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Abstract

Silica diagenesis has the potential to drastically change the physical and fluid flow properties of
the host strata and may therefore play a key role in the development of sedimentary basins. To
investigate the role of silica diagenesis in the North Viking Graben, northern North Sea,
mineralogical-, well- and 3-D seismic data are combined in this study. Optical microscopy, scanning
electron microscopy and X-ray diffraction are used to identify the opal-A/CT transformation in the
Cenozoic succession of the North Viking Graben, northern North Sea. The effect of the opal-A/CT
transformation on the host rock properties is investigated by combining quantitative mineralogical
data obtained by X-ray diffraction with wireline data of sixteen exploration wells using multiple linear
regression analysis. The analysis shows that opal-A content explains host rock porosity to a large
extent and opal-CT and pyrite content explain host rock porosity to a lesser degree. The overall
decline in opal-A content with depth is interpreted to reflect increasing biogenic silica production
between the Eocene and Miocene. Focussed reductions in opal-A content that coincide with increased
opal-CT contents are probably the result of opal-A/CT transformation. Because the observed opal-
A/CT transformation does not coincide with major lithology variations, it is assumed that the
transformation is primarily a function of time and temperature. This assumption allows the spatial and
temporal evolution of the opal-A/CT transformation to be modelled. Modelling results indicate that
opal-A/CT transformation probably started in the Balder Formation in the Middle-to-Late Eocene,
migrated upwards through the lower Hordaland Group, and fossilised as a result of Middle-Miocene
sea-level fall and erosion. Based on the basin modelling results and a detailed fault analysis, silica
diagenesis could have led to the nucleation and growth of the polygonal faults in the North Viking
Graben. This study highlights that silica diagenesis is a complex process that can significantly impact

compaction and deformation of siliceous sedimentary successions.
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1. INTRODUCTION

1.1. RATIONALE
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Figure 1.1: Global map showing diagenetic transformation of opal-A to opal-CT, confirmed by the ODP, IODP and DSDP (after
Ireland, 2011)

Diagenesis, compaction and rock deformation are fundamental, often related processes in
sedimentary basins (e.g. Fossen, 2010; Allen & Allen, 2013; Bjerlykke, 2014). Diagenesis describes
the dissolution and precipitation of minerals during burial of sediments and sedimentary rocks. These
reactions occur in response to a chemical and/or physical disequilibrium between the host strata and
pore fluids. Attaining this equilibrium is further complicated by changing chemical and physical
conditions in the host strata during burial. As a result of these changing conditions, diagenetic
reactions in- or decrease in activity. Even though silica diagenesis, that is the transformation of
amorphous, typically biogenic opal (opal-A) to low-crystalline, cristobalite/tridymite lepispheres

(opal-CT) to microcrystalline quartz, has been documented by numerous field, borehole and seismic



studies around the world (Fig. 1.1), the controlling factors rate remain elusive. To infer the factors

controlling silica diagenesis, it is crucial to know the overall mineralogy of the host rocks.

Diagenesis is intrinsically related to compaction, as mineral dissolution and precipitation can
significantly alter the pore space and/or matrix volume (Addis & Jones, 1985; Bjerlykke, 1999).
Compaction is often studied using porosities-depth functions that are derived from measurements of
core samples or from wireline logs (e.g. Giles, 1997). These studies have been used to distinguish
between compaction that has been driven by mechanical or chemical processes. Mechanical
compaction typically involves grain re-orientation and breakage due to the weight of the overburden,
whereas chemical compaction describes the rock volume reduction by dissolution and precipitation
(i.e. diagenesis) (e.g. Bjerlykke, 2014). Although diagenesis is well known to impact compaction, the
underlying microscopic processes are not well understood. To improve our understanding of these
processes, it is required to combine analytical techniques (e.g. scanning electron microscopy and X-

ray diffraction) with measurements of physical rock properties.

The deformation of sediments and rocks, that describes any change in shape or size of a volume
when subject to stress, is also related to diagenesis. Deformation can be reversible (elastic) or
irreversible (inelastic). A key type of inelastic deformation is fracturing, i.e. the separation of a
volume by a discontinuity (Jaeger et al., 2009; Gudmundsson, 2011). Fractures are distinguished
based on their displacement (e.g. Price & Cosgrove, 1990). Shear fractures, for example, exhibit
fracture-parallel displacement. When subject to continuous deformation, fractures can evolve into
faults, i.e. surfaces or zones of macroscopic shear displacement (e.g. Fossen, 2010). Normal faults
typically develop in response to and strike-perpendicular to the tectonic extension (Anderson, 1951).
Polygonal faults, that are randomly-oriented, layer-bound normal faults, are difficult to explain by
tectonic extension, but instead seem to be formed by internal contraction of the host strata (Cartwright
& Lonergan, 1996). Recently, Shin et al. (2008) and Cartwright (2011) suggest that particle
dissolution during diagenesis may lead to contraction of the host strata and polygonal faulting. This
hypothesis can be tested by analysing the growth of polygonal faults in rocks that have undergone

silica diagenesis.



1.2. RESEARCH AIMS

The overall goal of this study is to improve our understanding of silica diagenesis and to reveal

its connection to sediment compaction and deformation. This is achieved by a truly interdisciplinary

approach that includes analytical techniques, wireline, and 3-D seismic data of the North Viking

Graben, northern North Sea. This approach allows the following research aims to be addressed:

IL.

III.

Iv.

VL

VIL

Identify silica transformations in the Cenozoic succession of the North Viking Graben.
Document the extent of silica diagenesis in the North Viking Graben.

Understand the controls on silica deposition and diagenesis in the North Viking Graben.
Determine the influence of silica diagenesis on the physical host rock properties.
Constrain the evolution of silica diagenesis in the North Viking Graben.

Reconstruct polygonal fault growth in the North Viking Graben.

Investigate the influence of silica diagenesis on polygonal faulting.



2. LITERATURE REVIEW

This literature review starts with a description of the three key minerals (opal-A, opal-CT and
quartz) involved in silica diagenesis (Section 2.1). This description forms the foundation to the
subsequent review of silica diagenesis (Section 2.2). At the end of this review, the water release
(Subsection 2.2.2), physical property changes (Subsection 2.2.3) and seismic response of silica

diagenesis (Subsection 2.2.4) are discussed.

2.1. SILICA MINERALS

Silica or silicon dioxide (SiO,) is one of the most abundant chemical compounds on Earth and
its minerals are essential constituents of sedimentary, metamorphic and igneous rocks. In sedimentary
rocks, silica forms a variety of minerals that can undergo diagenesis, such as opal-A, opal-CT and
quartz. To understand silica diagenesis, the structure, origin and physical properties of these three

minerals are outlined.

2.1.1.0pal-A

Opal-A has been defined as amorphous, hydrous silica by Jones and Segnit (1971). The word
‘amorphous’ describes the poorly-ordered/non-crystalline structure of opal-A, whereas ‘hydrous’

indicates that opal-A can contain up to 17 wt.% water (Hurd & Theyer, 1975).

":, i “
Figure 2.1: Scanning electron mlcroscopy |mages of silica structures formed in vitro after (A) 3. 5 min, (B) 4.5 min, (C) 5 min,
and (D) 8 min after the addition of natSil-1A to a buffered monosilicic acid solution (50 mM sodium acetate, pH = 5.5). Scale
bars, 2 ym (Kroger et al., 2002).



In general, opal-A is either bio- or volcanogenic; with the former being more common than the
latter. Biogenic opal-A is deposited in shallow and deep water depositional environments where
surface productivity is increased by upwelling of nutrient-rich water (e.g. Hesse & Schacht, 2011).
Diatoms, radiolarians, sponge spicules and silicoflagellates are the main sources of biogenic opal-A
(Treguer & De La Rocha, 2013). These organisms increase the silicic acid concentration in solution
from 10-70 uM in ocean surface water to 1000-2000 uM in their so-called silica deposition vesicles
using sodium-dependent transport proteins (DeMaster, 2003). When the silicic acid concentration
exceeds the solubility of amorphous silica, the monomeric silicic acid starts to polymerise (Williams
& Crerar, 1985). The polymerisation involves condensation reactions transforming silanol to siloxane
bonds (Iler, 1979). Siloxane bonds are maximised during condensation leading to the formation of
nuclei (Perry, 2003). These nuclei grow either in size or in number dependent on the pH and cation
concentration of the solution (Iler, 1979). In basic solution with low cation concentration, nuclei grow
predominantly in size, forming nanometre-scale spheres (Fig. 2.1). These spheres are the building
blocks for the complex skeletons of diatoms, radiolarians, sponge spicules and silicoflagellates (Fig.

2.2).

On a global scale, biogenic silica production is one factor controlling the deposition of silica in

marine sediments. It is widely accepted that biogenic silica production is most effective at high



latitudes, where the initial silicic acid concentration is high and surface water temperature is low
(Treguer & De La Rocha, 2013). Biogenic silica production however might be less important than
silica preservation; the second component, controlling the deposition of biogenic silica in marine
sediments. The importance of silica preservation is highlighted by the low global preservation ratio of
only 3% (Treguer & De La Rocha, 2013). In other words, if biogenic silica is effectively produced in
the surface water, but subsequently dissolved in the water column or at the seafloor, it would not be
preserved in the sedimentary record. Unfortunately, silica preservation is not well-understood and

further research on the current silica cycle is required (Treguer and De La Rocha, 2013).

2.1.2.0pal-CT

Figure 2.3: Scanning electron microscope images of opal-CT lepispheres in chalk (Florke et al., 1976)

Opal-CT consists of lepispheres, i.e. spheres of intertwined, microcrystalline cristobalite and
tridymite blades (Fig. 2.3) (Jones & Segnit, 1971). These blades are extremely thin (30-50 nm) and
intersect each other in order to form small lepispheres with diameters between 5-15 pum (Fig. 2.3)
(DeMaster, 2003). Opal-CT is exclusively diagenetic in origin, as it is formed by authigenic silica

precipitation (Williams & Crerar, 1985). To precipitate opal-CT, the silicic acid concentration of the

6



pore fluids must exceed opal-CT solubility. When the silicic acid concentration is sufficiently high,
monomeric silicic acids start to polymerise. Williams and Crerar (1985) suggest that the preferred
polymerisation of six-membered rings consisting of silica-tetrahedra leads to the precipitation of

cristobalite and tridymite blades which consist of planar networks of these rings (Fig. 2.4).

Tridymite

Six-membered
Silica ring
tetrahedron

Y — A A

Figure 2.4: Atomic structure of silica tetrahedron, six-membered ring of tetrahedra and tridymite and cristobalite after Deer et
al. (2004)

The growth of opal-CT lepispheres from cristobalite and tridymite blades appears to start with
the precipitation of cristobalite (rather than tridymite) blades due to its favourable orientation of silica
tetrahedra (Jones & Segnit, 1972; Florke ef al., 1976). Stacking faults during cristobalite precipitation
has been suggested to lead to twinning according to the twinning laws of tridymite and thereby
control lepisphere growth (Florke et al., 1976). Overall, the growth of opal-CT is poorly understood

and future experimental work is required to unravel the governing processes.



2.1.3.Quartz

Quartz

Silica
tetrahedron
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Figure 2.5: Atomic structure of a silica tetrahedron and quartz

Quartz consists of a continuous framework of silicon-oxygen tetrahedra which are made up of
one silicon and four oxygen ions (Fig. 2.5). Because each oxygen ion is shared between two
tetrahedra in the continuous structure of quartz, its overall formula is SiO2. Quartz is commonly
divided into a- and P-quartz based on its stability. At normal pressures, o- quartz is stable below
573°C and B-quartz is stable above 573°C. Accordingly, a- quartz is transformed to B-quartz at
temperatures of and above 573°C. During this transformation the silica-oxygen tetrahedra become

slightly twisted, changing the symmetry of quartz from trigonal (a-quartz) to hexagonal (B-quartz).

Figure 2.6: Scanning electron microscope image of authigenic quartz (Welton, 1984)



In sedimentary rocks, quartz is either detrital or authigenic in origin. Detrital quartz is usually
the result of weathering, transport and deposition of quartz-rich rocks, whereas authigenic quartz is
precipitated from pore fluids. The formation of authigenic quartz typically requires pore fluids to be
saturated with respect to quartz and sufficient thermal energy to be provided (Heaney, 1994). If these

conditions are reached, micro-crystalline quartz is precipitated, typically on the surface of pre-existing

quartz grains (Fig. 2.6).

2.2. SILICA DIAGENESIS
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Figure 2.7: Phase diagram for silica diagenesis (Behl, 2011)



Silica diagenesis describes two transformations of opal-A to opal-CT and of opal-CT to quartz
which are both dissolution/precipitation reactions (Fig. 2.7). The evidence that the opal-A/CT and
opal-CT/Q transformations are dissolution/precipitation reactions have been summarised by Williams

and Crerar (1985). The first and most direct piece of evidence may be scanning electron microscope

images showing precipitated opal-CT in partially dissolved biogenic opal-A (Fig. 2.8).

Figure 2.8: Scanning electron microscope image of: a) opal-CT lepispheres (blue arrows) on the surface of a partially-
dissolved radiolarian skeleton (red arrows) and b) close-up of (a) (from Kastner et al., 1977)

The second evidence is the strength of the Si-O bond. Experiments have shown that silica
diagenesis occurs at energy levels far below the activation energy that is required to break the Si-O
bonds (Mizutani, 1966; 1967; Ernst & Calvert, 1969; Mizutani, 1970). The third piece of evidence is
that the kinetics of a first-order nucleation and growth reaction fit experimental data better than the

kinetics of a zero-order solid state reaction (Stein and Kirkpatrick, 1976).

2.2.1.Kinetics

There are two approaches to the study of reaction rates (i.e. kinetics) of silica diagenesis. The
first approach is to study the opal-A/CT and opal-CT/Q transformation as a whole by reproducing

them under controlled conditions in the laboratory. In the laboratory, the transformation ratio is

10



documented at different times and temperatures to describe the transformation, for example by
Arrhenius’ (1889) equation:

k=A-exp (;—E) @1

where k is the transformation rate, A is the frequency factor, E is the activation energy, R is the gas
constant, and T is the temperature. Table 2.1 summarises the kinetic parameter derived for the opal-

A/CT and opal-CT/Q transformation.

Transformation Activation energy [kcal/mol] Frequency factor [@"] Reference

Opal-A/CT 17.00 6.30:10° Mizutani (1966)
Opal-CT/Q 14.30 4.09-10° Mizutani (1966)
Opal-CT/Q 23.36 1.17-10° Ernst and Calvert (1969)
Opal-CT/Q 27.49 4.24-10" Dralus et al. (2011)

Table 2.1: Kinetic parameters of opal-A/CT and opal-CT/Q transformation

The differences between these parameters are siginificant and presumably highlight that these
transformations were influenced by other factors than time and temperature, for example surface area
or pH. As such these parameters may only predict the opal-A/CT and opal-CT/Q transformation under

certain conditions.

The second approach is based on studying the chemical reactions during opal-A/CT and opal-
CT/Q transformation separately. This involves studying opal-A and opal-CT dissolution, opal-CT and
quartz precipitation, as well as a series of chemical reactions that silica undergoes in solution. It has
been shown that opal-A and opal-CT dissolution is influenced by time, temperature, pressure, pH and
surface area (Williams et al, 1985; Hinman, 1990; Dove & Rimstidt, 1994; Icenhower & Dove,
2000). Silica dissolution strongly depends on time and temperature as the dissolution rate increases
exponentially with time and temperature (Iler, 1979; Williams ef al., 1985; Dove & Rimstidt, 1994;

Icenhower & Dove, 2000). Pressure, on the other side, hardly changes silica solubility and therefore
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has a lesser influence on the dissolution (Iler, 1979; Dove & Rimstidt, 1994). Silica solubility also
increases with the pH for basic solutions (Williams et al., 1985; Hinman, 1990). Another influence on
silica solubility is the surface area; exceptionally large surface areas of biogenic silica, for example,

can strongly increase the solubility (Williams & Crerar, 1985; Williams et al., 1985).

Silica precipitation is also controlled by numerous factors; including time, temperature, pH and
organic content. Time and temperature appear to have a strong control on silica precipitation
(Rimstidt & Barnes, 1980). It has also been suggested that the precipitation rate of opal-CT depends
on the pH of the solution (Williams & Crerar, 1985). The higher the pH of the solution is, the higher
is the precipitation rate of opal-CT (Kastner et al., 1977). It is probably worth noting that carbonate-
rich rocks usually increase the pH, whereas clay-rich rocks reduce the pH of the pore fluids. Hinman
(1990) showed that organic content can cause a similar effect, as organic acids often reduce the pH of

pore fluids.

2.2.2.Water release

Opal-A Opal-CT Quartz
Total water content [wt.%] 8.0-17.0 3.0-10.0 0.5-2.5
Molecular water [wt.%)] 7.0-16.5 2.7-9.9 0.5-1.4
Silanol groups [wt.%] 0.5-1.0 0.1-0.3 0.2-0.9
Storage type Fluid inclusions Atomic structure Atomic structure

Table 2.2: Water content and storage mechanics in silica minerals (Langer & Florke, 1974; Florke et al., 1976; Florke et al.,
1982; Graetsch et al., 1985; Florke et al., 1991; Graetsch et al., 1994; Graetsch & Ibel, 1997; Herdianita et al., 2000; DeMaster,
2003)

During silica diagenesis, the total water content decreases from opal-A to opal-CT to quartz
which leads to the release of significant amounts of water (Tab. 2.2). In these minerals, water occurs
in two types: as molecules or in silanol group (e.g. Langer & Florke, 1974). It is furthermore stored in

two ways; as fluid inclusions or as surface atoms (e.g. Florke et al., 1982; Florke et al., 1991).

Table 2.2 shows that the total water content is reduced by up to 14 wt.% and that the storage

mechanics changes from fluid inclusions to surface atoms during opal-A/CT transformation. During
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opal-CT/Q transformation, the total water content decreases by up to 7.5 wt.% as a result of a reduced

amount of molecular water. The water release during silica diagenesis is important, as it may cause

pore fluid overpressure and enhanced fluid flow in the host strata which in turn may trigger slope

failures or sediment remobilisations (Davies & Clark, 2006; Davies et al., 2006; Davies et al., 2008).

2.2.3.Physical properties

Differences in the structure of opal-A, opal-CT and quartz can result in significant changes of

the physical properties of the host strata during silica diagenesis. These changes can, for example, be

documented in terms of host rock porosity changes (Tab. 2.3).

Reference Region Method Opal-A Opal- Opal-CT  Opal- Quartz
AICT CT/IQ
Isaacs (1981) Monterrey Lab 63 30 33 18 15
Formation, USA (55-70) (25-40) (10-20)
Tada and lijima (1983)  Northern Japan Lab 65 <15 34 0 22
(50-80) (25-42) (10-34)
Compton (1991) Monterrey and Lab 56 25 31 16 15
Sisquoc (44-67) (19-43) (2-27)
Formation, USA
Guerin and Goldberg Offshore New Wireline - 20 - - -
(1996) Jersey, USA
Chaika and Dvorkin Monterrey Lab >55 >12 <43 - -
(2000) Formation, USA
Spinelli et al. (2007) Shikoku Basin, Wireline 60 15 45 7 38
offshore Japan
Kim et al. (2007) East Japan Sea Wireline 71 17 55 18 36
(64-78) (42-67) (32-39)
Meadows and Davies North Sakhalin Seismic 52 13 40 - -
(2009) Basin, Russia; (11-14)  (38-41)
Northeast Atlantic
margin

Table 2.3: Average porosities of opal-A, opal-CT and quartz rich sedimentary rocks and av. porosity reductions associated with
the opal-A/CT and opal-CT/Q transformations. Note that all numbers are volume percentages.
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Isaacs (1981) documents abrupt host rock porosity reductions associated with the opal-A/CT
and opal-CT transformation in the highly-siliceous rocks of the Monterey Formation, USA (Tab. 2.3).
These porosity reductions are explained by matrix collapse of the host rock due to dissolution of opal-
A and opal-CT, respectively. Furthermore, Isaacs (1981) suggests that the porosity reduction during

opal-CT/Q transformation is enhanced by quartz precipitation.

Tada and Iijima (1983) document a porosity reduction associated with the opal-A/CT
transformation in highly-siliceous rocks of Northern Japan (Tab. 2.3). This porosity is also explained
by matrix collapse of the host rock as a result of opal-A dissolution. In contrast to Isaacs (1981), Tada
and lijima (1983) observe no porosity reduction associated with the opal-CT/Q transformation. This
contrast has been related to differences in host lithology, permeability, burial-, transformation rate or

cementation between the siliceous rocks of Northern Japan and the USA.

Compton (1991) confirms the observation of Isaacs (1981) that the opal-A/CT and opal-CT/Q
transformation are associated with abrupt porosity reductions in highly-siliceous rocks of the
Monterrey and Sisquoc Formation, USA (Tab. 2.3). Furthermore, Compton (1991) highlights the
influence of the initial host rock composition on silica diagenesis by suggesting that high initial opal-
A contents can lead to high initial host rock porosities which are abruptly reduced during opal-A/CT

transformation.

Guerin and Goldberg (1996) show that the opal-A/CT transformation can also lead to a
reduction of the porosity of siliceous chalks, offshore New Jersey (Tab. 2.3). They utilise subsurface
p- and s-wave velocity data to infer drastic increases in the shear- (300%) and bulk modulus (60%) of
the host rock associated with the opal-A/CT transformation. These changes led them to suggest that

opal-CT precipitation abruptly increases the host rock rigidity.

Chaika and Dvorkin (2000) confirm the results of Isaacs (1981) and Compton (1991) that the
opal-A/CT transformation is associated with a porosity reduction in the siliceous rocks of the
Monterrey Formation, USA (Tab. 2.3). Two patterns of porosity reduction are observed; a gradual and

an abrupt one. Chaika and Dvorkin (2000) explain the gradual porosity reduction by authigenic clay
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(smectite or illite) precipitation and the abrupt porosity reduction by silica (opal-CT or quartz)
addition, rather than opal-A dissolution, as suggested by Isaacs (1981), Tada and Iijima (1983) and

Compton (1991).

Spinelli er al. (2007) highlight the porosity reduction as well as p-wave velocity increase
associated with silica diagenesis using well data from Ocean Drilling Program Sites 1173 and 1177 of
the Shikoku Basin, offshore Japan (Tab. 2.3). Based on kinetic data of Mizutani (1970), Spinelli et al.
(2007) explain the porosity reduction during opal-CT/Q transformation by rock matrix collapse due to

opal-CT dissolution followed by quartz precipitation, as previously suggested by Isaacs (1981).

Kim et al. (2007) investigate the effect of silica diagenesis on the host rock properties using
well data of Ocean Drilling program sites 127/128 in the East Japan Sea (Tab. 2.3). In addition to
documenting the expected effect of silica diagenesis on the physical rock properties (porosity, density
and velocity), Kim et al. (2007) were able to show that silica diagenesis can also lead to an increase of

the electrical resistivity of the host strata.

Meadows and Davies (2009) introduce a new technique to estimate the porosity reduction
during opal-A/CT transformation from seismic reflection data. This technique is based on the relief
produced by the volume reduction during diagenesis. Meadows and Davies (2009) apply this
technique to examples of the opal-A/CT transformation in the North Sakhalin Basin, Russia and the
Faeroe-Shetland, Vering and Mere Basins, Northeast Atlantic margin. These examples produce

results in the range of values reported by previous studies (Tab. 2.3).

Thyberg et al. (2010) document authigenic quartz aggregates (chains, nests and clusters) in the
Upper Cretaceous mudstones of the northern North Sea using scanning electron microscopy and
cathodoluminescence. The precipitation of these aggregates could have been sourced by opal-A or
opal-CT dissolution. Thyberg et al. (2010) also highlight that these aggregates coincide with density

and p-wave velocity increases of the host strata.
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2.2.4.Seismic studies

Studying silica diagenesis using seismic reflection data provides a new approach that nicely
complements detailed, analytical studies based on well data. Silica diagenesis can be studied with
seismic reflection data because the opal-A/CT and opal-CT/Q transformations lead to bulk density
and p-wave velocity increases (see above) which results in positive acoustic impedance contrasts and

seismic reflections.

Hein et al. (1978) may have been the first to relate a seismic reflection to the opal-A/CT
transformation using seismic reflection data of the Bering Sea. This seismic reflection is produced by

a bottom-simulating reflector; i.e. a reflector that is sub-parallel to the present seafloor (e.g. Fig. 2.9).
SITE
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Figure 2.9: Seismic section showing the bottom-simulating reflector (BSR) associated with the opal-A/CT transformation in the
Bering Sea (Hein et al., 1978)

Pisciotto (1981) confirms that the opal-A/CT transformation can produce seismic reflections
using seismic data of the western North Atlantic, the southern Bering Sea and the northwest Pacific.
Hammond and Gaither (1983) examine the seismic reflection produced by the opal-A/CT
transformation in the Bering Sea and highlight the importance of distinguishing between seismic

reflections produced by silica diagenesis, sequence boundaries and fluid contacts. After these pioneer
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studies, seismic reflections produced by silica diagenesis were identified in numerous sedimentary
basins worldwide (Hempel et al, 1989; Bohrmann et al., 1992; Kuramoto et al., 1992; Riis &
Fjeldskaar, 1992; Mayerson & Crouch, 1994; Brekke et al., 1999; Brekke, 2000). Even though these
studies were able to identify ‘diagenetic’ reflections, it was very difficult to gain insights into silica

diagenesis from the available seismic data.
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Figure 2.10: Seismic section showing the cross-cutting seismic reflection produced by the opal-CT/Q transformation which was

misinterpreted as an oil-water contact and drilled by Qulleg-1 (Pegrum et al., 2001).

Another set of studies was presumably motivated by the misinterpretation of a seismic
reflection produced by the opal-CT/Q transformation in the Fylla area, offshore SW Greenland (Fig.
2.10). In this area, the cross-cutting seismic reflection produced by the opal-CT/Q transformation was
misinterpreted as an oil-water-contact and drilled by Qulleq-1 (Fig. 2.10) (Isaacson & Neff, 1999;
Pegrum et al., 2001). To avoid these misinterpretations, Pedersen et al. (2005) and Selnes ef al.
(2013) provide amplitude-versus-offset responses of fluid contacts and silica transformations. Berndt
et al. (2004) and Ireland et al. (2011) furthermore characterise seismic reflections produced by gas

hydrates, silica-, clay- or carbonate diagenesis.
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In addition to these studies which primarily examine the seismic expression of the opal-A/CT
or opal-CT/Q transformation, several studies have focussed on deriving the extent, controls and
effects of silica diagenesis using seismic reflection data. Davies and Cartwright (2002) and Neagu et
al. (2010), for example, used seismic reflection data to map the opal-A/CT transformation over an
area of 10 000 and 7800 km® on the Northeast Atlantic and Norwegian margin, respectively. They
also use the reflection morphology to infer the age of fossilisation (cessation of upward migration) of
the opal-A/CT transformation. Furthermore, Davies (2005) and Meadows and Davies (2007) use
seismic reflection data to highlight the influence of the host lithology on the opal-A/CT

transformation and to derive the effect of silica diagenesis on compaction (e.g. Fig. 2.11).
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Figure 2.11: Seismic section showing remarkable structure formed by the opal-A/CT transformation (Meadows & Davies,
2007)
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Seismic reflection has also been used to suggest that silica diagenesis can promote fluid flow
(Davies et al., 2008), prime clastic intrusions (Davies et al., 2006), destabilise slopes (Volpi et al.,
2003; Davies & Clark, 2006), and drive polygonal faulting (Shin et al., 2008; Davies et al., 2009;
Cartwright, 2011; Davies & Ireland, 2011). These studies provide new insights into silica diagenesis

on a scale (metre to kilometre) that is difficult to cover by field and well studies.
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Figure 3.1: a) Simplified map of the North Viking Graben (NVG), offshore Norway, highlighting the major faults, the Horda- and
East Shetland Platform (after Holgate et al., 2013), the inserted regional map shows previous studies of silica diagenesis in the
VB: Vering Basin (Davies & Cartwright, 2002), GR: Gjallar Ridge (Ireland et al., 2011), SHB: Faeroe-Shetland Basin (Davies,
2005)and the MB: Mgre Basin (Neagu et al., 2010), b) Basemap showing the surface well locations and 3-D seismic surveys
used in this study, c) Geoseismic section illustrating the major faults and stratigraphic units (after Holgate et al., 2013) and d)

Simplified stratigraphic column for the NVG.

illustrated in Fig. 3.1a.

Location of the basemap (Fig. 3.1b) and geoseismic section (Fig. 3.1c) is

The study area is located in the North Viking Graben, offshore Norway (Fig. 3.1). The Viking

Graben formed in the late Middle Jurassic-to-earliest Cretaceous in response to crustal extension (Fig.

3.1c). The main Late Jurassic rift phase was characterised by rapid subsidence and the formation of

large-displacement normal faults that bounded graben and half-graben basins (e.g. Badley et al., 1988;

Yielding, 1990; Faerseth et al., 1997). At the beginning of the post-rift phase, in the Early Cretaceous,
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a change from fault- to thermally-controlled subsidence occurred (Joy, 1993; Brekke, 2000; Jordt et
al., 2000; Kyrkjebg et al., 2001; Faleide et al., 2002). The post-rift period was tectonically quiet,
although two major uplift phases occurred in the North Viking Graben: an early Palacocene phase,
which was related to rifting, magmatism and the break-up NE Atlantic (e.g. Nadin & Kusznir, 1995),
and a Middle Miocene phase which was related to the reorganisation of the North Atlantic plate (e.g.
Loseth et al., 2013). Understanding the tectono-stratigraphic evolution of the North Viking Graben is

crucial, as it helps reconstructing the spatial and temporal evolution of silica diagenesis.

The post-rift succession in the North Viking Graben is up to 5 km thick and dominated by
marine mudstones of the Shetland, Rogaland and Hordaland groups (Fig. 3.1c, d). This study focuses
on the ¢. 800 m thick Hordaland Group, which was probably deposited in the distal reaches of a
prograding delta (Rundberg & Eidvin, 2005). Deposition of the Hordaland Group started during the
Eocene (Rundberg, 1989), with sediments primarily sourced from the Shetland-Scotland area and
Scandinavia (Rundberg & Eidvin, 2005; Anell et al., 2012; Eidvin et al., 2014). During the Early
Oligocene, Scandinavia became the dominant sediment source and a westward-thinning wedge was
deposited along the western Norwegian margin (Rundberg & Eidvin, 2005; Eidvin ef al., 2014). This
wedge, in addition to much of the Hordaland Group, consist of organic-rich, argillaceous mudstones
(Rundberg & Eidvin, 2005). The Hordaland Group also contains siltstone- and sandstone-rich
successions, such as the Frigg, Grid and Skade formations. These formations were primarily sourced
from the Shetland-Scotland area, despite the main sediment supply having shifted, at this time, to the
cast (Eidvin et al., 2014). During the Early Miocene, regional intra-plate shortening led to erosion of
Hordaland Group mudstones above a long-wavelength dome (e.g. Rundberg & Eidvin, 2005). This
uplift event and associated stratigraphic surface marks the transition from the Hordaland to the
Nordland Group. Eidvin and Rundberg (2001) estimate the erosional break to last from approximately
6-17 Ma in the northern North Sea and Leseth ef al. (2013) estimate a net erosion of less than 100 m.
It is furthermore worth noting that the Early Palaeocene to Middle Miocene Hordaland Group hosts a
regionally-extensive polygonal fault system that has been related to overpressure, regional extension

and gravitational sliding (Rundberg, 1989; Jordt, 1996; Clausen et al., 1999).
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During the Pliocene and Pleistocene regional uplift of Fennoscandia resulted in a relatively
rapid, volumetrically-significant influx of non-siliceous clastic material (Faleide et al., 2002) and
deposition of a relatively thick (up to 600 m), clinoform-bearing succession along the eastern flank of

the North Viking Graben (Anell et al., 2012; Ottesen ef al., 2012).
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4. DATA & METHODS

In this study, optical- and scanning electron microscopy are used to analyse the mineralogy of
the Cenozoic rocks of the North Viking Graben. Quantitative X-ray diffraction data are combined
with wireline data to investigate how silica diagenesis influences the physical properties of the host
strata. These analyses were undertaken on 136 cuttings samples taken at regular intervals (every 10
m) from exploration wells 35/10-1 (sampling interval: 1030-1500 m) and 35/11-5 (sampling interval:
900-1790 m) throughout the Hordaland Group. Because cuttings samples of exploration well 35/10-1
produced excellent scanning electron microscopy images of the key silica minerals (opal-A, opal-CT,
quartz), optical- and scanning electron microscopy was focussed on this well. Quantitative X-ray
diffraction, on the other side, was conducted on samples of both wells (35/10-1 and 35/11-1). These
wells were chosen because they offered a suite of complete, high-quality wireline logs that are used to
assess the influence silica diagenesis on the physical properties of the host strata. Although correct
depth attribution of cuttings can be problematic due to borehole caving, the consistency of the

presented data and the absence of outliers indicate that cuttings were correctly depth referenced.

4.1. OPTICAL MICROSCOPY

For an initial assessment of the rock textures, ten polished thin sections (30 um) were made of
cuttings from exploration well 35/10-1 at the Natural History Museum (Fig. 4.1.). These thin sections
were analysed with an optical microscope (Brunel SP1500XP) using plane, plane-reflected and cross-

polarised light. Different objectives allow magnifications of 5, 10, 40 and 60.
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Figure 4.1: Thin section images of plane, plane-reflected and cross-polarised light for exploration well 35/10-1. Note the presence of biogenic opal-A as well as angular, macroscopic quartz grains
(0.01-0.2 mm).
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4.2. SCANNING ELECTRON MICROSCOPY

Scanning electron microscopy was conducted on cuttings samples from exploration well 35/10-
1 to identify the key minerals (opal-A, opal-CT and quartz) based on their textural and morphological
characteristics (Fig. 4.2). The samples were prepared by gluing part of the cutting samples to a stub
using slow-drying araldite. The samples were silver-coated to avoid artefacts induced by electron
build-ups. A Carl Zeiss Ultra Plus Field Emission scanning electron microscope belonging to the
Natural History Museum was operated at 5 kV with an aperture size of 30 pm. This microscope has a
magnification of up to 100 000 (i.e. a resolution of up to 10 nm), allowing opal-A, opal-CT and quartz
to be observed in great detail. The microscope is equipped with an Oxford instruments X-Max energy
dispersive X-ray detector that was used to determine the chemical composition of the samples (atomic

number greater than five) with a detection limit of the order to 0.2 wt.%.
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Figure 4.2: Scanning electron microscopy images of cutting samples of exploration well 35/10-1. Note the presence of opal-A (at various depths), opal-CT (at 1330 m) and macroscopic quartz (at
1550 m). White crosses correspond to energy dispersive X-ray diffractograms which are shown on Figure 8.1.
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4.3. X-RAY DIFFRACTION

X-ray diffraction was applied to identify and quantify the composition of 136 cuttings samples
of wells 35/10-1 and 35/11-5. Sample preparation, analysis and mineral identification are based on
Brown et al. (1980), Moore and Reynolds (1997), and Hillier (2002). The quantification is based on
the whole-pattern-stripping method of Cressey and Schofield (1996) and Batchelder and Cressey
(1998). Measurements were conducted on unoriented powder samples using an Enraf-Nonius PDS
120 diffractometer with a curved position-sensitive detector configured in vertical geometry with a 20
detection range of 0-120° (Natural History Museum). CuKa, radiation was selected using a
germanium 111 monochromator. Tube-operating conditions were 45 kV and 45 mA with slits
restricting the beam to 0.24x5.0 mm (horizontally/vertically) and an acquisition time of 30 min per
sample. 20 linearisation was conducted using a least-square cubic spline function. Additionally, clay
fractions (< 2 um) of five oriented samples of exploration well 35/10-1 (depth: 1050, 1150, 1250, 310
and 1510 m) were measured after being air-dried, ethylene glycolated, heated to 400°C and heated to

500°C, respectively (Fig. 4.3).

4.3.1.Identification

Clay-, silica- and other minerals were identified by X-ray diffraction. In this study, clay mineral
groups rather than specific minerals are discerned. For instance, the presence of smectite is, in
accordance with Moore and Reynolds (1997), inferred from the change of the 001 peak from ~5.2° in
ethylene glycolated to ~6° in air-dried to ~10° in heated samples (Fig. 4.3). It is furthermore inferred
that smectite occurs in mixed-layer illite-smectite rather than in isolation, as the 001 peak in
glycolated samples is diffuse rather sharp (Hillier, 2002) (Fig. 4.3). In accordance with Moore and
Reynolds (1997), the presence of illite is inferred from characteristic peaks around 9, 18 and 26° (Fig.
4.3). Kaolinite is identified by peaks around 12.3 and 24.9° and discerned from chlorite based on the
absence of a peak around 6.3° and the disappearance of the 001 peak during heating to 500°C (Fig.

4.3).
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Signatures of opal-A, opal-CT and quartz are also observed by X-ray diffraction. The X-ray

diffraction pattern of opal-A is a diffuse band between ~10-40° (e.g. Figs. 4.3a,b; 4.4) (Jones &

Segnit, 1971; von Rad et al., 1978). Opal-CT is identified from on the asymmetric double-peak

between 20-21.5° (e.g. Figs.4.3c,d; 4.4) (Jones & Segnit, 1971; Florke et al., 1975; Guthrie et al.,

1995) and quartz is identified based on the strong 001 peak at 26.6° (e.g. Fig. 4.3, 4.4) (Moore &

Reynolds, 1997). The presence of calcite and pyrite is derived from peaks around 29.4 and 33°,

respectively, while the presence of barite, sylvite and halite is inferred from peaks 42.8, 28.3 and 31.7,

respectively (Swanson et al., 1953; Moore & Reynolds, 1997). The identified minerals and their

characteristic features are summarised in Table 4.1.

Minerals Diagnostic features 20 [°] d-spacing [A] References

lllite-Smectite 001 peak shift Moore and Reynolds (1997), Hillier
Ethylene glycolated ~5.2 ~17 (2002)
Air-dried ~6 ~15
Heated ~10 ~9

Diffuse 001 peak
Ethylene glycolated

lllite 001 peak ~9 ~10
002 peak ~18 ~5
003 peak ~26 ~3.38
Kaolinite 001 peak 12.3 717
002 peak 24.9 3.58
Opal-A Diffuse band ~10-40 ~2.2-8.8
Opal-CT Asymmetric double-peak 20 & 4.13-4.44
21.5
Quartz 001 peak 26.6 3.343
Calcite Peak 29.4 3.035
Pyrite 200 peak 33 2.709
Barite Peak 42.8 2.11
Sylvite Peak 28.3 3.15
Halite Peak 317 2.82

Moore and Reynolds (1997), Hillier
(2002)

Moore and Reynolds (1997), Hillier
(2002)

Jones and Segnit (1971) , von Rad et al.
(1978)

Jones and Segnit (1971), Florke et al.
(1975), Guthrie et al. (1995)

Moore and Reynolds (1997)

Moore and Reynolds (1997)

Moore and Reynolds (1997)
Swanson et al. (1953)

Swanson et al. (1953)

Swanson et al. (1953)

Table 4.1: Minerals identified based on their diagnostic features.
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4.3.2.Quantification

20
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Figure 4.4: Example of X-ray diffractograms showing the observed pattern of measured sample (top black), the fitted
composite pattern of identified minerals (top green) and pattern of identified minerals (illite-smectite, illite, opal-A, opal-CT and
quartz).

After identifying the minerals present in the samples, their contribution to the whole rock is
quantified using the whole-pattern-stripping method described by Cressey and Schofield (1996). This
method has been extended to clay-bearing samples by Batchelder and Cressey (1998). Following this
method, diffraction patterns of the identified minerals were measured on standards of the Natural
History Museum under the same conditions used to measure the samples (see above). Diffraction
patterns of the samples are matched to composites of diffraction patterns of identified minerals (Fig.
4.4). In technical terms, the difference between these patterns are minimalized by changing the
intensity ratios between them using a generalised reduced gradient algorithm (e.g. Lasdon et al.,
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1978). This algorithm delivers intensity ratios between diffraction patterns of minerals and samples.

These ratios are used to calculate the volume fractions of these mineral in the sample using the

correction of Batchelder and Cressey (1998):

n
= vi(W' /) 4.1)
i— T
2ivi (W'/1)
x; — Volume fraction of phase i
v; — Intensity ratio between phase i and sample
W’ — Apparent matrix absorption coefficient
W; — Absorption coefficient of phase i
with the absorption coefficients listed in Tab. 4.2.
Elements Minerals
Atomic Standard Absorption Absorotion
Number Symbol atomic coefficient Name Chemical formula o
2 . 2 coefficient
[cm</g] weight [cm?/g]
1 H 1.008 0.40 Opal-A Sio, 34.84
6 c 12.011 4.30 Opal-CT Sio, 34.84
8 O 15.999 10.94 Quartz SiO, 34.84
1 Na 22.990 15.74 Smectite Nao_zcao_1Alzsi4010(OH)2(H20)10 34.59
13 Al 26.982 39.04 Illite/Smectite - 36.70
; ; Ko.g(H30)o.4Al13Mgo 3

14 28. 48.67 Il i .

Si 8.085 8.6 ite Fe? 01Si35010(OH )z (H20) 38.80
16 S 32.066 62.07 Kaolinite Al,Si,05(0H), 29.79
17 Cl 35.451 89.70 Calcite CaCOs; 71.51
19 K 39.098 102.74 Pyrite FeS; 192.69
20 Ca 40.078 138.48 Barite BaSO 219.35
26 Fe 55.845 164.19 Sylvite Kcl 121.49
56 Ba 137.327 310.94 Halite NaCl 73.70

Table 4.2: Absorption coefficients of chemical elements and minerals calculated according to Batchelder and Cressey (1998).

By repeating this procedure for all cuttings samples, the composition is determined (Figs. 4.5, 4.6).

Batchelder and Cressey (1998) estimate the precision of this method to be 3% in clay-bearing

samples lacking an amorphous phase. Because opal-A produces a broad band rather than a sharp peak

such as crystalline phases, the applied method is probably less certain. Unfortunately, the uncertainty

of this method when applied to amorphous phases has not been quantified. Conley (1998) however

suggest that opal-A contents derived by X-ray diffraction (e.g. Eisma & Van der Gaast, 1971)

typically exceed opal-A contents derived by wet-chemical digestion techniques by >10%.
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Figure 4.5: Mineral content (in vol. %) of cuttings sample from 900-1790 m depth in exploration well 35/10-1 derived by X-ray
diffraction.
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Figure 4.6: Mineral content (in vol. %) of cuttings sample from 1030-1500 m depth in exploration well 35/11-5 derived by X-ray
diffraction.

4.4. MINERALOGICAL DATA

4.4.1.Descriptive statistics

This section contains a statistical description of the quantitative X-ray diffraction data. While
Figures 4.7 and 4.8 show data of exploration well 35/10-1 and 35/11-5, respectively, Tables 4.3 and

4.4 contain the corresponding statistics.
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Figure 4.7: Mineral contents with depth of well 35/10-1.
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n min max range mean var sd skew  kurtosis se

llite-Smectite 89 25.12 81.01 55.9 55.59 192.65 13.88 0.03 -1.06 1.47
lllite 89 0 28.04 28.04 9.35 54.61 7.39 0.19 -1.03 0.78
Kaolinite 89 0 6.82 6.82 1.12 1.42 1.19 1.44 3.93 0.13
Opal-A 89 0 31.76 31.76 10.27 101.81 10.09 0.54 -1.11 1.07
Opal-CT 89 0 14.97 14.97 1.57 9.49 3.08 2.47 6.02 0.33
Quartz 89 6.56 62.51 55.94 16.58 54.76 7.4 3.26 16.72 0.78
Calcite 89 0 1.59 1.59 0.26 0.17 0.41 1.52 1.09 0.04
Pyrite 89 0 14.03 14.03 3.05 11.49 3.39 1.15 0.3 0.36
Barite 89 0 4.14 4.14 1.29 0.88 0.94 0.59 -0.18 0.1
Sylvite 89 0 0.89 0.89 0.35 0.08 0.28 0.03 -1.44 0.03
Halite 89 0 21 21 0.58 0.33 0.57 0.94 -0.21 0.06

Table 4.3: Statistics of mineralogical data of exploration well 35/10-1 with n — number of samples, min — minimum, max —
maximum, range — range, mean — arithmetic mean, var — variance, sd — standard deviation, skew — skewness, kurtosis —
kurtosis and se — standard error.

n min max range mean var sd skew  kurtosis se
lllite-Smectite 48 30.86 80.84 49.99 55.85 152.03 12.33 0.2 -0.92 1.78
lllite 48 0 23.34 23.34 13.19 23.33 4.83 -0.36 0.11 0.7
Kaolinite 48 0 9.06 9.06 1.88 2.28 1.51 2.05 8.4 0.22
Opal-A 48 0 28.22 28.22 8.17 72.08 8.49 0.85 -0.59 1.23
Opal-CT 48 0 13.84 13.84 1.81 11.49 3.39 2.21 3.99 0.49
Quartz 48 5.21 31.38 26.16 14.91 37.33 6.11 1.09 0.78 0.88
Calcite 48 0 247 2.47 0.33 0.36 0.6 2.04 3.05 0.09
Pyrite 48 0 5.62 5.62 1.08 1.59 1.26 1.85 3.89 0.18
Barite 48 0 4.48 4.48 1.34 1.35 1.16 0.82 -0.3 0.17
Sylvite 48 0 3.43 3.43 1.15 0.59 0.77 0.87 0.46 0.11
Halite 48 0 1.57 1.57 0.3 0.10 0.32 2.45 5.99 0.05

Table 4.4: Statistics of mineralogical data of exploration well 35/11-5 with n — number of samples, min — minimum, max —
maximum, range — range, mean — arithmetic mean, var — variance, sd — standard deviation, skew — skewness, kurtosis —
kurtosis and se — standard error.

These statistics are calculated according to standard definitions (see Everitt & Skrondal, 2002) in R

(2014), i.e. the arithmetic mean (X) is:

(4.2)

where x are the sample values and n is the number of samples. The (unbiased) sample variance (c,)

and standard deviation (c,) are:
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1 (4.3)

The skewness (b) is:

ms (4.4)

n . (4.5)

The kurtosis (b,) is:
m
b, = _;1» _3 (4.6)
Gx
1 n . (4.7)
my == (-9
i=1
The standard error (se) is:
Ox (4.8)
se =—=
vn

4.4.2.Correlation

To explore for mineral transformations, mineral contents are cross-plotted and correlation

coefficients are calculated using R (2014). The Pearson (1895) correlation coefficient (ryy) is:

o= Cxy 4.9)
¥ oy0y

with:

1 - (4.10)
Cy =mZ(xi SR

where c,, is the (unbiased) covariance of two sample sets x; and y;.
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Figure 4.9: Cross-plots between mineral contents in exploration well 35/10-1, ordered and coloured by the absolute value of the correlation coefficients (yellow: 0-0.16, green: 0.17-0.39, red: 0.40-

1.00).

Barite Opal-CT Quartz Kaolinite Sylvite Pyrite lllite lllite-Smectite Opal-A Depth Calcite Halite
Barite 1.00 0.10 -0.04 0.11 0.19 -0.17 0.18 -0.22 0.10 -0.22 0.26 0.02
Opal-CT 0.10 1.00 -0.21 0.26 0.27 -0.31 0.26 -0.13 -0.12 0.04 0.17 0.03
Quartz -0.04 -0.21 1.00 -0.33 -0.36 0.26 -0.34 -0.20 -0.16 0.11 -0.12 -0.15
Kaolinite 0.1 0.26 -0.33 1.00 0.43 -0.54 0.65 -0.47 0.36 -0.37 0.19 0.01
Sylvite 0.19 0.27 -0.36 0.43 1.00 -0.80 0.53 -0.50 0.62 -0.62 0.49 0.31
Pyrite -0.17 -0.31 0.26 -0.54 -0.80 1.00 -0.70 0.60 -0.62 0.68 -0.43 -0.17
lllite 0.18 0.26 -0.34 0.65 0.53 -0.70 1.00 -0.68 0.48 -0.45 0.44 0.10
lllite-Smectite -0.22 -0.13 -0.20 -0.47 -0.50 0.60 -0.68 1.00 -0.78 0.67 -0.38 -0.07
Opal-A 0.10 -0.12 -0.16 0.36 0.62 -0.62 0.48 -0.78 1.00 -0.82 0.27 0.10
Depth -0.22 0.04 0.1 -0.37 -0.62 0.68 -0.45 0.67 -0.82 1.00 -0.23 -0.10
Calcite 0.26 0.17 -0.12 0.19 0.49 -0.43 0.44 -0.38 0.27 -0.23 1.00 0.16
Halite 0.02 0.03 -0.15 0.01 0.31 -0.17 0.10 -0.07 0.10 -0.10 0.16 1.00

Table 4.5: Ordered correlation coefficients between mineral contents and depth of exploration well 35/10-1.
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Figure 4.10: Cross-plots between mineral contents in exploration well 35/11-5, ordered and coloured by the absolute value of the correlation coefficients (yellow: 0-0.16, green: 0.17-0.39, red: 0.40-

1.00).

Opal-CT Pyrite Barite Sylvite Kaolinite Quartz lllite-Smectite Depth Opal-A Calcite Halite lllite
Opal-CT 1.00 0.10 -0.06 -0.05 0.03 0.04 -0.11 -0.03 -0.27 -0.24 -0.19 0.03
Pyrite 0.10 1.00 0.05 0.05 0.08 -0.02 0.05 0.22 -0.29 -0.22 0.27 0.04
Barite -0.06 0.05 1.00 0.55 0.08 0.27 -0.18 -0.13 0.02 0.15 0.10 -0.26
Sylvite -0.05 0.05 0.55 1.00 0.21 0.28 -0.44 -0.33 0.24 0.19 -0.13 0.01
Kaolinite 0.03 0.08 0.08 0.21 1.00 0.22 -0.44 -0.31 0.08 -0.06 -0.33 0.32
Quartz 0.04 -0.02 0.27 0.28 0.22 1.00 -0.65 -0.52 0.21 0.02 -0.15 -0.15
lllite-Smectite -0.11 0.05 -0.18 -0.44 -0.44 -0.65 1.00 0.87 -0.67 -0.41 0.41 -0.21
Depth -0.03 0.22 -0.13 -0.33 -0.31 -0.52 0.87 1.00 -0.85 -0.56 0.26 0.1
Opal-A -0.27 -0.29 0.02 0.24 0.08 0.21 -0.67 -0.85 1.00 0.64 -0.22 -0.18
Calcite -0.24 -0.22 0.15 0.19 -0.06 0.02 -0.41 -0.56 0.64 1.00 -0.12 -0.03
Halite -0.19 0.27 0.10 -0.13 -0.33 -0.15 0.41 0.26 -0.22 -0.12 1.00 -0.34
llite 0.03 0.04 -0.26 0.01 0.32 -0.15 -0.21 0.1 -0.18 -0.03 -0.34 1.00

Table 4.6: Ordered correlation coefficients between mineral contents and depth of exploration well 35/11-5.
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4.5. WELL DATA

This study uses lithology information based on cutting descriptions, bottom-hole temperatures
and core porosities of the Norwegian Petroleum Directorate (NPD, 2014). Furthermore, wireline data
of sixteen exploration wells including gamma ray, neutron porosity, bulk density and p-wave velocity

logs, are used (Tab. 4.7).

Wells Depth range [m] Wireline data Others
35/8-2 26-4356 AIMP, CALI, DT, GR, NPHI, RHOB, VELC, VSH BHT
35/11-6 27-3997 CALI, DRHO, DT, DTS, GR, NPHI, RD, RHOB, RM, RMIC, VELC BHT
35/11-2 23-4035 AIMP, CALI, DT, GR, NPHI, RD, RHOB, RM, RMIC, SP, VELC, VSH BHT
35/10-1 23-3860 AIMP, CALI, DT, GR, NPHI, RHOB, SP, VELC BHT, XRD
35/11-5 27-3768 AIMP, CALI, DRHO, DT, GR, NPHI, RD, RHOB, RM, RMIC, SP, VELC, VSH BHT, XRD
31/2-8 361-3386 AC, CALI, DEN, GR, NEU, RDEP, RMED, RMIC BHT
31/2-9 350-1769 AC, CALI, DEN, GR, NEU, RDEP, RMED, RMIC BHT
31/2-14 349-1730 AC, CALI, DEN, GR, NEU, RDEP, RMED, RMIC BHT
31/2-7 353-1668 AC, CALI, DEN, GR, NEU, RDEP, RMED, RMIC BHT
31/2-4 0-5037 CALI, DRHO, DT, GR, NPHI, RD, RHOB, RM, RSH BHT,
HEL_POR
31/2-12 446-1620 AC, CALI, DEN, GR, NEU, RDEP, RMED, RMIC BHT
31/2-11 355-1740 AC, CALI, DEN, GR, NEU, RDEP, RMED, RMIC BHT
31/2-10 343-1839 AC, CALI, DEN, GR, NEU, RDEP, RMED, RMIC BHT
31/2-13 S 347-2013 AC, CALI, DEN, DT, GR, NEU, RDEP, RHOB, RMED BHT
31/2-5 348-2530 AC, CALI, DEN, GR, NEU, RDEP, RMED, RMIC BHT,
HEL_POR
31/5-3 351-2254 AC, CALI, DEN, GR, NEU, RDEP, RMED, RMIC, SP BHT

Table 4.7: Well table (AC-Average sonic travel time, AIMP-acoustic Impedance, BHT-bottom hole temperature, CALI-calliper,
DEN-bulk density, DRHO-density correction, DT-interval transit time, DTS-shear wave slowness, GR-gamma ray, HEL_POR-
helium porosity, NEU/ NPHI-neutron porosity, RD/RDEP-deep resistivity, RHOB-bulk density, RM/RMED-medium resistivity,
RMIC/RSH-micro resistivity, SP-spontaneous Potential, VELC-compressional velocity, VSH-shale volume, and XRD-X-ray
diffraction data).

The wireline log quality was checked using caliper and density correction logs according to

Rider and Kennedy (2011).

4.5.1.Petrophysics

To constrain the influence of silica diagenesis on compaction, porosity logs were derived from
wireline data for all sixteen exploration wells. First, clay volumes were calculated from the neutron
porosity and bulk density logs using a standard method described by Rider and Kennedy (2011).
Three end-member points (i.e. clay point, fluid point and matrix point) were defined based on a
neutron porosity/bulk density cross-plot. Based on the distance to these end-member points, the clay
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volume of each data point was calculated. As the definition of these end-member points is crucial to
the precision of the method, lithology information from well reports (NPD, 2014) were used in
addition to the data cloud to define the end-member points for each well. The clay point had typically
values around 0.6 (neutron porosity) and 2.2. g/cm’ (bulk density). The pore fluid was assumed to be
pore water (i.e. neutron porosity and bulk density to be 1) and the rock matrix to consist of clays (i.e.
neutron porosity of 0 and bulk density of 2.2 g/cm”). Based on these parameters, the clay volume was

calculated for each data point as the relative distance between end-member points:

(pr—pm) * (n—1np) — (p — pm) * (N — ny) (4.11)
pr — Pm) - (ng —ny) — (pc — pm) * (N — ny)

Vclay = (

Vaay — Clay volume

p - Bulk density of data points

Pc — Bulk density of clay point (c. 2.2 g/cm’)
PF - Bulk density of fluid point (1 g/cm®)

PM - Bulk density of matrix point (c. 2.2 g/cm’)
n - Neutron porosity of data points

nc - Neutron porosity of clay point (0.6)

Ng — Neutron porosity of fluid point (1)

Ny - Neutron porosity of matrix point (0)

Based on the clay volumes, five porosity logs were calculated from bulk density, neutron
porosity and sonic logs, and combinations of the neutron porosity/bulk density and neutron
porosity/sonic logs. The accuracy of these five porosity logs was assessed by comparing them to core

porosities in exploration wells 31/2-5 (Fig. 4.11).
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Figure 4.11: Comparison of porosity logs derived from sonic, neutron porosity, bulk density, neutron porosity & bulk density as
well as neutron porosity & sonic to core porosities.

This comparison shows that porosity logs derived from bulk density provide the most accurate
estimate (average difference <10 %) and therefore have been used in all subsequent analyses. These

porosity logs were calculated from clay volume and bulk density:

pM — P — Velay - (Pm — Pc) (4.12)
PM — PF
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(Effective) porosity

PM - Matrix density (2.2 g/cm’)

p — Input bulk density log

Velay Clay volume (calculated earlier)
Pc - Wet clay density (2.3 g/cm’)

PF - Filtrate density (1 g/cm’)

4.5.2.Descriptive statistics

This section contains a statistical description of the wireline data used in this study. While
Figures 4.12 and 4.13 show data of exploration well 35/10-1 and 35/11-5, Tables 4.8 and 4.9 contain

the corresponding statistics calculated using Equations 4.2-4.10 in R (2014).
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Fig. 4.12: Bulk density, p-wave velocity and porosity logs of well 35/11-5.
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Fig. 4.13: Bulk density, p-wave velocity and porosity logs of well 35/10-1.
n min max range mean var sd skew kurtosis se
DEN 5840 1.48 272 1.24 1.98 0.03 0.16 0.07 -0.32 0
SON 5840 1.9 2.97 1.07 2.11 0.01 0.1 1.38 5.08 0
POR 5840 0.01 60 59.99 42.79 94.67 9.73 -0.08 -0.49 0.13

Table 4.8: Statistics of wireline data of exploration well 35/10-1 with n — number of samples, min — minimum, max — maximum,
range — range, mean — arithmetic mean, var — variance, sd — standard deviation, skew — skewness, kurtosis — kurtosis and se —
standard error.

n min max range mean var sd skew kurtosis se
Bulk density 3084 1.47 2.73 1.26 1.94 0.01 0.1 0 1.53 0
P-wave velocity 3084 1.9 3.18 1.27 2.11 0.01 0.12 2.54 15.54 0
Porosity 3084 1.04 60 58.96 4478  36.48 6.04 -0.1 117 0.1

Table 4.9: Statistics of wireline data of exploration well 35/11-5 with n — number of samples, min — minimum, max — maximum,
range — range, mean — arithmetic mean, var — variance, sd — standard deviation, skew — skewness, kurtosis — kurtosis and se —
standard error.

43



4.6. DATA INTEGRATION

To investigate the influence of silica diagenesis on the host rock properties, quantitative
mineralogical and wireline data are integrated. For the integration, the two data types need to have the
same scale. While mineralogical data is based on cuttings samples which were recovered in 10
intervals, wireline data is available every 0.125 m. To match the scales, wireline data is averaged over
10 m intervals. Moreover, two outliers (at 1250 and 1780 m depth) with anomalously-high quartz
contents (>40 vol.%) are removed from exploration well 35/10-1. The analysed data is provided in the

appendix (Tabs. 8.1, 8.2).

4.6.1.Correlation

The correlation between composition and rock properties is assessed using crossplots and

correlation coefficients (Tabs. 4.10, 4.11) (Figs. 4.14, 4.15).

lllite-Smectite llite Kaolinite Opal-A  Opal-CT  Quartz Calcite Pyrite Barite  Sylvite  Halite

Bulk 074 -0.46 039 -0.83 001 014 029 061 -010 -056 -0.16
density
P-wave 0.27 -0.08 0.00  -0.51 035 008 -008 022 001 -018 -0.08
velocity
Porosity 0.74 046 040 083 002 015 028 -062 011 057 0.16

Table 4.10: Correlation coefficients between mineral contents and wireline data in exploration well 35/10-1.

lllite-Smectite llite Kaolinite Opal-A  Opal-CT Quartz Calcite Pyrite Barite Sylvite Halite

5“"‘. 023 0.12 0.05 -049 034 000 -038 000 -0.09 -014 -0.13
ensity
P-wave 0.14 013 026  -0.59 046 014 -047 014 013 -017 -0.04
velocity
Porosity 023 -0.12 005 049 033 000 038 000 009 014 013

Table 4.11: Correlation coefficients between mineral contents and wireline data in exploration well 35/11-5.
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Fig. 4.14: Crossplots of mineral contents versus wireline data of well 35-10-1.
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4.6.2.Multiple linear regression analysis

Multiple regression analysis is applied to examine the influence of composition (in particular
opal-A, opal-CT and quartz contents) on the physical host rock properties (in particular porosity)
while accounting for depth. Multiple linear regression is concerned with the relationship of a set of

variables X to another variable y:

Y1 1 X111 - Xk1 B1 Ug (4.13)
Y2 | _[1 X2 - Xk B, U
B I : c T
Yn 1 Xin - Xkn Bk Up
y=XB+u (4.14)

where y is the dependent variable; X are the independent variables; (B are the regression coefficients
and u is the error term (Everitt & Skrondal, 2002). The most common estimator for multiple linear

regression is ‘ordinary least squares’ which minimises the sum of the squared residuals:

B = (XX) 'xTy (4.15)

with P referring to the estimated regression coefficients and

i=y—-Xp (4.16)

being the estimated error term (residual).

To select the appropriate independent variables, all subsets regression is applied. All subsets
regression runs all possible models and ranks them based on a predefined criterion. This study uses
the Bayesian information criterion or BIC (Schwarz, 1978) which accounts for model fit and the

number of variables in the model:

BIC = —2In(L) +m - In(n) (4.17)
with L the maximised value of the likelihood function, m the number of free variables and n the
number of observations. The BIC is chosen because it penalises the inclusion of additional
independent variables in line with the parsimony principle. The ten ‘best’ models with the lowest BIC

are listed in Tabs. 4.12 and 4.13, respectively.
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Model Intercept Depth lllite-Smectite lllite Kaolinite Opal-A Opal-CT Quartz Calcite Pyrite Barite Sylvite Halite R? adR? BIC
1 1 0 0 0 0 1 0 0 0 1 0 0 0 071 071 -9547
2 1 0 0 0 0 1 1 0 0 0 0 0 0 071 0.70 -94.79
3 1 0 0 0 0 1 0 0 0 0 0 0 0 070 0.69 -9442
4 1 1 0 0 0 1 0 0 0 1 0 0 0 072 0.71 -93.96
5 1 0 0 0 1 1 0 0 0 0 0 0 0 071 0.70 -93.78
6 1 0 0 0 0 1 1 0 0 1 0 0 0 072 071 -92.46
7 1 0 0 0 0 1 0 0 0 1 0 0 1 072 071 -92.17
8 1 0 1 0 0 1 0 0 0 0 0 0 0 070 0.70 -92.16
9 1 0 0 0 0 1 1 0 0 0 0 0 1 072 071 -92.13

10 1 0 0 0 1 1 1 0 0 0 0 0 0 072 071 -92.13

Sum 10 1 1 0 1 10 4 0 0 4 0 0 2 - - -

Table 4.12: Ten models with the lowest BIC selected by all subsets regression with data of well 35/10-1.

Model Intercept Depth lllite-Smectite lllite Kaolinite Opal-A Opal-CT Quartz Calcite Pyrite Barite Sylvite Halite R’ adR? BIC
1 1 0 0 0 0 1 0 0 0 0 0 0 1 030 027 -568
2 1 0 0 0 0 1 0 0 0 0 0 0 0 024 023 -560
3 1 0 0 0 0 1 1 0 0 0 0 0 0 029 025 -4.51
4 1 0 0 0 0 1 1 0 0 0 0 0 1 032 028 -3.31
5 1 0 0 0 0 1 0 0 0 1 0 0 0 027 023 -324
6 1 0 1 0 0 1 0 0 0 0 0 0 0 026 023 -279
7 1 0 0 0 0 1 0 0 0 1 0 0 1 031 027 -252
8 1 0 0 0 0 1 0 1 0 0 0 0 0 025 022 -240
9 1 1 0 0 0 1 0 0 0 0 0 0 0 025 022 -240

10 1 0 0 0 0 1 1 0 0 1 0 0 0 031 026 -235
Sum 10 1 1 0 0 10 3 1 0 3 0 0 3 - - -

Table 4.13: Ten models with the lowest BIC selected by all subsets regression with data of well 35/11-5.
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To analyse the ten selected models, a series of properties characterising the regression
coefficients and the model are calculated. To characterise the model, the coefficient of determination,
adjusted coefficient of determination and Bayes information criterion are calculated. To calculate

these, the total (TSS), explained (ESS) and residual sum of squares (RSS) are determined:

1 (4.17)
TSS = ) (i —9)?
i=1
1 (4.18)
BSS= ) @i =)
i=1
(4.19)

n
RSS = ) (i = 90
i=1

with § the arithmetic mean of the dependent variable and § the estimated dependent variable. Next,
the coefficient of determination (R”) and the adjusted coefficient of determination (adjR’) are

calculated:

RSS (4.20)
RZ=1-—
TSS
1-R)(n-1 4.21
adipe = 1 - A=RO@ =1 @21)
n—p—1

with n the number of observations and p the number of predictor variables (Everitt & Skrondal, 2002).
The Bayes information criterion is calculated according to Eq. 4.17 (Schwarz, 1978). Furthermore, the
absolute and relative regression coefficients are calculated according to Eq. 4.15 using the
standardized and unstandardised independent variables, respectively (see Appendix 8.3). To
characterise the (unstandardized) regression coefficients, their standard error, t-statistic, p-value and

variance inflation index are calculated (Everitt & Skrondal, 2002). The standard error (SE) is:

SE(B;)? = 62(X™X) 1 (4.22)

with G the mean square error. The t-statistic (t) is:

Bi—0 (4.22)
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The p-value (p) is the probability of obtaining similar results as observed assuming the null hypothesis

(Hp) is true:

The variance inflation factor (VIF) is:

p = Pr(B;|Ho)
Ho:B; =0
I[F=——

v 1 —R?

(4.23)

(4.24)

(4.25)

Model Predictors Coefficients Coefficient statistics Model statistics
absolute relative SE t-statistic  p-value VIF R adiR®  BIC

1 Intercept 37.58 -3.08e-16 1.24 30.22 < 2e-16 *** - 0.71 0.71 -95.47
Opal-A 0.63 0.73 0.06 9.79 1.57e-15**  1.62
Pyrite -0.46 -0.17 0.19 -2.35 0.0214 * 1.62

2 Intercept 34.48 -2.69e-16  0.81 42.40 < 2e-16 *** - 0.71 0.70 -94.79
Opal-A 0.74 0.85 0.05 14.40 <2e-16 *** 1.02
Opal-CT 0.37 0.13 0.17 2.19 0.0313 * 1.02

3 Intercept 35.23 -2.74e-16  0.75 46.66 < 2e-16 *** - 0.70 0.69 -94.42
Opal-A 0.72 0.83 0.05 13.92 <2e-16 *** -

4 Intercept 28.31 -2.8%e-16  5.61 5.05 2.62e-06 *** - 0.72 0.71 -93.96
Depth 6.39e-03 0.18 3.78e-03  1.69 0.09. 3.65
Opal-A 0.74 0.85 0.09 8.21 2.54e-12 ***  3.21
Pyrite -0.59 -0.22 0.21 -2.83 5.82e-03 ** 1.88

5 Intercept 34.58 -2.86e-16  0.81 42.50 < 2e-16 *** - 0.71 0.70 -93.78
Opal-A 0.69 0.79 0.05 12.56 <2e-16 *** 1.14
Kaolinite 0.90 0.12 0.47 1.94 0.06 . 1.14

6 Intercept 36.43 -2.96e-16  1.58 23.09 < 2e-16 *** - 0.72 0.71 -92.46
Opal-A 0.67 0.76 0.07 9.35 1.31e-14 *** 1.99
Opal-CT 0.23 0.08 0.19 1.18 0.241 1.36
Pyrite -0.32 -0.12 0.22 -1.44 0.155 217

7 Intercept 36.91 -3.12e-16  1.34 26.51 < 2e-16 *** - 0.72 0.71 -92.17
Opal-A 0.63 0.73 0.06 9.81 1.6e-15 *** 1.62
Pyrite -0.42 -0.16 0.20 -2.16 0.0334 * 1.65
Halite 0.97 0.06 0.91 1.06 0.29 1.03

8 Intercept 4213 -2.83e-16  4.76 8.84 1.23e-13 *** - 0.70 0.70 -92.16
lllite-Smectite ~ -0.10 -0.16 0.07 -1.15 0.146 3.25
Opal-A 0.61 0.70 0.09 6.55 4.33e-09 ***  3.25

9 Intercept 33.87 -2.77e-16  0.93 36.35 < 2e-16 *** - 0.72 0.71 -92.13
Opal-A 0.73 0.84 0.05 16.25 < 2e-16 *** 1.03
Opal-CT 0.36 0.13 0.17 2.15 0.03 * 1.02
Halite 1.19 0.08 0.90 1.32 0.19 1.01

10 Intercept 34.18 -2.77e-16  0.84 40.59 < 2e-16 *** - 0.72 0.71 -92.13
Kaolinite 0.64 0.08 0.49 1.32 0.191 1.28
Opal-A 0.71 0.82 0.06 12.70 < 2e-16 *** 1.21
Opal-CT 0.29 0.10 0.18 1.65 0.102 1.14

Table 4.14: Properties of models selected by all subsets regression using data of well 35/10-1. See above text for description.
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Model Predictors Coefficients Coefficient statistics Model statistics

absolute relative SE t-statistic  p-value VIF R? adjiR®  BIC

1 Intercept 41.39 6.24e-16  1.04 39.78 < 2e-16 *** - 030 027 -568
Opal-A 0.30 0.55 0.07 4.29 9.22e-05 *** 1.05
Halite 3.59 0.25 1.83 2.00 0.06 . 1.05

2 Intercept 42.71 6.10e-16  0.82 52.04 < 2e-16 *** - 024 023 -560
Opal-A 0.27 0.49 0.07 3.84 3.76ee-04 *** -

3 Intercept 43.50 6.15e-16  0.94 46.29 <2e-16 *** - 029 025 -4.51
Opal-A 0.24 0.43 0.07 3.32 1.82e-03 ** 1.08
Opal-CT -0.29 -0.21 0.18 -1.64 0.11 1.08

4 Intercept 42.20 6.25e-16  1.24 34.07 <2e-16 *** - 032 028 -3.31
Opal-A 0.27 0.50 0.07 3.69 6.23e-04 *** 1.18
Opal-CT -0.22 -0.16 0.18 -1.18 0.24 1.16
Halite 2.99 0.21 1.89 1.59 0.12 1.13

5 Intercept 41.89 6.05e-16  1.08 38.89 < 2e-16 *** - 027 023 -324
Opal-A 0.29 0.54 0.07 4.04 2.06e-04 *** 1.09
Pyrite 0.59 0.16 0.49 1.20 0.24 1.09

6 Intercept 38.56 5.66e-16  4.22 9.14 7.97e-12 *** - 026 023 -2.79
lllite-Smectite ~ 0.07 0.17 0.06 1.00 0.32 1.81
Opal-A 0.33 0.61 0.09 3.53 9.87e-04 *** 1.81

7 Intercept 40.95 6.19e-16  1.18 34.68 < 2e-16 *** - 031 027 -252
Opal-A 0.31 0.57 0.07 4.35 8.05e-05 *** 1.12
Pyrite 0.40 0.11 0.49 0.81 0.42 1.15
Halite 3.25 0.23 1.88 1.73 0.09. 1.11

8 Intercept 43.80 6.13e-16  1.60 27.44 <2e-16 *** - 025 022 -240
Opal-A 0.28 0.51 0.07 3.91 3.12e-04 *** 1.04
Quartz -0.08 -0.11 0.10 -0.80 0.43 1.04

9 Intercept 33.81 5.66e-16  11.21 3.02 4.19e-03 *** - 025 022 -240
Depth 6.45e-03  0.19 8.10e-03  0.80 0.43 3.61
Opal-A 0.36 0.66 0.13 2.69 0.01* 3.61

10 Intercept 42.65 6.09e-16  1.15 37.00 <2e-16 *** - 031 026 -2.35
Opal-A 0.26 0.48 0.07 3.56 9.19e-04 *** 1.17
Opal-CT -0.30 -0.22 0.18 -1.68 0.10 1.08
Pyrite 0.61 0.16 0.48 1.26 0.21 1.09

Table 4.15: Properties of models selected by all subsets regression using data of well 35/11-5. See above text for description.

Multiple regression is based on five assumptions: (1) low degree of multicollinearity, (2)
linearity, (3) homoscedasticity, (4) independence of error, and (6) normality of errors (e.g. Hair et al.,
2006). The degree of multicollinearity is assessed using the variance inflation factor (Tabs. 4.14,
4.15). The linearity between dependent and independent variables is examined with residual (Figs.
4.16, 4.17) and partial residual plots (Figs. 4.18, 4.19). These plots show the residuals of the
regression with the dependent and independent variables, respectively. Homoscedasticity which is the
constancy of errors is also assessed using residual plots. Independence of errors is assessed using
partial residual plots (Figs. 4.18, 4.19) and normality of errors is assessed using normal probability
plots (Figs. 4.20, 4.21) which show the data with a normal distribution as a linear function. Note that

the analysis is performed using R (2014) (see Appendix 8.3).
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Figure 4.16: Residual plots of models selected by all subsets regression using data of well 35/10-1
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Figure 4.17: Residual plots of models selected by all subsets regression using data of well 35/11-5.
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Figure 4.18: Partial residual plots of models selected by all subsets regression using data of well 35/10-1.
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Figure 4.19: Partial residual plots of models selected by all subsets regression using data of well 35/11-5.
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Figure 4.20: Normal probability plots of models selected by all subsets regression using data of well 35/10-1.
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Figure 4.21: Normal probability plots of models selected by all subsets regression using data of well 35/11-5.
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4.7. SEISMIC DATA

4.7.1.3-D seismic reflection data

Five three-dimensional seismic reflection volumes that cover part of the eastern margin of the
North Viking Graben (Fig. 3.1) are used in this study. Three of these volumes (MN9201 ROS,
WESTERN3510, STNH98N) have a line spacing of 25 m and a vertical sampling of 4 ms, and two
(NHO0301, BPN9301) have a line spacing of 12.5 m and 2 ms vertical sampling. All surveys are time-
migrated and zero-phase processed with SEG reverse polarity; i.e. an acoustic impedance increase
with depth is represented by a negative reflection event (blue or black), and a decrease in acoustic
impedance with depth is represented by a positive reflection event (red or white). The p-wave velocity
logs and check shots indicate that the average seismic velocity within and above the interval of
interest is 2000200 m/s, thus allowing vertical measurements made in milliseconds two-way time
(ms TWT) to be directly converted to depth (m), as a first order approximation. In conjunction with
the determined interval velocity, the dominant frequency for all the seismic datasets is ¢. 50 Hz,
suggesting that, in the interval of interest, the seismic data have a vertical resolution of ¢. 10 m and a

horizontal resolution of ¢. 20 m.
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4.7.2.Seismic-to-well tie

To ensure an accurate tie between well data (depth domain) and seismic data (time domain),
synthetic seismograms were calculated for each well (e.g. Fig. 4.22). Deterministic, zero-phase
wavelets were extracted using the extended Roy White method (Walden & White, 1998). The
synthetic seismograms were calculated by convolution of the wavelet, extracted from the seismic
traces surrounding the well path, with the reflectivity log, that was derived from the bulk density and
p-wave velocity logs (e.g. Fig. 4.22). Establishing an accurate tie between well and seismic data for
all wells allowed key stratigraphic boundaries (e.g. mid-Miocene unconformity and Eocene/Oligocene
boundary), and the potential opal-A/CT transformation zone (Zone 2), to be identified and mapped in

seismic data.

4.7.3.Seismic interpretation

The seismic interpretation involved mapping the seismic reflections associated with the three
main stratigraphic boundaries (i.e. Top Eocene, Top Oligocene, mid-Miocene Unconformity),
beginning at the well locations. By mapping these reflections away from the well locations and
between seismic volumes, it was possible to produce a series of regional maps of these key
stratigraphic boundaries. Having established the main stratigraphic framework, the same methodology
was applied to interpret the seismic reflection associated with the opal-A/CT transformation (Figs.
4.23-4.25). This reflection required careful mapping, as ‘diagenetic’ reflections are often slightly
discordant with stratigraphic reflections (see Hammond & Gaither, 1983; Berndt et al., 2004; Ireland
et al.,2011). A TWT-thickness map, which allow an investigation of spatial variations in thickness of

the opal-A zone (Zone 1) was also inferred (Fig. 4.26).
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effective porosity logs (right) , the silica zones (Zones 1-3). Note changes of the wireline logs and seismic reflections across the opal-A/CT transformation zone (Zone 2).
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Figure 4.24: a) Seismic line in dip direction and b) Geoseismic section in dip direction with opal-A, opal-CT and
quartz zones as well as opal-A/CT and opal-CT/Q transformation zones, litho- and chronostratigraphy and

polygonal fault system (PFS). Note the westward-dipping, sometimes discordant reflections associated with the
opal-A/CT and opal-CT/Q transformation zone.

a) Seismic line in strike direction
TWT|  Silica
{ms) zones

" Pliocens,

b) Geoseismic section in strike direction
TWT|  Sili
trne) zon’ce‘; E Seafloor

Pleistocene/ Pliocene boundary

Middle Miocene Unconformity

1250

1500

Figure 4.25: a) Seismic line in strike direction and b) Geoseismic section in strike direction with opal-A, opal-CT and quartz zones as well as opal-A/CT

and opal-CT/Q transformation zones, litho- and chronostratigraphy and the polygonal fault system (PFS). Note the sometimes discordant reflections
associated with the opal-A/CT and opal-CT/Q transformation zone.
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Figure 4.26: Time structure map of: a) the mid-Miocene unconformity, i.e. Top of Zone 1, b) opal-A/CT transformation zone, i.e.
Zone 2 and c) Isochron map of the opal-A zone (Zone 1). Note the similarities between the time structure maps of the mid-
Miocene unconformity (a) and the opal-A/CT transformation zone (b).

4.8. BASIN MODELLING

Subsurface temperatures calculated during basin modelling allow the simulation of silica
diagenesis in space and time. To produce reliable simulation results, boundary conditions are
constrained as accurately as possible. Basin modelling is performed with PetroMod 2013 and involves
four steps: 1) input, 2) definition of boundary conditions, 3) simulation and 4) calibration. Input data,
such as basin geometry, stratigraphy and lithology, are specific to area and stratigraphic interval of
interest. To define the basin geometry, an east-west trending seismic section passing through
exploration wells 35/10-1 and 35/11-5 is depth-converted (Fig. 4.27). The underlying velocity model

is based on well tops of each lithostratigraphic group, and linear velocity-depth functions that are
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derived from checkshot data for each of these groups. Chronostratigraphic and lithological units are

based on the NPD (2014).
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Figure 4.27: Geoseismic section (through exploration wells 35/10-1 and 35/11-5) used to define the geometry, stratigraphy and
lithology of all basin models.

The second step comprises the definition of boundary conditions: 1) palaeco water depth, 2)
palaco seafloor temperature and 3) heat flow history (Fig. 4.28). Palaco water depths were taken from
Kyrkjebg et al. (2001) and palaeo seafloor temperatures were constrained by oxygen isotope ratios of
Jensen and Buchardt (1987) and Anderson et al. (1994). The heat flow history was based on a
reconstruction by Lucazeau and Le Douaran (1984). This heat flow history reflects initial Triassic and
secondary Late Jurassic rift episodes, as well as the far-field effect of the opening of the North

Atlantic during the Palaeogene.
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Figure 4.28: a) Boundary conditions used for basin modelling including seafloor temperature (from Jensen & Buchardt, 1987;
Anderson et al., 1994), heat flow (after Lucazeau & Le Douaran, 1984) and water depth (from Kyrkjebg et al., 2001). b)
Calibration of basin model using bottom hole temperature of exploration well 35/10-1. c) Calibration of basin model using
bottom hole temperature of exploration well 35/11-5. d) Kinetic data from Icenhower and Dove (2000) used to model the opal-
A/CT transformation. e) Phase diagram for silica diagenesis (from Keller & Isaacs, 1985; Behl, 2011). f) Comparison of
transformation ratio observed in exploration well 35/11-5 (see Fig. 3) and predicted by kinetic data from Icenhower and Dove
(2000).

The third step comprises the simulation of: 1) deposition and erosion 2) pressure and
compaction and 3) temperature. Deposition is simulated by adding layers at the upper surface of the
model. Initial layer thickness (do) is reconstructed from the current thickness (do), current (¢;) and

depositional porosities (¢,):

do(1 = o) = dy (1 = by) (4.26)
which are in turn inferred by decompaction. Erosion is simulated by removing layers at the upper
surface. Middle Miocene erosion in the North Viking Graben is, for instance, simulated as the
removal of a 70 m sediment column, as suggested by measurements of erosional escarpments by
Loseth et al. (2013) between 6-17 Ma, as suggested by a detailed biostratigraphic analysis of Eidvin
and Rundberg (2001). Pressure is calculated from the overburden weight due to sedimentation and
compaction is computed from pore pressure reductions. The temperature calculation is based on heat

conduction, convection as well as heat generation from radioactive decay. For the theoretical
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background and implementation of these processes, the reader is referred to Hantschel and Kauerauf

(2009) and the PetroMod 2013 user manual.

The final step of the basin modelling was the calibration. The model was calibrated by
matching the modelled and measured present day temperatures at the bottom-hole of exploration wells
35/10-1 and 35/11-5 (Fig. 4.28b,c). Assuming they have been allowed to re-equilibrate, bottom-hole
temperatures are well-constrained and are therefore suitable to calibrate basin models (Hantschel &
Kauerauf, 2009). For the calibration, the heat flow of Lucazeau and Le Douaran (1984) was increased
by a constant 13 mW/m?, which reflects the fact that Lucazeau and Le Douaran (1984) derive surface
heat flow, whereas our basin model requires heat flow to be added at its base, simulating heat addition
from the asthenosphere into the lithosphere. Our study also differs from Lucazeau and Le Douaran
(1984) in that we use a more realistic range of thermal conductivities for the crustal lithologies (1.8
Wm 'K for shale, 3.2 Wm™'K' for sandstone and 2.4 Wm™'K™' for granite) instead of a single value (3

Wm'K™.

4.8.1.Modelling of the opal-A/CT transformation

The opal-A/CT transformation involves a series of chemical reactions that are controlled by
multiple factors. In this scenario, the slowest of these reactions typically controls the overall
transformation rate. In case of the opal-A/CT transformation, it has been demonstrated that opal-A
dissolution is the slowest reaction controlling the overall transformation rate (Williams et al., 1985;
Hinman, 1998). It is therefore assumed that the opal-A dissolution kinetics can be utilised to model
the opal-A/CT transformation. The dissolution rate of opal-A has been demonstrated to be primarily
time-temperature dependent (e.g. Kastner et al., 1977; Keller & Isaacs, 1985; Williams ef al., 1985;
Dove & Rimstidt, 1994). As a first order approximation, the opal-A/CT transformation is therefore
modelled as a time-temperature dependent reaction. The validity of this approach is critically

discussed in chapter 6.

63



To model the opal-A/CT transformation dependent on time and temperature, the

transformation rate is described by Arrhenius’ law (1889):

k=A-exp (_ %) (4.27)

k — Transformation rate

A — Activation energy

E — Frequency factor

R — Gas constant (8.314 J K" mol™)
T — Temperature

The key parameters in this equation are the frequency factor, which is the frequency at which
molecules react, and the activation energy, the threshold energy to initiate the reaction. For opal-A
dissolution, these parameters (A=22 kcal/mol and E=7.18-1013 Ma™) were experimentally derived
and summarised by Icenhower and Dove (2000). Because opal-A dissolution seems to control opal-
A/CT transformation (see above), these parameters were used to model the transformation. These
parameters seem to produce realistic results comparing the predicted transformation temperatures to
the temperature scale of the opal-A/CT transformation (Fig. 4.28d,e). This approach is furthermore
validated by the match between the modelled and observed opal-A/CT transformation ratios in

exploration well 35/11-5 (Fig. 4.28f).
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4.9. FAULT ANALYSIS

4.9.1.Seismic interpretation
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Figure 4.29: Seismic section showing polygonal fault system bound between the top of the Balder Formation and the middle
Miocene unconformity.

The key seismic reflections defining the top and base of the Hordaland Group, that bound the
polygonal fault system and correspond to the Middle Miocene unconformity and the top of the Balder
Formation, are mapped over an area of approximately 740 km® (Figs. 4.29, 4.30). A prominent
seismic reflection produced by the opal-A/CT transformation was also mapped in the Hordaland
Group. The variance/coherency attribute (see Bahorich & Farmer, 1995) was calculated along the
opal-A/CT reflection to image the polygonal fault system (Fig. 4.30). As this fault system consists of
more than 2500 faults, a representative 6.25 x 6.25 km sub-cube of the original seismic volume was

selected in which a detailed, quantitative analysis of 137 faults was conducted (Fig. 4.30).
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Figure 4.30: Variance attribute map showing polygonal fault pattern in the seismic reflection of the opal-A/CT transformation.
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4.9.2.Depth conversion

To ascertain key fault properties (e.g. fault dip and displacement), measurements of fault height
and throw need to be obtained in metres rather than milliseconds. For this reason, the selected sub-
cube was converted from time to depth using check-shot data of exploration well 31/2-8 (Fig. 4.31).
To depth-convert these data, four intervals of the: 1) water column, 2) Nordland Group, 3) Hordaland
Group (i.e. the interval containing the polygonal fault system), and 4) the underlying strata were
defined. Linear velocity-depth functions were derived for each interval using check-shot data of
exploration well 31/2-8. These velocity-depth functions were then used to convert two-way

traveltimes (milliseconds) into depths (metres).
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Figure 4.31: P-wave velocity-depth plot showing check-shot data of exploration well 31/2-8 (orange) and linear velocity depth
functions (black), derived to convert seismic sub-cube from time to depth.
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4.9.3.Fault properties

plan view
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Figure 4.32: 3-D diagram of displacement distribution on normal fault illustrating the key fault properties (average strike, -dip,
maximum length and -height) that are extracted in this study.

In order to constrain polygonal fault growth, 137 polygonal faults were mapped in the sub-cube
using strike-perpendicular seismic sections and variance attribute slices. These faults were mapped in
order to extract their maximum height and length, as well as their average strike and dip (Fig. 4.32).
Displacement profiles and contours were also extracted to constrain the growth of these faults.
Displacement-depth profiles were extracted from each fault using strike-perpendicular seismic
sections that intersect the respective fault centres. This extraction involved the measurement of fault

throw (t) and heave (h) and the calculation of the dip-parallel displacement (d):

d? =t2 + h? (4.28)

Two types of displacement-depth profiles were observed: cone-shaped, c-type (e.g. Fig.
4.33a,b) (cf. Muraoka & Kamata, 1983) and asymmetric-cone-shaped b-type displacement-depth
profiles (e.g. Fig. 4.33c,d). Based on this distinction, the 137 mapped faults were sorted into two

groups (Fig. 4.34). To highlight similarities and differences between these two groups, their
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geometries were extracted (Fig. 4.35) and key properties were cross-plotted (Fig. 4.36). Finally,
displacement contours of four polygonal faults were produced by: 1) extracting multiple
displacement-depth profiles every 25 m along strike, 2) interpolating between these profiles, and 3)

creating strike-projections (Fig. 4.37).
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Figure 4.33: a) Example of polygonal fault with planar geometry (dip: c. 45°) and monoclinal fold at upper fault tip shown in a
seismic section without vertical exaggeration. b) Dip-parallel throw, heave and displacement derived from seismic section (a);
showing c-type displacement-depth profile; c) Example of polygonal fault with listric geometry (dip: 20-50°) and monoclinal fold
at upper fault tip shown in a seismic section without vertical exaggeration; d) Dip-parallel throw, heave and displacement
derived from seismic section (c); showing b-type displacement-depth profile. Note that the dip-slip displacement is dominated
by the fault heave.
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Figure 4.34: Throw-, heave- and displacement-depth profile of c-type (a-c) and b-type faults (d-f). Note that the displacement is
dominated by the fault heave and that bulk heave has been accumulated in sediments that have undergone opal-A/CT
transformation.
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a) Faults with c-type profiles
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Figure 4.35: a) Planar geometries of faults with c-type displacement-depth profiles and b) Listric geometries of faults with b-
type displacement-depth profiles.
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Figure 4.36: Cross-plots of a) average strike and dip, b) maximum length and height, c), maximum height and displacement,
and d) maximum length and displacement of 137 polygonal faults with b-type and c-type displacement depth profiles (see Fig.
7.3). Note that these faults show no preferred orientation (a) and that b-type faults are longer, higher and accommodate more
displacement than c-type faults (b-d).

71



Eocene - Palasocene
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Figure 4.37: Displacement contours of four randomly-selected polygonal faults (a-d). Key observations include: 1) multiple
displacement maxima at similar depth levels, 2) high displacement gradients (>1) at base and 3) low displacement gradients
(<1) at the top of these faults.

4.9.4.Strain summation

To investigate the influence of silica diagenesis on polygonal faulting, the horizontal strain
accumulated by the polygonal fault system is calculated. Horizontal strain is defined as the change in
length (Al) relative to the initial length of the rock volume (lo):

Al (4.29)

e=g

The initial length of the host rock (1) is approximated by the sum of bed segments (I;) and the change

in length is calculated as the sum of the fault heaves (h;) (Fig. 4.38):

72



A=, (430)

I, = zli (4.31)

This approximation allows the observable strain at the fault surface, not the strain in the surrounding
rock, to be quantified. To extract reliable values, strain is extracted from 5405 m long sections,

sampling about 30 faults per section covering four directions at different depths.
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Figure 4.38: Seismic sections with strain profiles in a) N-S, b) NE-SW, c) W-E, and d) NW-SE direction. Location of sections is
shown in Figure 4.30.
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S. RESULTS

This section summarises observations on the host rock mineralogy, rock properties, diagenetic

history and polygonal faulting in the Cenozoic rocks of the North Viking Graben, northern North Sea.

5.1. MINERALOGY

5.1.1.Clay minerals

Clay minerals constitute between 30-95% of the Cenozoic rocks of the northern North Sea
with mixed-layered illite-smectite being the largest fraction (Figs. 4.5, 4.6) (Tabs. 4.3, 4.4). X-ray
diffraction data reveal mixed-layer illite-smectite contents between 25-81%, illite contents of <28%

and kaolinite contents of <9%.

5.1.2.Silica minerals

5.1.2.1. Opal-A

Biogenic opal-A has been previously documented in the Cenozoic mudstones of the North
Viking Graben by Rundberg (1989) and Thyberg et al. (1999) and optical- and scanning electron
microscopy show that biogenic opal-A, in fact, occurs throughout most of the Hordaland Group (Figs.
4.1, 4.2). Its chemical composition is confirmed by energy dispersive X-ray detector (Fig. 8.1). It
primarily consists of diatoms, probably Rocella vigilans (Fig. 4.1r), P. thybergii (Fig. 4.2b,g,y,2),
Coscinodiscus (Fig. 4.2i,j,n,0), and minor fractions of sponge spicules, silicoflagellates and
radiolarians (Rundberg, 1989; Thyberg et al., 1999). Quantitative X-ray diffraction highlights a
downward decrease in opal-A content (from about 30 vol.% at 1000 m to less than 10 vol.% at 1300

m) (Figs. 4.7, 4.8).
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5.1.2.2. Opal-CT

Although opal-CT has been previously suggested in the Cenozoic mudstones of the North
Viking Graben based on X-ray diffraction (Rundberg, 1989; Thyberg et al., 1999), scanning electron
microscopy is used to image opal-CT lepispheres in remarkable detail (Fig. 4.2q-x). Its chemical
composition is confirmed by energy dispersive X-ray detector (Fig. 8.1q,w,x). These lepispheres are
more-or-less spherical and are approximately 2 um in diameter (Fig. 4.2g-t). They have a dense,
unstructured core (Fig. 4.2u) and a porous shell consisting of intersecting blades (Fig. 4.2t). These
blades are about 200 nm wide, 200 nm wide long and up to ¢. 15 nm thick, and their edges are highly
serrated (Fig. 4.2t). Quantitative X-ray reflections shows that opal-CT occurs in distinct intervals
between 1200-1650 m in well 35/10-1 (Fig. 4.7) and between 1200-1400 m in well 35/11-5 (Fig. 4.8).

In both wells, the opal-CT content stays below 15 vol.% (Tab. 4.3, 4.4).

5.1.2.3. Quartz

Optical-, scanning electron microscopy and X-ray diffraction data show that quartz is present
throughout the Cenozoic rocks of the North Viking Graben (Figs. 4.1-4.6). Optical microscopy also
shows that the quartz grains are angular, macroscopic (0.01-0.2 mm; i.e. fine-sand grade) and
homogenously distributed in the matrix (Fig. 4.1). Quartz aggregates or overgrowths, as summarised
by Weibel et al. (2010), are not observed with scanning electron microscopy (e.g. Fig. 4.2aa, bb).
Quantitative X-ray diffraction shows that the quartz content is more-or-less constant throughout the
succession (Figs. 4.5-4.8) with means of 17 vol.% and 15 vol.% in well 35/10-1 and 35/11-5,

respectively.
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5.2. ROCK PROPERTIES

This section describes compositional and depth-dependent rock property changes inferred by
multiple linear regression analysis. Table 4.12 and 4.13 show the ten ‘best” models predicting the host
rock porosity from mineral contents and depth, selected by all subsets regression. While all of these
models include opal-A content, seven also include opal-CT and pyrite content. Other mineral contents
and depth are included in less than seven of the twenty models. Table 4.14 and 4.15 show detailed
information of these regression models. For instance, opal-A content is statistically significant (p-
value < 0.05) and the regression coefficient is positive in all twenty models. Opal-CT and pyrite
content are statistically significant in two and three of the seven models, respectively. In these models,
the regression coefficient associated with opal-CT content is positive, while the regression coefficient

associated with pyrite is negative.

The validity of the applied multiple linear regression analysis is assessed by testing the
underlying assumptions: (1) low degree of multicollinearity, (2) linearity, (3) homoscedasticity, (4)
independence of error, and (6) normality of errors (e.g. Hair et al., 2006). For independent variables,
the variance inflation factor which quantifies the degree of multicollinearity is <4 (Tabs. 4.14, 4.15).
For the models using data of well 35/10-1, the residuals which indicate degrees of linearity, are
equally distributed around zero (Fig. 4.16). For models using data of well 35/11-5, the residuals
slightly deviate from zero (Fig. 4.17). Moreover, residuals of well 35/10-1 are almost constant, while
residual of 35/11-5 are slightly vary. Partial residual plots which indicate error independence do not
vary with the independent variables (Fig. 4.18, 4.19). Normal probability plots which highlight the

normality of errors show a high degree of normality (Figs. 4.20, 4.21).

5.3. SEISMIC EXPRESSION

In seismic data, the opal-A/CT transformation is shown as a continuous, high amplitude,

negative seismic reflection that coincides with the top of the Lower Oligocene succession in the
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eastern part of the study area (Fig. 4.23-4.24). In the western part, it cross-cuts the several
stratigraphic reflections and correlates to a sharp change in seismic facies from continuous, parallel,
medium-to-high amplitude reflections (above) to discontinuous, sub-parallel to chaotic, low amplitude
reflections (below) (Fig. 4.24). Overall, the seismic reflection associated with the opal-A/CT

transformation covers >1500 km® (Fig. 4.26).

5.4. BASIN MODELLING RESULTS

In this section, the basin modelling results, that provide insights into the spatial and temporal
evolution of the opal-A/CT transformation, are outlined. To describe the evolution of the
transformation, characteristic transformation ratios of 0.1, 0.5 and 0.9, that correspond to 10, 50 and

90% opal-A being transformed to opal-CT, are used (Figs. 5.1, 5.2).

Transformation ratio of 0.1 were first reached during the middle Eocene (44 Ma) (Fig. 5.1a). A
transformation ratio of 0.5 was reached during the Late Eocene (35-38 Ma) (Fig. 5.1b). In both cases,

these transformation ratios occurred in the lowest part of the Balder Formation (Fig. 5.1a,b).

These transformation ratios subsequently moved upwards, during the Eocene to Miocene
through most of the Balder Formation and the lower part of the Hordaland Group (Fig. 5.1). To
quantify this movement, the cumulative distance between base of the Balder Formation and the
transformation ratios was calculated through time (Fig. 5.2a-c). This distance increase with time and
is generally higher in the east compared to the west. The rate (i.e. distance per time) was also
calculated (Fig. 5.2d-f). This rate systematically decreases with time until it reaches values around

zero from the Miocene onwards.
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5.5. POLYGONAL FAULTS

The polygonal faults in the North Viking Graben display no dominant orientation and show the
characteristic polygonal pattern that includes numerous linked and abutted fault segments in plan-
view (Fig. 4.30). The polygonal faults are generally confined to the Hordaland Group (Fig. 4.29) and
have either more-or-less planar or listric geometries (Figs. 4.33, 4.34). The planar faults have average
dips between c. 20-50°, while dips of the listric faults decreases from c. 50° to ¢. 20° with depth (Figs.
4.35, 4.36). The planar faults are mostly anti-thetic to listric faults (e.g. Fig. 4.29). It is furthermore
worth noting that: 1) many polygonal faults are overlain by low-relief (<50 m) monoclines, 2) syn-
sedimentary growth strata are not observed and 3) the opal-A/CT transformation is displaced by

polygonal faults (e.g. Figs. 4.29, 4.33).

5.5.1.Displacement

The polygonal faults in the North Viking Graben have either a cone-shaped, c-type (e.g. Fig.
4.33a,b) (cf. Muraoka & Kamata, 1983) or an asymmetric-cone-shaped, b-type displacement-depth
profile (e.g. Fig. 4.33¢,d). Overall, 36% (49 of 137) of the mapped polygonal faults have cone-shaped,
c-type displacement-depth profiles (Fig. 4.34a-c) and 64% (88 of 137) have asymmetric-cone-shaped
b-type profiles (Fig. 4.34d-f). There is a correlation between displacement-depth profiles and fault
geometries, as faults with c-type profiles are planar and faults with b-type profiles are listric (Figs.
4.34, 4.35). Faults with b-type displacement-depth profiles are also longer, higher and accommodate

more displacement than faults with c-type profiles (Fig. 4.36c, d).

A key observation of this study is that the polygonal faults with b-type profiles show the
highest displacement values (up to 200 m) in strata below the current opal-A/CT transformation (Fig.
4.34f). While observed fault heaves are particularly high (Fig. 4.34e), fault throws are only slightly

increased in these strata (Fig. 4.34d). It is also worth noting that fault heave and displacement abruptly
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increase from <50 m at the opal-A/CT transformation to sometimes >100 m about 300 m below the

transformation.

The displacement contours also show the highest displacement values (up to 150 m) in strata
below the opal-A/CT transformation (Fig. 4.37). In addition, these contours highlight that the
polygonal faults often have multiple displacement maxima at similar depth levels along-strike.
Finally, it is worth noting that displacement profiles and contours show that the b-type faults have

relatively low gradients (<1) at their upper tips (Figs. 4.34f, 4.36).

5.5.2.Strain

The observed lateral strain profiles (Fig. 4.38) show the same shape as the b-type fault heave
depth profiles, irrespective of their orientation (Fig. 4.34¢). While lateral strains are <0.05 in the upper
Hordaland Group, lateral strains are generally higher (<0.2) in the lower Hordaland Group. Strain
maxima are therefore observed in the lower Hordaland Group (i.e. below the opal-A/CT

transformation)
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6. DISCUSSION & CONCLUSIONS

6.1. MINERALOGY

Because the Cenozoic rocks of the northern North Sea consist mainly of clay minerals (Figs.

4.5, 4.6), the clay mineralogy is reviewed before silica diagenesis is discussed.

6.1.1.Clay minerals

Clay minerals constitute between 30-95% of the Cenozoic rocks of the northern North Sea with

(mixed-layered) illite-smectite being the largest fraction (Tabs. 8.1, 8.2) (Figs. 4.5, 4.6).

6.1.1.1. Illite-smectite

X-ray diffraction data reveal (mixed-layer) illite-smectite contents between 25-81% in the
Cenozoic succession of the North Viking Graben (Figs. 4.5, 4.6). There is a consensus that
Palaeocene-to-Eocene illite-smectite originates from alteration and weathering of volcanic ash
deposited during rifting of the North Atlantic (Karlsson et al., 1979; Pearson & Small, 1988;
Rundberg, 1989; Pearson, 1990; Thyberg et al., 2000). Subsequent erosion of these sediments in
response to Oligocene uplift probably sourced smectite deposition in this time (see Pearson, 1990;
Huggett, 1992; Thyberg et al., 2000). The downward decrease in smectite and increase in illite
content within the Cenozoic succession is explained by smectite-to-illite transformation in response to
increasing pressures and temperatures during burial (Karlsson et al., 1979; Pearson & Small, 1988;

Rundberg, 1989; Pearson, 1990; Marcussen et al., 2009).
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6.1.1.2. Illite

X-ray diffraction data document illite (<28%) in the upper part of the Cenozoic succession of
the North Viking Graben (Figs. 4.5, 4.6). lIllite is either sourced by weathering of igneous or

metamorphic rocks or by reworking of sedimentary rocks (Pearson, 1990).

6.1.1.3. Kaolinite

X-ray diffraction data are indicative of small amounts of kaolinite (<9%) in the upper part of
the Cenozoic succession of the North Viking Graben (Figs. 4.5, 4.6). Kaolinite is produced by soil
weathering in humid climate, by alteration of volcanic ash or by authigenesis in sedimentary rocks

(Pearson, 1990).

6.1.2.Silica minerals

In this section, the origin of opal-A, opal-CT and quartz as well as the opal-A/CT and opal-

CT/Q transformation in Cenozoic rocks of the northern North Sea are discussed.

6.1.2.1. Opal-A

Opal-A is defined as amorphous (i.e. non-crystalline), hydrous silica by Jones and Segnit
(1971) and is either bio- or volcanogenic in origin (e.g. Hesse, 1988; Treguer et al., 1995). In this
case, opal-A is biogenic, as it consists of biosiliceous material of diatoms and minor fractions of
sponge spicules, silicoflagellates and radiolarians (Figs. 5.2, 5.3) (Rundberg, 1989; Thyberg et al.,

1999).

X-ray diffraction data show that the opal-A content is highest at the top of the logged part of the
Cenozoic succession and gradually decreases with depth (Figs. 5.4, 5.5); a trend that may have been
influenced by silica deposition and/or diagenesis. Diagenetic reductions of opal-A content, for
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example during opal-A/CT transformation, typically occur in distinct depth intervals (e.g. Isaacs,
1981; Compton, 1991; Ireland et al., 2011). Minor opal-A content variation in the potential opal-
A/CT transformation zone are therefore likely to be caused by diagenesis. The overall downward
decline in opal-A content, in particular above the opal-A/CT transformation zone, is however

uncharacteristic for diagenesis and therefore seems to be depositional (Figs. 5.4, 5.5).

If correct, the interpretation that vertical (i.e. temporal) variations in opal-A are controlled by
deposition rather than diagenesis implies that the amount of opal-A deposited between the Eocene and
Miocene must have increased relative to other minerals. There are at least three factors that may
explain this increase. First, upwelling of nutrient-rich water could have increased silica production in
surface waters. Thyberg et al. (1999) suggest that the palaco-bathymetry together with water currents
in north-south direction could have resulted in upwelling in the northern North Sea. This suggestion is
supported by the observation of a persistent, palaeo-bathymetric high between 60 and 61°N in the
northern North Sea between the Eocene and Miocene (Wien & Kjennerud, 2005). Second, terrigenous
sediment input could have increased the nutrient content of and thereby the silica production in
surface waters (DeMaster, 2002). In the context of the tectono-stratigraphic setting of the North Sea
during the Oligocene, increased terrigenous sediment input from Norway (e.g. Jordt et al., 1995;
Faleide et al., 2002; Anell et al., 2012) may have driven increased near-surface nutrient content and
thus silica deposition. Third, increasing silica deposition may reflect increasing preservation of
biogenic silica. In terms of volume, silica preservation could be more important than production,
considering that the observed biogenic silica is often partially dissolved (e.g. Fig. 5.3¢) and that the
present global silica preservation ratio is only 3% (Treguer & De La Rocha, 2013). Unfortunately,
biogenic silica preservation is difficult to constrain, as the controlling factors are currently not well-
understood. In the future, the study of the global silica cycle may allow the factors controlling silica

preservation to be determined.

In summary, the overall decline in opal-A content with depth above the opal A/CT
transformation zone, is most likely the result of increasing biogenic opal-A deposition from the

Eocene to the Miocene. This increase in biogenic opal-A deposition may be explained by: 1)
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upwelling, 2) terrigenous sediment input, and/or 3) silica preservation between the Eocene and
Miocene. Based on our current knowledge and the availability of detailed palaco-bathymetry data of
the northern North Sea (e.g. Wien & Kjennerud, 2005), upwelling currently seems to provide the most

likely explanation for increased biogenic opal-A deposition.

6.1.2.2. Opal-CT

Opal-CT consists of lepispheres, i.e. spheres of intertwined, microcrystalline cristobalite and
tridymite blades that are precipitated from silica-rich solution (Jones & Segnit, 1972; Florke et al.,
1976; von Rad et al., 1978; Williams & Crerar, 1985). Scanning electron microscopy and X-ray
diffraction confirms that opal-CT is present in the Cenozoic succession of the North Viking Graben
(Rundberg, 1989; Thyberg et al., 1999) (Figs. 5.3g-x, 5.4, 5.5). To precipitate opal-CT, the silica
concentration of the pore fluids must exceed the solubility of opal-CT. These conditions were
probably achieved by opal-A dissolution, as indicated by the negative correlation between opal-A and
opal-CT content (Fig. 5.6a). An alternative interpretation is that the silica for the opal-CT
precipitation was supplied by smectite dissolution. There is however no evidence for in-situ smectite
dissolution leading to opal-CT precipitation (Fig. 5.6b). Even though it may be possible that opal-CT
precipitation was partially sourced by the upward migration of silica-rich pore fluids released by
smectite dissolution of the underlying rocks (Marcussen et al., 2009; Thyberg et al., 2010), opal-A

dissolution seems to have been the primary source for opal-CT precipitation.

This implies that the opal-A dissolution and opal-CT precipitation were coupled and that the
Cenozoic rocks of the North Viking Graben have indeed undergone opal-A/CT transformation. The
opal-A/CT transformation has been demonstrated to be controlled by time, temperature and pH (see
review by Williams & Crerar, 1985; Williams et al., 1985), whereby the pH of the pore fluids can be
affected by the host lithology or organic material (Kastner et al., 1977; Hinman, 1990). Because the
opal-A/CT transformation does not coincide with major lithology variations and organic material has
not been documented (Figs. 5.4, 5.5), it seems that these two factors played a minor role. Instead, it
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appears that the opal-A/CT transformation was primarily controlled by time and temperature; an
interpretation that is supported by experimental studies by Mizutani (1967), Mizutani (1970), Kastner

et al. (1977) and Kastner and Gieskes (1983).

A final observation is that opal-CT disappears below certain depths in the Hordaland Group
(Fig. 4, 5). This may indicate that opal-CT precipitation did not occur below these depths or that it did
occur, but was then followed by opal-CT dissolution. It seems unlikely that the opal-CT was not
precipitated below these depths, considering that the same conditions (sufficient silica concentration
in pore fluids, time and temperature) which led to opal-CT precipitation above these depths, were
probably also reached below. It therefore seems more plausible that the meta-stable opal-CT was first

precipitated and then fully dissolved below these depths (Figs. 5.4, 5.5).

In summary, quantitative mineralogical data (Figs. 5.4-5.6) can be used to show that opal-A
dissolution most likely sourced opal-CT precipitation, i.e. that opal-A was indeed transformed into

opal-CT as suggested by Rundberg (1989) and Thyberg et al. (1999).

6.1.2.3. Quartz

Sedimentary rocks may contain detrital and/or authigenic quartz. Detrital quartz is the result of
weathering, transport and deposition of quartz bearing rocks, whereas authigenic quartz is formed in-
situ by precipitation. The Cenozoic rocks of the northern North Sea contain detrital quartz (Figs. 5.2,
5.3) (Peltonen et al., 2009; Kalani et al., 2014) and even though authigenic quartz has been
documented in the underlying Cretaceous and Palaeocene rocks (Marcussen et al., 2009; Thyberg et
al., 2010; Thyberg & Jahren, 2011), scanning electron microscopy revealed no evidence for

authigenic quartz in the samples of this study.

The formation of authigenic quartz requires a series of chemical and physical conditions to be
reached, including the presence of silica-rich pore fluids and a thermodynamic driving force to reduce

the free energy of the system (e.g. Worden & Morad, 2000). The absence of authigenic quartz
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therefore indicates that at least one of these conditions was not reached in Cenozoic mudstones of the
North Viking Graben. It is unlikely that the silica concentration of the pore fluids was too low,
considering that opal-A and opal-CT were dissolved (see above). Interestingly, opal-CT dissolution
appears to have not led to quartz precipitation, as there is no correlation between the opal-CT and
quartz contents in the potential opal-CT/Q transformation zone (Fig. 5.6c). The absence of authigenic
quartz, despite opal-CT dissolution, could be explained by the migration of silica-rich pore fluids or
insufficient heating of the host rock during burial. If the silica-enriched pore fluids were moved out of
the system, quartz precipitation could have been prevented. Alternatively, insufficient heating of the
host rock during burial could have hampered quartz precipitation. Assuming they were heated from
10°C to 60°C between 50 Ma and the present day, which may be an overestimate, only 1% of the
silica in solution would have formed authigenic quartz according to the kinetics of Rimstidt and
Barnes (1980). The quartz found in the Cenozoic rocks of the North Viking Graben is most likely
detrital, rather than authigenic in origin. This means that these rocks have not undergone opal-CT/Q

transformation.
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6.2. ROCK PROPERTIES

The Cenozoic rocks of the northern North Sea consist mainly of clay minerals (Figs. 4.5, 4.6),
physical property changes as a result of the clay mineralogy are therefore reviewed before physical

property changes as a result of silica diagenesis are discussed.

6.2.1.Clay minerals

In this section, physical property changes as a result of variations in the clay mineralogy are
summarised based on previous studies. Marcussen et al. (2009), for instance, predict the smectite-to-
illite transformation to start around 70°C and to increase the p-wave velocity and bulk density of the
host rock. Considering surface temperatures of ¢.10°C, a geothermal gradient of ¢.30°C/km, the illite-
smectite transformation would start about 2 km below the surface which is below the studied
succession. Observed physical property changes therefore cannot be the result of the illite-smectite

transformation.

Depositional clay mineral variations may however affect the physical properties of the studied
rocks. In particular, smectite reduces the bulk density and p-wave velocity of the host rock (Mondol et
al., 2007). Marcussen et al. (2009) highlight a downward increase in smectite content that is
associated with bulk density and p-wave velocity reductions of the Cenozoic rocks of the northern
North Sea. Observed physical property changes must therefore be checked for effect of depositional

clay mineral variations.

6.2.2.Silica minerals

To assess the effect of silica minerals on the host rock porosity, multiple linear regression
analysis is applied to model the compositional and depth dependency of porosity for exploration well

35/10-1 and 35/11-5. Multiple linear regression is an approach to model the relationship between a
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dependent variable and a set of independent variables. In this study, the independent variables may
include the mineral contents and depth and the dependent variable is the host rock porosity To select
the independent variables appropriately, all subset regression is applied. All subsets regression
compares all possible regression models based on a subset of independent variables and then ranks
them based on a pre-defined criterion. In this study, all subsets regression is used to select the ten
‘best’ models based on the Bayesian information criterion (Schwarz, 1978) which accounts for model

fit, the number of observations, and the number of independent variables.

The ten best models selected by all subsets regression are listed in Table 4.12 and 4.13. Opal-A
content is included, is statistically significant and its regression coefficient is positive in all models
(Tabs. 4.12-4.15). These results highlight that, assuming that the relationship between host rock
porosity, depth and composition can be modelled with multiple linear regression, opal-A content
explains host rock porosity variation to a large extent. Moreover, seven of twenty models selected by
all subset regression include opal-CT and pyrite content (Tabs. 4.12, 4.13). Opal-CT and pyrite
content are statistically significant in two and three of the seven models, respectively (Tabs. 4.14,
4.15). In these models, the regression coefficient associated with opal-CT content is positive and the
regression coefficient associated with pyrite is negative. These results highlight that, assuming that
their relationship can be modelled with multiple linear regression, opal-CT and pyrite content are
variables that explain host rock porosity variations to a lesser degree. Other mineral contents (e.g.
Illite-smectite) and depth are included in less than seven of the twenty models and are not statistically
significant in any of the models (Tabs. 4.12-4.15) highlighting that they do not explain host rock
porosity variations using multiple linear regression analysis. In summary, opal-A content explains
host rock porosity to a large extent and opal-CT and pyrite content explain host rock porosity to a

lesser degree.

The validity of multiple linear regression analysis depends on five assumptions: (1) low degree
of multicollinearity (2) linearity, (3) homoscedasticity, (4) independence of errors, and (5) normality
of errors (e.g. Hair et al., 2006). First, the degree of multicollinearity which describes correlation

among independent variables is assessed using the variation inflation factor (Tabs. 4.14, 4.15). Since
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variance inflation factors are <4, the degree of multicollinearity is low. Second, linearity between the
independent and dependent variables is assessed using residual plots. While residuals of models using
data of well 35/10-1 are equally distributed around zero highlighting a high degree of linearity (Fig.
4.16), residuals of models using data of well 35/11-5 slightly deviate from zero highlighting minor
curvilinearity (Fig. 4.17). Third, homoscedasticity which is the constancy of errors is also assessed
using residual plots. Again, residuals of models using data of well 35/10-1 are almost constant
highlighting a high degree of homoscedasticity (Fig. 4.16), while residuals of models using data of
well 35/11-5 slightly vary with porosity highlighting minor heteroscedasticity (Fig. 4.17). Fourth,
independence of errors is assessed using partial residual plots. The partial residuals do not vary
systematically with the independent variables highlighting a high degree of independence of errors in
models of both wells (Figs. 4.18, 4.19). Fifth, normality of errors is assessed using normal probability
plots. These plots show that the residuals of models of both wells are close to the linear functions
representing normal distributions (Figs. 4.20, 4.21). In summary, the models satisfy the five

assumptions of multiple linear regression analysis and are therefore valid.

6.3. EXTENT OF OPAL-A/CT TRANSFORMATION

This section describes the extent of silica diagenesis in the North Viking Graben. Because the
opal-A/CT transformation reduces the host rock porosity, it increases its acoustic impedance (bulk
density x p-wave velocity) and produces a mappable seismic reflection (Fig. 4.22). Using five
volumes of 3-D seismic reflection data and sixteen exploration wells, the opal-A/CT transformation is
mapped over >1500 km® (Fig. 4.23-4.26). Assuming that the opal-A/CT transformation zone is at least
50 m thick, the transformation zone affects >75 km’ of sediments. As such, the opal-A/CT

transformation is a key feature of the Cenozoic succession affecting a large volume of sediments
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6.4. DIAGENETIC HISTORY

6.4.1.0pal-A preservation

In this section, the preservation of opal-A below the present opal-A/CT transformation zone is
discussed. Considering that X-ray diffraction can overestimate opal-A contents by >10% (Conley,
1998), the observation of c.10% opal-A below the transformation could be interpreted as a
measurement artefact. Previous studies however document that opal-A is preserved down to 1500 m
depth in the northern North Sea (Thyberg et al., 1999) suggesting that the observation of opal-A
below the transformation is a real phenomenon. This interpretation challenges our assumption that the
transformation was primarily time-temperature dependant (see Section 4.8.1.) and thus other
parameters need to be considered. The presence of opal-A below the transformation zone suggests
that opal-A was not fully dissolved in these rocks, which may be explained by various factors. For
example, Thyberg et al. (1999) suggest that the preservation of opal-A depends on the silica-
producing biota; i.e. biosiliceous material of sponge spicules and radiolarians being more resistant to
dissolution than that of diatoms; a hypothesis that could be tested by optical- and scanning electron
microscopy in the future. Williams et al. (1985) argue that the preservation of opal-A depends on the
surface area; i.e. the higher the surface area, the higher the solubility. Opal-A preservation can also be
enhanced by the formation of detrital surface coatings (e.g. Rickert et al., 2002; Michalopoulos &
Aller, 2004). Although these controls may have been active, they cannot be assessed with the
available data. Furthermore, we suggest that the persistence of opal-A below the transformation zone
is not at odds with the time-temperature dependency of opal-A dissolution. Assuming that the amount
of opal-A that is dissolved depends on the time the host rocks were subject to certain temperatures
(see Section 4.8.1.), the persistence of opal-A beneath the transformation zone may be a result of the
host rock not being subject to sufficient temperatures for a sufficient period of time. The times and
temperatures required to complete opal-A dissolution depend on the initial opal-A content; i.e. the
more opal-A is present, the longer it takes to fully dissolve it. Opal-A could, for example, fully

dissolve in rocks with low initial opal-A contents, whereas it may still be present in rocks that have
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been subject to exactly the same temperatures and for the same time because they had higher initial
contents. The persistence of opal-A may also be explained by supersaturation of the pore fluids.
Supersaturation of the pore fluids with respect to opal-A and opal-CT might be achieved by opal-A
dissolution. If fluid migration is limited and opal-CT precipitation slow, the pore fluids may remain
supersaturated (with respect to opal-A) and further opal-A dissolution would be inhibited. In these
ways, the preservation of opal-A below the transformation zone can thus be explained by the time-

temperature dependency of opal-A dissolution.

To summarise, there are many possible explanations for the preservation of opal-A below the
opal-A/CT transformation zone, five of which are presented above. Unfortunately, the validity of
these explanations cannot be assessed with the available data. It therefore remains unclear what led to
the persistence of opal-A below the transformation zone. Because of this uncertainty, the persistence
of opal-A cannot be used to identify the controls on the opal-A/CT transformation in the North Viking
Graben. In accordance with numerous experimental studies (e.g. Mizutani, 1967; Kastner et al., 1977,
Kastner & Gieskes, 1983; Williams et al., 1985; Duffy, 1993; Dove & Rimstidt, 1994) we assume that
the opal-A/CT transformation is, as a first-order approximation, time-temperature dependent. In
future, it might be possible to determine the factor(s) controlling opal-A preservation and to describe

their influence on the opal-A/CT transformation using different kinetics.

6.4.2.Evolution of opal-A/CT transformation

The evolution of the opal-A/CT transformation has been previously divided into three stages: 1)
formation, 2) migration, 3) fossilisation (Davies & Cartwright, 2002). This division is adapted to
discuss the timing, movement and controls on the opal-A/CT transformation modelled in this study. It
is worth noting that this study is the first of its kind and the presented results will improve with the

precision of the input parameters.
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6.4.2.1. Formation

The formation of the opal-A/CT transformation zone has been previously described as the point
when a minimum transformation temperature has been reached (Davies & Cartwright, 2002). This
definition makes sense, if it is assumed that the transformation starts at a well-defined temperature. If
the opal-A/CT transformation rate is calculated, ‘the formation of the opal-A/CT transformation’ must
be refined. According to Arrhenius’ (1889) equation, the transformation rate is low at low
temperatures (Fig. 4.28). It therefore makes sense to define the formation as the first time a specific
transformation ratio (of opal-A to opal-CT) is reached. Transformation ratios of 0.1 and 0.5 are
suggested as upper and lower boundaries, respectively. If we define the ‘start of transformation’ as the
first time a transformation ratio of 0.1 is reached, then basin modelling indicates that the opal-A/CT
transformation started in the middle Eocene in the lower part of the Balder Fm(c.44 Ma) (Figs. 5.1,
5.2). A transformation ratio of 0.5 has been reached in the Late Eocene (c.35-38 Ma). For any other
transformation ratio between 0.1 and 0.5, the ‘start of transformation’ can be estimated using Figure

10a-c.

Although this model predicts the opal-A/CT transformation zone to form in the lowest part of
the Balder Formation which marks the onset of siliceous deposition in the North Viking Graben
(Rundberg, 1989), it is possible that transformation zone formed at a shallower level. The opal-A/CT
transformation zone could have even formed close to its current position. In either case, the opal-
A/CT transformation zone formed due to increasing sediment temperatures as a result of burial of the

host strata.

In this model, the formation of the opal-A/CT transformation occurred in a period of: 1)
broadly constant sedimentation, 2) broadly constant heat flow, 3) an overall decrease in water depth
and 4) relatively high seafloor temperatures (Fig. 5.2). Especially striking is the correlation between
the middle Eocene seafloor temperature maximum, documented by oxygen isotope studies from the
North Sea (Buchardt, 1978; Jensen & Buchardt, 1987; Anderson et al., 1994), and the formation of the
opal-A/CT transformation zone (Fig. 10). This correlation may indicate that the temperature

maximum controls the timing of opal-A/CT transformation zone formation.
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6.4.2.2. Migration

The migration of the opal-A/CT transformation can be defined as formation (see above) in
strata overlying the initial transformation zone. The migration is therefore an upward movement of the
transformation relative to the host strata. The basin modelling results suggest that migration directly
followed formation of the transformation zone (Figs. 5.1, 5.2). The opal-A/CT transformation zone
migrated through most of the Balder Formation and the lower part of Hordaland Group. Migration
distance and rate systematically increases from east to west, most likely as a result of more rapid
burial due to a westward increase in sediment thickness and accumulation rate (Fig. 5.2). The
migration rate was furthermore highest during formation and then systematically decreased until
present day. According to our results, negligible migration of the opal-A/CT transformation zone
occurred in the last 5 Myrs. Although high sedimentation rates increased burial depth and compaction
of underlying sediments, the coeval lowering of surface temperatures during the Pliocene and
Pleistocene resulted in no significant temperature increase at the A/CT transformation zone and thus
no further upward migration. As such, the migration rate follows the general trend of seafloor
temperature. This seems plausible, as seafloor temperature should intuitively be positively correlated

to opal-A/CT transformation zone migration.

6.4.2.3. Fossilisation

The fossilisation of the opal-A/CT transformation zone has been previously described as the
‘arrest of upward migration’ (Davies & Cartwright, 2002). In here, fossilisation is defined as the point
when the migration rate becomes zero despite the presence of opal-A in the overlying strata.
According to this definition, the opal-A/CT transformation probably started to fossilise in early
Miocene time in the North Viking Graben (Figs. 5.1, 5.2). The basin modelling results furthermore
suggest that fossilisation occurred earlier in the east than in the west presumably due to a westward

increase in sediment thickness (Fig. 5.2). In general, the opal-A/CT transformation zone appears to
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have been fossilised close to its current position in the Hordaland Group and fossilisation of the opal-

A/CT transformation zone seems to mark the end of a general decrease in migration rate (Fig. 5.2).

6.5. POLYGONAL FAULTING

To investigate the relationship between silica diagenesis and polygonal faulting, the evolution
of the polygonal fault system in the Cenozoic succession of the North Viking is analysed in respect to

the evolution of the opal-A/CT transformation.

6.5.1.Nucleation

Assuming that the points of maximum displacement on these faults correspond to nucleation
sites (sensu Watterson, 1986; Barnett et al., 1987), most faults (or fault segments) nucleated in the
lower Hordaland Group (Fig. 4.34f). Polygonal fault nucleation is often identified with sediment
failure (e.g. Cartwright & Lonergan, 1996; Goulty, 2001). Sediment failure can, for instance, be
predicted from the friction angle (¢) of the host strata as well as the effective horizontal and vertical
stress (e.g. Terzaghi, 1996). For the lower Hordaland Group, Wensaas et al. (1998) estimate a friction
angle of 17° by triaxial testing. The effective vertical stress (¢’,) can be estimated from the

overburden:

o'y =8(ps — Pw)Z (6.1)
where g is the gravitational acceleration (9.81 m s7), p, is the bulk density of the lower Hordaland
Group (c.2000 kg m™), p,, is the water density (1000 kg m™) and z is the burial depth (0-1000 m).
Assuming no lateral extension (cf. Cartwright & Lonergan, 1996), the effective horizontal stress (c’p,)

can be calculated by:

o'h =Kq0'y (6.2)
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where K, is the coefficient of earth pressure at rest. The coefficient of earth pressure at rest for
normally consolidated clays, such as the lower Hordaland Group (Wensaas et al., 1998), can be

calculated from the friction angle (¢) using Jaky’s (1948) equation:

Ky = 1 —sin(o) (6.3)
where ¢ is the friction angle. The resulting stresses do not suffice to cause sediment failure in the

lower Hordaland Group (Fig. 6.1). Sediment failure would require reduced horizontal stresses:

o'h, =K, o', (6.4)

where K, is the active earth pressure defined by (Fig. 6.1) (Terzaghi, 1996):

_ 1-sin(g) (6.5)
4 1+ sin(g)
o', [MPa]
0 1 2 3 4 5 6 7 8 9 10
0 1 1 1 i 1 1 1 1 1
K I
1{ \a 100 m 0
Ka
2] 200 m
3] 300 m
— 4] 400 m
o
S 5/ 500 m
© 6 600 m
7 700 m
8 800 m
9] 900 m
10 1000 m

Figure 6.1: Effective horizontal and vertical stress for burial (up to 1000 m) without lateral strain (Ko) and for active earth
pressure (K,) based on Egs. 7.2-7.4 and Tab. 7.1. Note that without lateral strain sediment failure is not reached during burial.

Cartwright and Lonergan (1996) argue that lateral contraction of the host strata causes the reduction
of horizontal stresses to the point of failure. Lateral contraction has in turn been attributed to syneresis

and diagenesis (Cartwright & Dewhurst, 1998; Dewhurst et al., 1999; Shin et al., 2008; Cartwright,
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2011). Whether sediments of the lower Hordaland Group have undergone syneresis or not is
unknown. However, these sediments have most likely undergone silica diagenesis (i.e. opal-A/CT
transformation). Whether silica diagenesis can reduce the horizontal stress to the point of sediment
failure is also unknown. Experimental studies quantifying the stress reductions during diagenesis in

sedimentary rocks are required to decide whether diagenesis can cause sediment failure.

6.5.2.Growth

Polygonal fault growth is interpreted from observed strain and displacement data and related to
the opal-A/CT transformation constrained by basin modelling. Cartwright and Lonergan (1996)
demonstrate that polygonal faulting requires lateral contraction of the host strata. While distributed
strain of the host strata cannot be measured, discrete lateral strain in the polygonal fault system is
calculated from faults heaves and bed lengths (Fig. 4.38). Lateral strains <0.05 observed in the upper
Hordaland Group provide a lower limit on the lateral strains required for polygonal faulting. Whether
these strains can be produced by potential driving mechanisms of polygonal faulting (e.g. syneresis,
diagenesis), is unknown. Moreover, lateral strains observed in the lower Hordaland Group are higher
(<0.2) than in the upper Hordaland Group (<0.05) (Fig. 4.38). As the transition from upper to lower
Hordaland Group coincides with the opal-A/CT transformation, additional lateral strains could have

been induced by the transformation.

Polygonal fault growth can also be constrained by displacement data. Displacement-depth
profiles show that most faults (64%) have b-type, as opposed to c-type (36%) profiles (Fig. 4.34).
Moreover, faults with c-type profiles are often smaller than and antithetic to faults with b-type
profiles. These observation probably indicate that faults with c-type profiles formed in response to
faults with b-type profiles. To explain polygonal fault growth, it therefore suffices to explain the
growth of the primary faults, the ones with b-type displacement-depth profiles. Displacement

accumulation on normal faults can be explained by strain softening of the host strata (Fig. 6.2).
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Figure 6.2: Stress-strain curve for sediments, illustrating peak and residual shear strength (after Terzaghi, 1996).

Strain softening describes the decline in shear strength after sediment failure. Strain softening
leads to the recurring failure along existing faults, rather than fault nucleation in the surrounding
strata. Because the Hordaland Group mudstones exhibit strain softening (Wensaas et al., 1998), it can

be used to explain displacement accumulation on the polygonal faults.

The preferential accumulation of displacement in the lower Hordaland Group is however more
difficult to explain. As the polygonal faults with b-type profiles are listric (Fig. 4.35b), decreasing
fault dip may result in increasing fault heave which results in increasing displacement given that the
fault heave is higher than the throw (Fig. 4.34). Based on the observed fault throw and geometry, one
would expect to see a continuous heave and displacement increase with depth. The observed
displacement data however show an abrupt displacement increase from <50 m at 300 m to >100 at
600 m depth (Fig. 4.26). As this abrupt displacement increase coincides with the opal-A/CT
transformation, additional strain could have been induced by silica diagenesis and may therefore

explain preferential displacement accumulation in the lower Hordaland Group.

At last, it is worth discussing polygonal fault propagation into the upper Hordaland Group
inferred from displacement-depth profiles and contours (Figs. 4.26, 4.27). While displacement

maxima in the lower Hordaland Group indicate nucleation sites; low displacement gradients (<1) and

fault-propagation folds are typical for unrestricted, upward fault propagation. Although silica
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diagenesis did not reach the upper Hordaland Group, water release during opal-A/CT transformation

may have driven upward fault propagation.
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7. ADVANCES & IMPLICATIONS

7.1. SILICA DIAGENESIS

Although previous studies mention silica diagenesis in the northern North Sea (Rundberg,
1989; Thyberg et al., 1999; Rundberg & Eidvin, 2005), this is the first study to document the opal-
A/CT transformation as well as the absence of the opal-CT/Q transformation in the Cenozoic rocks of
the North Viking Graben. As such, it forms part of an effort to map silica transformations along the

Northeast Atlantic margin (Fig. 7.1).
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Figure 7.1: Structural map of the Northeast Atlantic margin after Graham et al. (2003) showing the extent of documented opal-
A/CT transformations in the North Viking Graben (Rundberg, 1989; Thyberg et al., 1999; Rundberg & Eidvin, 2005; this study),
Faeroe-Shetland Basin (Davies & Cartwright, 2002; Davies, 2005), Mgre Basin (Brekke et al., 1999; Brekke, 2000; Davies &
Cartwright, 2007; Neagu et al., 2010), Vering Basin (Brekke et al., 1999; Brekke, 2000; Berndt et al., 2004; Davies &
Cartwright, 2007; Neagu et al., 2010) and the Barents Sea (Riis & Fjeldskaar, 1992), Gjallar Ridge (Ireland et al., 2011) and of
opal-CT/Q transformation in the Gjallar Ridge (Ireland et al., 2011).

100



7.2. BASIN MODELLING

Previous studies primarily use observations from seismic reflection data to constrain the
evolution of silica transformations on a basin-scale (Davies & Cartwright, 2002; Neagu et al., 2010).
These studies often support their interpretation by comparing transformation temperatures to
estimated subsurface temperature. This approach is problematic because silica diagenesis depends on
time as well as temperature and subsurface temperatures are often estimated. This is the first study
highlighting that the spatial and temporal evolution of silica diagenesis can be simulated in a basin
model. Because this approach allows an accurate calculation of subsurface temperature, opal-A/CT
transformation rates can be calculated based on time and temperature. This approach allows the effect
of sedimentation, seafloor temperature, and heat flow on silica diagenesis to be studied on a basin-
scale. As such, it represents a significant advance over previous studies and in future may help us
understand the evolution of complex silica transformation zones (e.g. Davies, 2005; Meadows &

Davies, 2007).

7.3. ROCK PHYSICS

Previous studies either compare rock properties of opal-A, opal-CT and quartz bearing rocks
(Isaacs, 1981; Tada & lijima, 1983; Guerin & Goldberg, 1996; Kim et al., 2007) or analyse rock
property changes with opal-A, opal-CT and quartz content (Compton, 1991; Chaika & Dvorkin, 2000)
to infer the impact of silica diagenesis on the rock properties. These approaches are problematic
because they do not account for depth-dependent rock property changes and rock property changes
due to variations in the overall mineralogy, in particular in clay minerals. To address these problems,
multiple linear regression analysis is, for the first time, applied to model the compositional and depth
dependency of porosity for exploration well 35/10-1 and 35/11-5. The analysis shows that opal-A
content explains host rock porosity to a large extent and opal-CT and pyrite content explain host rock
porosity to a lesser degree. The analysis is validated by demonstrating that the assumptions underlying

multiple regression are fulfilled. As such, this study does not only confirm that the impact of opal-A
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on the host rock porosity is statistical significant, but also provides a recipe to analyse the impact of

multiple parameters on host rock properties.

7.4. WATER RELEASE

Previous studies show that the transformation from opal-A to opal-CT can release up to
14wt% water (see Section 2.2.2.). Considering that the rocks hosting the transformation consist to less
than 15vol% of opal-CT (Figs. 4.7, 4.8), the water released is less than 0.02% of the host rock
volume. This volume is small compared to the amount of water released as a result of the porosity
reduction. The opal-A/CT transformation reduces host rock porosity by ¢.20% which, assuming these
rocks are water-saturated, results in an equivalent water release. This water release may cause
overpressure, hydraulic fractures, or sediment remobilisations (Davies et al., 2006). Its capacity to
transport significant amounts of silica out of the system may however be limited. Bjorlykke and
Jahren (2012), for example, argue that silica transport is limited by a number of factors, in particular
silica solubility and host rock permeability. According to their interpretation, only a minute fraction
(10”) of silica in the solid phase can be dissolved in the pore water, limiting silica transport out of the

system.

7.5. POLYGONAL FAULTING

Previous studies suggest silica diagenesis to drive polygonal faulting, as some of these faults
seem to nucleate close to diagenetic boundaries (Cartwright, 2011; Davies & Ireland, 2011). In this
study, the evolution of silica diagenesis and the polygonal fault system are constrained separately by
basin modelling and fault analysis, respectively. While basin modelling highlights the formation,
migration and fossilisation of the opal-A/CT transformation zone, fault analysis is used to constrain

polygonal fault nucleation and growth. Although the polygonal faults nucleated and preferentially
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grew in rocks which have most likely undergone opal-A/CT transformation, basic rock mechanics
show that diagenesis would need to induce lateral stresses and strains in the host rock to cause
polygonal fault nucleation and growth, respectively. As such, this study highlights a need for
experimental studies quantifying stresses/strains in sedimentary rocks induced by diagenesis and case

studies reconstructing polygonal fault growth in sedimentary basins worldwide.
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8. APPENDIX

8.1. ENERGY DISPERSIVE SPECTRA

Figure 8.1: Scanning electron microscopy images of cutting samples from exploration well 35/10-1 with energy dispersive X-ray diffractograms.
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8.2. MINERALOGICAL AND WIRELINE DATA

lllite-

Depth Opal-A Opal-CT Quartz smectite Ilite Kaolinite Calcite Pyrite Barite Sylvite Halite Porosity
m vol.% vol.% vol.% vol.% vol.% vol.% vol.% vol.% vol.% vol.% vol.% %
900 0.00 0.00 13.72 78.04 0.93 0.00 0.00 3.52 1.99 0.68 1.12 24.42
910 0.00 0.00 11.29 80.27 0.46 0.00 0.00 6.16 1.09 0.31 0.43 23.47
920 13.92 0.00 19.06 61.78 0.28 1.07 0.00 3.08 0.54 0.07 0.19 40.62
930 20.19 1.08 22.68 38.49 10.31  1.13 0.00 2.32 3.68 0.03 0.08 44.89
940 16.70 1.38 12.58 40.75 18.49 6.82 0.00 1.92 1.01 0.30 0.04 45.58
950 23.66 1.57 22.81 37.73 9.81 0.77 0.00 2.32 0.93 0.14 0.26 46.01
960 27.00 2.18 2417 39.36 3.63 0.82 0.00 1.82 0.84 0.17 0.00 49.21
970 25.28 0.00 24.49 38.66 7.52 1.15 0.00 1.45 1.07 0.36 0.02 51.60
980 24.23 0.00 18.74 43.30 9.66 0.85 0.00 1.25 1.34 0.57 0.05 53.93
990 23.15 0.00 21.84 49.26 2.71 0.77 0.00 0.57 0.78 0.51 0.42 52.26
1000 20.55 0.00 17.10 58.17 0.83 0.05 0.00 0.41 0.88 0.75 1.26 55.10
1010 25.35 0.00 16.06 41.11 10.94 1.69 0.00 1.12 1.49 0.59 1.63 57.06
1020 21.90 0.00 18.77 41.37 12.02 0.86 0.00 1.88 1.58 0.55 1.06 53.91
1030 19.46 0.00 20.99 45.10 8.06 1.87 0.00 1.25 1.90 0.56 0.80 55.37
1040 31.26 0.00 6.56 42.26 15.99 1.19 0.01 1.48 0.33 0.74 0.18 58.44
1050 30.24 0.00 8.00 37.02 17.65 2.56 0.00 1.93 1.94 0.46 0.19 57.93
1060 26.82 0.00 11.54 54.02 3.02 1.82 0.18 0.13 1.52 0.79 0.14 58.65
1070 27.19 0.00 16.27 32.70 15.95 2.62 0.01 2.14 1.21 0.46 1.45 58.84
1080 31.76 0.00 9.03 44.26 10.75 0.75 0.01 0.27 0.79 0.62 1.77 55.13
1090 25.92 0.00 15.76 31.15 19.78 2.31 0.62 2.07 217 0.14 0.09 55.52
1100 23.64 0.00 14.12 43.49 11.35 0.95 1.59 0.47 1.43 0.85 2.10 56.71
1110  26.04 0.00 17.30 32.25 16.89 2.79 0.92 1.72 1.22 0.43 0.45 54.66
1120 24.37 0.00 11.00 44.59 13.39 1.92 0.81 0.37 1.68 0.78 1.08 52.12
1130 22.58 0.00 15.21 39.33 15.78 1.64 0.44 0.94 2.95 0.63 0.49 56.51
1140 19.18 0.00 14.45 55.39 4.64 1.44 0.85 0.37 2.32 0.72 0.63 56.28
1150 17.97 0.00 18.57 38.90 20.70 240 0.37 0.65 0.00 0.41 0.04 52.70
1160 18.25 0.00 14.11 33.75 28.04 2.51 1.26 1.50 0.05 0.49 0.04 53.53
1170 18.66 0.00 13.29 48.60 16.52 0.96 0.86 0.24 0.18 0.47 0.22 53.12
1180 18.71 0.00 11.74 43.26 19.23 0.59 1.13 0.81 2.19 0.59 1.74 50.26
1190 14.83 0.00 15.80 43.75 18.72 0.63 1.22 0.41 2.78 0.67 1.19 48.05
1200 17.05 0.00 16.03 36.95 25.63 0.59 0.40 1.05 1.87 0.33 0.09 39.40
1210 17.15 0.00 12.74 47.33 17.56 0.96 0.60 0.06 1.08 0.57 1.94 36.89
1220 13.27 0.00 19.75 40.09 2229 0.27 0.94 0.65 2.26 0.34 0.13 35.59
1230 28.35 0.00 7.63 53.85 8.39 0.58 0.13 0.00 0.00 0.76 0.31 38.71
1240 11.08 1.06 21.20 51.86 11.03 0.43 0.74 0.41 1.47 0.58 0.12 38.48
1260 8.42 2.34 16.52 51.27 15.44 1.1 0.30 1.07 1.85 0.56 1.13 41.67
1270  9.51 8.17 20.84 44.34 13.20 0.34 0.00 0.48 1.62 0.66 0.85 43.75
1280 7.42 3.13 21.92 45.90 15.81 1.25 0.08 1.34 2.84 0.21 0.1 44 .28
1290 10.33 4.62 14.95 53.61 10.11  1.65 0.17 0.28 217 0.76 1.36 48.08
1300 6.13 4.73 17.26 52.66 14.02 1.55 0.10 0.73 2.26 0.30 0.27 41.25
1310 10.36 3.87 15.46 55.94 8.44 1.42 0.95 0.03 1.79 0.89 0.86 45.48
1320 5.94 5.08 8.95 61.42 11.74 1.28 0.67 0.06 2.98 0.52 1.36 43.67
1330 9.00 7.02 11.93 55.74 12.69 0.50 1.30 0.06 1.01 0.54 0.23 47.06
1340 9.62 9.26 11.46 50.95 12.53 2.37 0.42 0.65 1.64 0.66 0.45 44.53
1350 5.82 14.97 11.08 43.19 18.87 2.81 0.14 0.95 0.67 0.42 1.06 47.13
1360 9.76 8.27 8.94 54.63 12.36  2.13 0.46 0.11 1.85 0.83 0.66 48.74
1370 7.73 7.57 11.50 51.46 14.85 240 0.33 0.88 2.58 0.53 0.16 39.13
1380 9.87 7.24 8.68 57.24 12.87 1.86 0.26 0.25 0.80 0.70 0.24 44.03
1390 7.60 5.23 13.92 52.40 10.51 2.46 1.03 1.33 4.14 0.50 0.87 41.01
1400 8.39 14.04 9.98 52.67 11.63 0.80 1.09 0.12 0.27 0.61 0.40 39.02
1410 5.25 1.88 8.53 58.49 18.39 2.79 0.02 1.09 2.80 0.47 0.27 33.59
1420 7.91 0.00 15.57 56.43 10.87 3.65 1.30 1.02 2.05 0.52 0.70 34.28
1430 6.97 0.00 12.00 62.05 14.99 2.58 0.00 0.02 0.59 0.51 0.28 36.61
1440 2.98 1.63 8.83 68.40 13.62 2.28 0.09 0.19 1.38 0.38 0.24 38.92
1450 10.17 0.66 8.70 57.07 18.09 2.23 0.06 0.31 0.36 0.55 1.80 43.09
1460 2.23 1.85 10.06 60.45 18.30 2.59 0.22 2.27 1.82 0.17 0.04 43.15
1470 5.19 0.00 10.50 65.91 13.55 245 0.00 0.87 0.96 0.45 0.13 37.79
1480 3.94 9.46 15.54 46.52 19.88 3.17 0.00 0.26 0.01 0.34 0.87 40.77
1490 5.58 1.68 18.86 55.95 14.23 2.55 0.00 0.31 0.01 0.40 0.43 42.67
1500 6.78 0.00 9.89 63.00 15.75 1.77 0.00 1.43 0.01 0.58 0.79 39.56
1510 0.00 0.19 17.64 64.81 7.16 1.92 0.00 6.46 0.01 0.00 1.82 41.94
1520 0.00 0.00 15.90 71.55 5.74 0.00 0.00 5.04 0.01 0.00 1.76 36.19
1530 0.00 0.39 18.06 68.22 6.99 0.00 0.00 5.77 0.09 0.00 0.47 35.81
1540 0.00 0.78 19.21 67.15 6.77 0.00 0.00 4.04 1.07 0.05 0.94 37.30
1550 0.00 1.38 19.05 63.06 6.87 0.00 0.00 5.93 3.20 0.01 0.51 35.73
1560 0.00 0.19 19.56 73.59 2.01 0.00 0.00 3.47 0.18 0.01 1.00 40.33
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1570  0.00 1.26 17.31 66.62 5.11 0.00 0.10 7.58 1.99 0.00 0.03 38.47
1580  0.00 0.00 21.38 73.12 0.00 0.00 0.07 4.80 0.61 0.00 0.02 38.11
1590 0.00 0.06 21.20 66.59 1.21 0.00 0.01 8.71 2.16 0.01 0.05 37.68
1600  0.00 0.03 13.24 81.01 0.00 0.00 0.01 5.17 0.50 0.00 0.03 39.45
1610  0.00 0.04 15.49 79.01 0.00 0.00 0.00 5.46 0.00 0.00 0.00 38.75
1620 0.00 1.22 17.27 68.66 2.22 0.00 0.01 6.80 2.41 0.00 1.41 37.31
1630  0.00 1.62 18.22 68.97 1.65 0.00 0.01 7.44 1.85 0.00 0.24 35.41
1640 0.00 0.00 18.93 72.91 0.00 0.00 0.01 6.55 0.48 0.00 1.12 33.58
1650 0.00 0.53 24.75 63.07 0.00 0.00 0.01 9.1 2.53 0.00 0.00 36.01
1660  0.00 0.45 17.58 75.04 0.00 0.00 0.01 5.22 0.89 0.00 0.79 37.29
1670  0.00 0.48 18.08 73.68 0.00 0.00 0.01 7.00 0.74 0.00 0.00 36.81
1680  0.00 0.49 16.25 76.19 0.00 0.00 0.01 6.41 0.41 0.00 0.25 36.51
1690 0.00 0.08 15.50 72.74 0.00 0.00 0.01 9.78 1.23 0.00 0.65 36.00
1700  0.00 0.08 16.74 71.48 0.00 0.00 0.01 10.24 1.38 0.00 0.08 35.58
1710  0.00 0.07 16.80 73.01 0.00 0.00 0.01 8.77 1.26 0.00 0.07 35.01
1720  0.00 0.07 12.67 79.00 0.00 0.00 0.01 7.61 0.55 0.00 0.08 31.47
1730  0.00 0.08 21.04 66.28 0.00 0.00 0.01 11.52 1.07 0.00 0.00 27.58
1740  0.00 0.05 13.55 77.53 0.00 0.00 0.01 8.05 0.28 0.00 0.53 31.16
1750  0.00 0.06 16.92 71.05 0.00 0.00 0.01 1122 0.35 0.00 0.39 28.01
1760  0.00 0.05 21.02 70.75 0.00 0.00 0.01 7.82 0.36 0.00 0.00 27.80
1790  0.00 0.05 27.90 56.32 0.00 0.00 0.01 14.03 0.57 0.00 1.12 27.28
Table 8.1: Mineral contents, porosity and p-wave velocity data of exploration well 35/10-1 used in multiple linear regression
analysis.

Depth Opal-A Opal-CT Quartz glrthgctite lllite Kaolinite Calcite Pyrite Barite Sylvite Halite Porosity
m vol.% vol.% vol.% vol.% vol.% vol.% vol.% vol.% vol.% vol.% vol.%  vol.%
1030  28.00 0.45 10.57 48.03 1.66 1.80 1.47 1.34 3.34 2.84 0.50 53.68
1040 28.22 0.00 14.59 46.74 6.31 1.41 1.87 0.13 0.38 0.29 0.06 52.44
1050 19.44 0.00 20.25 47.72 8.99 1.16 0.43 0.08 0.87 0.79 0.28 55.31
1060 24.82 0.00 12.63 41.84 1741 2.26 0.16 0.05 0.00 0.78 0.04 52.94
1070 18.72 0.00 24.57 30.86 19.17 3.16 0.21 1.53 0.10 1.57 0.12 52.36
1080 20.67 0.00 11.65 41.06 20.08 1.00 1.67 0.98 0.57 2.10 0.23 50.81
1090  20.70 0.79 12.24 38.65 19.96 2.61 1.23 1.57 0.30 1.83 0.13 47.00
1100 22.31 0.00 13.11 46.50 12.98 1.08 1.72 0.00 1.10 0.98 0.22 44.32
1110 12.27 0.00 19.21 41.81 16.43 2.10 2.47 0.41 3.60 1.46 0.23 45.92
1120 17.17 0.00 17.00 46.03 12.60 1.71 1.30 0.00 2.74 1.17 0.27 46.60
1130 15.06 0.00 26.69 36.58 11.26 2.84 0.37 1.49 3.43 2.09 0.18 48.71
1140 17.93 0.00 21.66 47.35 9.57 1.71 0.10 0.09 0.48 0.91 0.19 47.98
1150 16.28 0.00 17.65 46.06 10.77 3.61 0.22 1.02 1.40 2.84 0.16 47.87
1160 17.31 0.00 17.70 53.31 7.95 2.10 0.09 0.00 0.49 0.84 0.21 40.17
1170 11.88 0.00 29.82 43.49 9.28 2.28 0.13 0.41 1.69 0.74 0.26 36.90
1180 6.52 1.32 31.09 38.52 13.13 2.95 0.17 1.64 2.04 2.37 0.25 40.27
1190 9.96 1.88 16.64 53.02 1219 3.98 0.27 0.00 1.01 0.88 0.17 40.84
1200 2.87 3.38 20.54 50.13 15.94 244 0.00 1.27 1.06 213 0.23 41.26
1210 5.31 2.30 20.62 52.64 12.01 2.26 0.00 1.08 2.40 1.04 0.33 36.87
1220 540 6.08 12.39 53.19 14.84 1.97 0.00 0.86 3.20 1.78 0.27 38.43
1230 7.10 13.00 13.92 42.87 18.19 2.27 0.00 1.74 0.37 0.45 0.09 37.89
1240 4.07 13.84 12.31 51.73 1049 142 0.01 2.28 1.53 2.28 0.04 38.20
1250 9.77 6.58 11.80 53.58 1448 1.51 0.01 0.01 1.05 0.99 0.23 41.31
1260 0.00 7.83 31.38 47.32 8.35 1.45 0.01 0.01 2.34 1.17 0.13 46.71
1270  0.00 8.87 13.64 63.62 8.79 2.56 0.10 1.94 0.22 0.10 0.15 45.80
1280 0.00 9.05 12.66 60.28 16.21 1.44 0.13 0.00 0.00 0.16 0.09 46.30
1290 0.00 1.03 17.20 61.49 14.80 2.53 0.23 0.60 0.82 0.88 0.43 44.76
1300 2.71 1.16 13.18 56.15 18.19 243 0.02 1.42 2.52 0.97 1.24 52.35
1310  9.96 0.43 13.25 57.52 9.34 1.68 0.02 2.15 4.48 1.06 0.11 48.84
1320 5.32 0.42 12.98 63.26 1245 2.63 0.02 0.19 1.66 0.95 0.12 45.15
1330 217 0.93 6.41 55.73 23.34 9.06 0.01 1.56 0.27 0.52 0.00 42.48
1340 3.13 0.29 14.06 58.50 17.72  2.61 0.01 0.90 1.57 1.06 0.15 40.99
1350 0.00 0.51 18.48 50.24 16.32 3.75 0.02 3.77 3.44 3.43 0.04 48.47
1360 2.89 0.65 10.68 67.41 12.13  1.68 0.00 1.15 1.81 1.06 0.55 45.56
1370  0.01 0.95 13.90 77.30 0.00 0.00 0.00 5.31 0.95 0.00 1.57 45.56
1380 0.04 1.23 12.18 64.85 13.27 242 0.19 1.08 2.91 1.67 0.19 43.73
1390 3.28 0.50 11.74 68.93 11.39 1.23 0.15 0.31 0.92 0.93 0.62 43.64
1400 1.73 0.00 12.19 70.64 10.16  2.14 0.03 2.26 0.06 0.36 0.42 41.28
1410 4.65 0.00 9.14 72.32 13.05 0.08 0.00 0.19 0.00 0.31 0.26 41.64
1420 1.67 0.00 12.85 66.79 15.73 0.1 0.00 0.85 0.61 1.19 0.19 38.92
1430 249 0.63 11.41 61.23 18.78 2.22 0.00 2.37 0.22 0.59 0.05 39.56
1440 1.71 0.00 9.70 70.87 1250 0.18 0.00 1.41 1.08 1.17 1.37 45.93
1450 5.29 0.00 7.18 75.17 8.41 0.00 0.19 0.62 1.33 1.36 0.46 45.02
1460  0.00 1.84 12.16 58.03 2156 0.41 0.00 5.62 0.14 0.00 0.25 46.73
1470 0.16 0.05 9.44 70.68 17.17 0.00 0.72 0.00 0.66 0.97 0.15 44.94
1480 0.00 0.88 9.09 71.12 15.92 0.00 0.00 0.00 1.24 1.22 0.53 42.60
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1490 3.07 0.00 6.81 80.84 6.04  0.00 0.00 0.01 1.86 0.86 0.52  47.04
1500 0.00 0.00 5.21 78.81 15.79 0.00 0.00 0.00 0.00 0.18 0.00 43.42

Table 8.2: Mineral contents, porosity and p-wave velocity data of exploration well 35/11-5 used in multiple linear regression
analysis.

8.3. RCODES

library(xlsx)

mydata <- read.xlsx("35-10-1.xlsx", 1)

library (leaps)

attach (mydata)

leaps<-

regsubsets (POR~Depth+Illite.Smectite+Illite+Kaolinite+Opal.A+Opal

.CT+Quartz+Calcite+Pyrite+Barite+Sylvitet+Halite, data=mydata, nbest
=10, method="exhaustive")

summary (leaps)

Code 8.1: Example code used for all subsets model selection

library (xlsx)
mydata <- read.xlsx("35-10-1.xlsx", 1)

attach (mydata)

library(car)

fitl <- 1m(POR ~ Opal.A + Opal.CT)

summary (fitl)

vif (fitl)

fitl.scale <- lm(scale(POR) ~ scale(Opal.A) + scale(Opal.CT))

summary (fitl.scale)

plot (fitl)
plot (fitlSresiduals ~ Opal.A)

ggPlot (fitl)

Code 8.2: Example code used for multiple regression
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