults have to be 30-m apart at least matching that
of the 300 m x 300 m large profile for the 60° dipping faults to be interpreted with confidence
in an actual geophysical setting, if equivalent to the modelling scenario (i.e., 45° maximum
illumination angle, 0° incident angle, 30-Hz dominant frequency and nearly no noise). As for
lower dipping faults, e.g., 30° as showcased in Fig 6.4, the fault location when conducting
seismic interpretation is increasingly harder, therefore suggesting that the distance between
faults should be more than 30 m, to allow interpretation of parallel faulting, given that there is

no merging of reflections in the seismic.

The imbricate faulting that has been modelled shares a lot of the similarities with the parallel
faulting, as the former is merely a succession of parallel faulting. The two generic cases
modelled in Fig 6.3 showcase the importance of having a large-enough throw to be resolved,
(e.g., smallest cases of 3a/b in Fig. 6.3) to avoid misinterpreting seismic dip vs the actual
faulting that happens in the succession of these faults in parallel. The imbricate-faulting system

that has been extracted from the plaster model Fig 6.11 and further modelled shows that the
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dips in the seismic do not match that of the geological model. The reason for this is believed to
be a resolution issue, possibly coupled with an interference issue. Having both the generic cases
the case extracted from the plaster model in mind, it is evident that the throw and stratigraphy
must be resolved to avoid interpreting apparent dips in the seismic that does not match that of

the geological model.

7.3.2 Drag associated with normal faulting
The generic drag associated with normal faulting modelled in Fig 6.3 shows that at both scales

the drag is well imaged because the drag dip is lower than the angle of maximum illumination.
For the smallest cases modelled, the drag reflections are seen going beyond that of the fault
plane. For the largest scale, this is not observed to the same extent as that of the smallest case.
Depending on which scale the drag geometry is interpreted at, this is important to remember
when placing/interpreting faults in seismic with drag matching that of the scale of the generic
models. Drag cases like this may introduce difficulties in locating faults when doing seismic

interpretation.

The generic drag associated with the normal faulting modelled in Fig 6.9, extracted from a
plaster model, shows that even with very minor drag (cf. smallest case in Fig 6.9), the reflections
are seen bending representing that of a drag. This has to do with the reflectivity of the input
model as the hanging wall and the foot wall have such a large difference in reflectivity. If this
was not the case, it would be expected that the drag modelled in the smaller instances would
not have been so substantial, i.e., more like that of the generic cases where the reflectivity

between the hanging wall and the foot wall is not that different (e.g., Fig 6.3, 1a).
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7.3.3 Lens structures and vertical fault overlap

The fault lens modelled in this thesis Fig 6.10, proved exceptionally hard to image because of
a weak seismic response as a result of the low contrast in reflectivity of the segregation between
the hanging wall and foot wall. The lens itself in the largest scaling in is thickest portion on the
largest scale is 70 m. Making it be above the lateral resolution of 51.7m stated earlier. The
thickness of the lens ranging from around 40 m to 90 m are above vertical resolution of 25.8 m
stated earlier. However, as the general dip of the lens is around 45°, the poorly resolved lens
structure is expected to come from the result of the low contrast in reflectivity. This emphasises
that fault lenses not necessary are imaged at large scales because of weak impedance contrasts
and this is a contribution that should be kept in mind when further doing seismic interpretation.
The author of this thesis believes that if the contrast between the hanging wall and the foot wall

in the model was not as weak as it was, the fault lens would be resolved better.

The generic vertical fault-overlap cases modelled in this thesis (Fig 6.3, 1a) shows that it does
not have sufficient spacing between faults (15 m, 20 m, and 25 m, respectively) for each single
fault to be interpreted individually with ease. As the distance between faults become larger than
that of the lateral resolution, the faults become easier to interpret. However, one could be
tempted to interpret these profiles as a longer curved fault plane instead of three smaller faults
because of a weak seismic response below the Tarbert Fm. — Ness Fm. Boundary due to weak
reflectivity. For the vertical fault overlap example extracted in Fig 6.7 from a plaster model, it
is increasingly more difficult to map out all faults as both the dip of the faults and the throw of
the faults vary. When model size is increased, more faults and layers are resolved, hence

allowing more faults to be interpreted with greater confidence.
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7.4 Comparing synthetic seismic to real seismic

Comparing real seismic with synthetic seismic created in this thesis would be ideal. It would
constrain the work conducted in this thesis and advocate for more use of seismic modelling in
interpretation. Therefore, this section of the thesis is a qualitative attempt at comparing the
modelled results with actual seismic from the North Sea, more specifically seismic from the
Troll Field acquired from the DISKOS database, with courtesy of Equinor. However, when
comparing time-migrated seismic (actual data available) and depth-migrated seismic (as
modelled here, i.e., PSDM), it is important to remember that this may introduce some errors,
the vertical axis being not the same. Keeping that in mind, the first comparison is made between
the rotated fault blocks created from plaster model 10/99 and actual seismic (Fig 7.3a and b,
respectively). The areas of comparison in Fig 7.3 are marked with black arrows in a) —b). In a)
a thinning of the uppermost reflector in the footwall is observed. In the modelled example
displayed in a) the two faults are not resolved properly, and a seismic interpreter would maybe
interpret this as a single fault. In b) the same thinning of the uppermost reflector of the footwall
is displayed. With the non-resolved faults in a) in mind, there could be reason to believe that
there might be two faults in the real seismic displayed as well, or an imbricate fan (as displayed
in Fig 7.3) that is not resolved properly in the seismic. It is however important to emphasise
that findings in the modelled seismic displayed in the results part of this thesis do not necessarily
represent the exact geometry behind the real seismic, but rather a means to raise questions for
the reader, making the reader observant that there might be several solutions to what earlier

could be thought to be a single fault displayed in the seismic.
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Synthetic Seismic Real Seismic
+
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Figure 7.3: Synthetic seismic compared to real seismic. The synthetic seismic have for this
figure had its seismic scale changed to match that of the real seismic. The synthetic seismic are
the same as presented in Fig 6.11.

Another example is the real seismic shown in Fig 7.4. In this figure, both a fault lens (a) and a
drag fault (b) are modelled. Both of these share some of the same characteristics when compared
to the real seismic showed in ¢). When compared to the fault lens, the real seismic and the fault
lens have the maximum peak and through both aligned with each other closely before they start
spacing from each other, with lower peaks/throughs in between the largest peak and lowest
through. When comparing the drag example showcased in b) with the real seismic c), the
reflections share some similarities and might indicate that there is a fault in the area, with
accompanied drag of the reflectors. Therefore, it could be argued for that both a fault lens or a
drag could be a plausible interpretation. It could also be neither, as the structure simply could
be a monocline. When faced with seismic like this, it is of the essence to evaluate what is the
most plausible solution or leave room for different interpretations. Ideally, when faced with
problems regarding interpretation, different approaches to determine what is the most plausible
scenario should be explored. Coupling interpretations with, e.g., RMS amplitude cubes or
variance cubes could be a way to better understand the fault geometry both in the 2D view, and

in 3D. In the case of having a possible reservoir to the NE the type of structure could be a make
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or break for further exploration. If it was interpreted as in a) there would be communication

across the reservoir; if as in b) there would not be.
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Figure 7.4: Synthetic seismic compared to real seismic. The synthetic seismic have for this
figure had its seismic scale changed to match that of the real seismic. The synthetic seismic a)

is the same as presented in Fig 6.10 - 2. the synthetic seismic b) is the same as presented in Fig
6.3, 2c.

These two simple comparisons show that a great deal of thought should be put into exploring
the structures that are observable in real seismic, as different structures could lead to different
exploration outcomes: this is heavily reliant on how an interpreter views the seismic.
Considering that scales and sensitivity to various geophysical parameters have proven to have
such a significant effect on the modelling outcomes, constraining interpretation by modelling

tests is highly recommended.
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Chapter 8

Conclusion and further work

8.1 Conclusion

This thesis aimed at improving the understanding of how faults are imaged in seismic

subsurface data, allowing fault interpretation to be conducted with greater confidence. Through

modelling of generic models and segments extracted from plaster models, different faults and

fault-zone geometries have been modelled. The results presented yield the following main

conclusions:

1.

Simple generic models coupled with detailed structures extracted from plaster
models is a solid mean to understand how seismic is affected when going from a
structurally simple model to a structurally more complex model.

The use of a 2D PSF-based modelling approach has proven to be a great way to
perform synthetic seismic compared to the simpler 1D equivalent.

The imaging of faults and fault zones are largely dependent on size, throw and the
stratigraphy bounding the fault or fault zone. As the stratigraphy has to be above
seismic resolution and not being imaged as a merged response.

Increase in angle of incidence and/or low dominant frequency worsens the ability to
detect faults in the subsurface and properly map out the extent of faults and fault
zones. Decrease in angle of maximum illumination and increase in noise worsens
the ability to detect faults in the subsurface and properly map out the extent of faults
and fault zones. Hence, the findings in this thesis are valid for examples that use the
same average velocity and dominant frequency as modelled with. An alteration in
velocity and dominant frequency would yield different thresholds for illuminating
and resolving structures.

The findings of this study coupled with the previous knowledge of an interpreter
may help assess faults and fault-zone geometries in the subsurface, as well as
helping to understand how scales and geophysical sensitivity affect seismic imaging

of the respective geometries.
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Chapter 8 Conclusion and further work

8.2 Suggestions for further work

This thesis attempted to contribute to the understanding of how faults and fault zones are

imaged in seismic. To further address how faults and fault zones are imaged the following ideas

are suggested:

Create 3D models of faults and fault zones then further model these to view how the
seismic response differs when working in another dimension than done in this thesis.
The RapidGeology software allows creating 3D models which can be imported into
SeisRoX after a simple SEG-Y conversion (tested already).

Compare more synthetic seismic of faults and fault zones with real seismic data to
further understand how well PSF-modelled seismic and real seismic match/mismatch.
More variation in elastic parameters as the present work only uses values from the Brent
Gp. and one well.

Introduce different elastic parameters to fault zones, e.g., give the damage zone and fault
core different elastic parameters to better understand the seismic response when this is
included.

As the well used to pick elastic parameters from was dry, it would be possible to extract
Brent Gp. elastic parameters from other wells where the formations contain either oil or

gas and see how these fluid changes affect the modelled seismic.
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Appendix A

Appendix A

5/31/22, 5:39 PM DiscussionPlots - Jupyter Notebook

In [1]:

import pandas as pd

import numpy as np

import matplotlib.pyplot as plt
from numpy import random as rnd
from scipy import stats

import seaborn as sns

In [2]:

#data from: https://factpages.npd.no/nb-no/strat/pageview/Llitho/groups/16
df = pd.read_excel("BRENT.x1lsx")

#data from: https://factpages.npd.no/nb-no/wellbore/tableview/exploration/all
exploration= pd.read_excel("wellbore_exploration_all.xlsx")

In [3]:

df
Out[3]:

Blokk Bregnn navn Dato for boreslutt Topp dyp [m] Bunndyp [m] Tykkelse

0 25 25/1-10 1988-09-14 4471 4739 268
1 25 25/5-7 2010-10-23 2685 2712 27
2 29 29/3-1 1986-09-15 3523 3912 389
3 29 29/6-1 1982-05-09 4205 4500 295
4 29 29/9-1 1984-02-24 4387 4421 34
384 35 35/12-4 A 2011-07-17 3230 3413 183
385 35 35/12-4 S 2011-06-26 3071 3255 184
386 35 35/12-5 S 2015-06-19 3488 3570 82
387 35 35/12-7 2018-07-25 2597 2750 153
388 36 36/7-1 1996-05-07 2662 2770 108

389 rows x 6 columns

localhost:8888/notebooks/Desktop/Python/DiscussionPlots.ipynb#
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Appendix A

5/31/22, 5:39 PM

DiscussionPlots - Jupyter Notebook

In [4]:
exploration
2 737 e "'“S';;ﬁ 011 WILDCAT  P&A GAS EXPLORATION
3 1/3-2 132 NS Nosrfl';ﬁ 011 WILDCAT  P&A DRY EXPLORATION
4 133 3.3 Eif Petroleum 065 WILDCAT  P8A OIL EXPLORATION
Norge AS
Den norske
2010 73241101 32410 _ stats 162 WILDCAT P&A SHOWS EXPLORATION
1 oljeselskap
a.s
2011 7325/1-1 7325/1-1 Statoil 615 WILDCAT  P&A GAS EXPLORATION
Petroleum AS
2012 7325/4-1 7325/4-1 Statoll 855 WILDCAT  P&A OIL/GAS EXPLORATION
Petroleum AS
Equinor
2013 7335/3-1 7335/3-1 859 WILDCAT  P&A DRY EXPLORATION
Enerav AS
4
In [5]:
dfinal = pd.merge(exploration, df, on ="Br¢nn navn")
In [6]:
dfinal
e —— vt e -
0 251110 2%/1-  Eif Petroleum 024  WILDCAT  P8&A DRY EXPLORA
10 Norge AS
1 25/5-7  25/5-7 Total E&P 102C  WILDCAT P&A GAS/CONDENSATE EXPLORA
Norge AS
2 29/31 2931 1ol N"fg 119 WILDCAT  P8&A OIL/GAS EXPLORA
3 29/6-1  29/6-1 BP Norway 043  WILDCAT  P&A GAS/CONDENSATE EXPLORA
Limited U.A.
Norsk Hydro
4 29/9-1 29/9-1  Produksjon 040 APPRAISAL  P&A OIL/GAS EXPLORA
AS
245 3511-23A - Equinor 090 APPRAISAL  P8A DRY EXPLORA
23 Energy AS

localhost:8888/notebooks/Desktop/Python/DiscussionPlots.ipynb#
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5/31/22, 5:39 PM DiscussionPlots - Jupyter Notebook

In [7]:

dfinal = dfinal[dfinal[ 'Maks inklinasjon [°]'].notna()]
dfinal_inc_below_10 = dfinal[dfinal['Maks inklinasjon [°]'] < 10]
dfinal_inc_below_10

Out[7]:

Brgnnbane Brgnn

Boreoperater Utvinningstillatelse Formal Status Innh
navn  navn

25/1-  EIf Petroleum

0 25/1-10 10 Norge AS 024 WILDCAT P&A D

1 25/5-7 25/5-7 Total E&P 102C WILDCAT P&A GAS/CONDENSA
Norge AS
Norsk Hydro

4 29/9-1  29/9-1 Produksjon 040 APPRAISAL P&A OIL/G
AS
Den norske

5 30/2-1  30/2-1 _ stats 051  WILDCAT  P8A GAS/CONDENSA
oljeselskap
a.s
Den norske

6 30/2-2  30/2-2 _ stats 051 APPRAISAL  P&A GAS/CONDENSA
oljeselskap
a.s
35/11- Equinor

245 35/11-23 A 23 Energy AS 090 APPRAISAL P&A D
35/12- Saga

246 35/12-1 1 Petroleum 174 WILDCAT P&A OIL SHO)
ASA
35/12- Wintershall

247 35/12-2 5 Norge ASA 378 WILDCAT P&A OIL/G
35/12- Wellesley

248 35/12-7 7 Petroleum AS 925 WILDCAT P&A D
Norsk Hydro

249 36/7-1  36/7-1 Produksjon 153 WILDCAT P&A OIL/G
AS

200 rows x 92 columns

localhost:8888/notebooks/Desktop/Python/DiscussionPlots.ipynb#
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5/31/22, 5:39 PM

In [21]:

sns.set_style("whitegrid")

DiscussionPlots - Jupyter Notebook

ax = sns.histplot(y = dfinal_inc_below_10[ 'Topp dyp [m]'],

kde = False,

color = "green",
edgecolor = 'black',
binwidth = 100)

ax.invert_yaxis()
ax.xaxis.set_ticks_position("top")
ax.xaxis.set_label_position('top")

ax.tick_params(axis='both', which="major"', labelsize=15)
ax.tick_params(axis='both', which="minor"', labelsize=15)

plt.xticks(fontsize = 25)
plt.yticks(fontsize = 25)
plt.xlabel('Count', fontsize=35)

plt.ylabel('Depth Top Brent Gp. [m] ', fontsize=30)
plt.title('Amount of wells that contain Brent Gp. and at what depth they are located', font

ax=sns.set(rc={"'figure.figsize':(20,15)})

plt.savefig('DepthPlt.png', dpi=1500)
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