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Abstract

The Upper Jurassic-Lower Cretaceous Agardhfjellet and Rurikfjellet formations comprise
a 450 m thick shale-dominated succession. This succession is present across central parts
of Spitsbergen, Svalbard, and is the targeted caprock for the Longyearbyen CO, Lab. The
focus of this study has been on the Slottsmeya Member of the Agardhfjellet Formation
and the Wimanfjellet Member of the Rurikfjellet Formation.

Structural measurements collected from two drill cores and two outcrops, located 15
km apart, are the basis of this study. Additionally, X-ray diffraction (XRD) and Scanning
Electron Microscope (SEM) analyses have been conducted on two samples from one of
the drill cores. The drill cores exhibit high fracture frequencies, dominated by low-angle
shear fractures seen as polished surfaces with slickensides. The outcrops show highly
fractured beds, with mainly high-angle open and shear fractures. Mode I and Mode II
fractures are interpreted in both drill core and outcrop data. Contractional, meso-scale
structures are observed in the field area. The recorded deformation is interpreted to be the
result of tectonic events that has affected Spitsbergen after the deposition of the Agard-
hfjellet and Rurikfjellet formations. These events include the Cretaceous magmatic event
which resulted in uplift, Paleogene transpression and Cenozoic deglaciation and erosion.
The mineralogy is consistent with a typical shale composition, where clay minerals and
quartz constituents show the highest fractions. XRD analyses determine that clay miner-
als comprise 35% and 51% of the Agardhfjellet and Rurikfjellet formations, respectively.
The study shows that the Agardhfjellet and Rurikfjellet formations are highly fractured,
with a décollement zone present along the boundary. This is interpreted as the primary
reason for the highly deformed rock mass. However, the interval appears to have a good
sealing property seen as a vertical pressure difference exists between the targeted reser-
voir and caprock succession. The reason for the functional seal is not fully understood,
but appears to be related to several factors such as: (i) thickness resulting in satisfying
confining pressure, (ii) large amounts of clay minerals, (iii) preferential orientation of ex-
isting fractures in relation to current stress regime, (iv) and a décollement zone forming a

barrier for vertical fluid flow.
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Chapter 1

Introduction

1.1 Background

Carbon Capture and Storage (CCS) is recognized as one of the main contributing methods
to limit the ongoing increase of anthropogenic emissions of CO, by the Intergovernmental
Panel on Climate Change (IPCC). By implementing CCS, there is an estimated reduction
of 19% of the current global CO; emissions by 2035 (Birol, 2010). This technology will be
an important step to reach the 2 °C goal of the Paris Agreement (Rogelj et al., 2016).

CCS is a method where carbon is captured at a point source (e.g., a power plant),
transported to a suitable injection site (by e.g., pipelines, ships or trucks), and injected into
a reservoir in the subsurface (e.g., saline aquifers or depleted hydrocarbon reservoirs) for
permanent storage (Metz et al., 2005), as illustrated in Figure 1.1. Injection of CO; into the
subsurface is a technology that has been utilized within the hydrocarbon industry since
the 1980s to enhance oil recovery (Beliveau et al., 1993), and is therefore a well understood
technology. The feasibility of CCS can best be understood by industry-scale projects such
as the Sleipner Project (Torp and Gale, 2004), but also pilot-scale projects such as in Japan
(Xue et al., 2006) and Ketzin in Germany (Forster et al., 2006) can confirm the possibility

of storing the CO, subsurface.



CHAPTER 1. INTRODUCTION
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Figure 1.1: General concepts of CCS.

For storage of CO; to be feasible, parts of the conventional petroleum system needs
to be in place, such as the storage formation, caprock and trap. Typical caprocks are low-
permeability rocks such as shale or evaporites (e.g., Song and Zhang, 2013; Gale et al.,
2014). In general, four different trapping mechanisms are recognized for CCS (Zhang and
Song, 2014): (i) hydrodynamic trapping, (ii) residual trapping, (iii) solubility trapping,
and iv) mineral trapping. Hydrodynamic trapping is regarded as the primary trapping
mechanism, and refers to the CO; being trapped as a supercritical fluid or gas under a
low-permeability caprock. This type of trap is dependent on a caprock with a capillary
entry pressure higher than the buoyancy or hydrodynamic force that the CO, will act
with. For this trapping mechanism, a structural or stratigraphic closure that provides
both a lateral and vertical seal needs to be present. In addition, the caprock should possess
properties such as low permeability and sufficient thickness. This type of trap can also be
referred to as a structural, stratigraphic or hydrothermal trap. The residual trapping refers
to CO; and brine having different densities, and hence the CO, will be trapped in the
pore space, and will be immobile due to the brine surrounding it. The solubility trapping
refers to the dissolution of the CO, in the fluids present at the injection site. Properties
such as the salinity, temperature and pressure defines if the gas dissolves. The dissolution
continues until an equilibrium is reached within the fluid. The mineral trapping refers to

the injected CO; being incorporated into stable mineral phases already present. A reaction



CHAPTER 1. INTRODUCTION

with the minerals present or organic matter needs to happen for this type of trap to work
(Zhang and Song, 2014).

The potential for caprocks to leak is a major concern for the CCS. There are three rec-
ognized leakage scenarios through caprocks (Busch et al., 2008): (i) mechanical failure
leading to rapid leakage when the seal is breached, or by damage of well corrosion caus-
ing fracture networks, this is referred to as hydraulic seals; (ii) exceeding of capillary
break-through pressure causing long term leakage; (iii) dissolved gas lost through water-
saturated pore space, referred to as membrane seal.

Longyearbyen’s power is sourced from from the local coal-fueled power plant. In
2007 a project (the Longyearbyen CO, Lab, Fig. 1.2) to capture and store the CO, emitted
from this power plant was initiated to characterize the subsurface reservoir-caprock sys-
tem (Braathen et al., 2012). This project is an onshore, pilot-scale site for geological CO;-
sequestration at depths between 700 meters and 1000 meters on central Spitsbergen, Sval-
bard (Ogata et al., 2014b). In this project the Upper Triassic-Lower Jurassic Wilhelmoya
subgroup is the targeted storage succession, and the Upper Jurassic—Lower Cretaceous
Janusfijellet Subgroup, consisting of the Agardhfjellet and Rurikfjellet formations, acts as
the targeted caprock. On central Spitsbergen this subgroup is measured to be more than
400 m thick (Dypvik et al., 1991). The Agardhfjellet Formation is considered to be the
lateral time-equivalent to the Barents Sea (the Fuglen and Hekkingen formations), North
Sea (the Draupne Formation) and Norwegian Sea (the Spekk Formation) dark shales (Ko-
evoets et al., 2018).
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Figure 1.2: Location of the Longyearbyen CO, Lab and the field site. a) Outline of Sval-
bard, b) structural element map of southern part of Spitsbergen, and c) cross section of
central Spitsbergen. Modified from Bergh et al. (1997) and Ogata et al. (2014b). BFZ -
Billefjorden fault Zone, LFZ - Lomfjorden Fault Zone.
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In 2010 several leak off tests (LOT) were conducted on the targeted reservoir and
caprock succession, and the tests recorded vertical pressure differences, with pressure up
to 30% below hydrostatic level in the lower targeted storage formation (Braathen et al.,
2010). The LOTs combined with isotope analysis confirms that the seal is efficient (Huq
etal., 2017; Braathen et al., 2012), at least on a thousand year time scale. Values of up to 50
bar has been recorded in the reservoir and lower caprock succession (Birchall et al., 2018).
Flow capacity measurements (Braathen et al., 2010) confirmed a good storage formation,
which is assumed to be due to natural existing fractures. A secondary seal is recognized
within the permafrost currently present in the area (Braathen et al., 2012; Olaussen et al.,
2019). Onshore pilot scale projects such as this contribute to an understanding of how
CO; migrates, and can help to optimize the technology and monitior CO, migration (e.g.,
Lavadera et al., 2018).

The Longyearbyen CO, Lab has a CCS system that is considered unconventional. The
typical trap is not present, as the succession is cropping out approximately 15 km north
of the planned injection site (Baelum et al., 2012). In addition, a tight reservoir has been
considered a challenge. Initially, the mean porosity is 13% and average permeability is 1.5
mbD, but permeability values up to 39 mD has been measured (Senger et al., 2015; Mul-
rooney et al., 2019). Hence the system is considered to be good, due to the natural existing
fractures resulting in the given, satisfying permeability measurements. The lateral extent
of the caprock formation is assumed to be of great enough extent to make sure the injected
fluids are trapped (Braathen et al., 2012). Still, further research need to be conducted to

increase the understanding of the mechanical properties of the caprock.

1.2 Motivation

Studies focused on fracturing in shale-dominated units increased in the 1980s when explo-
ration for shale gas in the US increased, and the importance of natural existing fractures
within the shale was recognized (Gale et al., 2014). Still, there is a lot more to be studied
about structural features within shale-dominated units. Shale, due to its fine grained na-
ture, is not fully understood regarding its properties and composition (Aplin et al., 1999).
Central Spitsbergen holds a unique opportunity to study shale-dominated successions
due to the possibility of combining field and drill core data. An enhanced understanding

of such a mechanically weak succession can therefore be acquired here. This knowledge is



CHAPTER 1. INTRODUCTION

valuable both for CO,-sequestration, as well as in a petroleum exploration and production
perspective. The data in this study is primarily acquired to enhance the understanding of

the caprock properties of the Agardhfjellet and Rurikfjellet formations.

1.3 Aims and Objectives

The focus of this study is to conduct a structural analysis by looking at deformation struc-
tures and analysing the mineralogy of the Late Jurassic to Early Cretaceous succession
herein defined to be the Agardhfjellet Formation (the upper Slottsmeoya Member), and
the Rurikfjellet Formation (the lower Wimanfjellet Member). This stratigraphic interval
is cropping out at Deltaneset, in addition to being present in several drill cores from the
Longyearbyen area, making it a unique study area for this shale-dominated succession.
Field observations and drill core data, as well as XRD and SEM analyses, are used in this
study. This provides an improved documentation of the cap rock properties of this inter-
val as well as an increased understanding of the tectonic impact of the mechanically weak

succession. The aims of this study are:

e Determine fracture abundance and origin of fractures within the studied succession,

and relate it to tectonic events.

e Form a three-dimensional understanding of the extent of fracturing in the studied

interval, by comparing outcrop and drill core data.

e Map the structural deformation present within the upper Agardhfjellet and lower
Rurikfjellet formations, focusing on the décollement zone reported to be in this in-

terval.

e Study the mineralogy of the aforementioned formations to see if there are any dif-
ferences between the two formations, and how the mineralogy may be related to the
deformation of the rock.

By combining the aims, the overall goal is to evaluate the caprock potential of the
upper Agardhfjellet and lower Rurikfjellet formations.



Chapter 2

Theoretical background

2.1 Deformation in shale-dominated units

2.1.1 Fracture characteristics

Fractures are defined to be a discontinuity exhibiting a planar or sub-planar expression
with one narrow dimension compared to the two other dimensions (Fossen, 2010). A frac-
ture forms as a result of either external stress or internal stress, such as tectonic or ther-
mal, respectively (Fossen, 2010). A defining property of fractures is the loss of cohesion.
Fractures develop in rocks that are prone to brittle deformation, and can be described as
structural heterogeneities. The role fractures play (as either a conduit or baffle) depends
on parameters such as their size, distribution, strength, spatial arrangement, intersection
and mode (Gale et al., 2014).

The fracture mode is an important parameter when predicting the fluid flow pathway
within a rock (Fossen, 2010). Fractures can be divided into four primary modes, and are
identified on the basis of how two masses move relative to each other (Fig. 2.1). The
relative movement that causes a fracture to develop is a result of how forces have acted
on the host rock (Fossen, 2010; Schultz and Fossen, 2008). The different fracture modes

include:

Mode I: An extensional type of displacement recognized as opening of opposing walls,
known as joints. These fractures develop perpendicular to the minimum stress
axis. Joints can be either bed-confined, meaning restricted to one lithological bed, or
through-going, meaning that it cuts through one or more sedimentary beds. If the

7
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joints are sealed with mineral cement, they are referred to as veins.
Mode II: A shear fracture formed parallel to the slip direction.
Mode III: A shear fracture formed with rotational or tearing forces.

Mode IV: A compressional type of displacement recognized as a closing of two opposing
walls, known as an anti-crack. These fractures form perpendicular to the maximum

stress axis, and include features such as stylolites.

-

Mode | Mode I Mode il Mode IV

Figure 2.1: The different modes of fracturing. Arrows indicate movement of the opposing
fracture walls. Modified from Fossen (2010).

Further, fractures can be arranged in sets based on similar attributes such as orienta-
tion (Hancock, 1985). Different sets makes up fracture patterns, and can be referred to
as fracture networks. Within one set of fractures, a number of characteristics may differ.
They can show a variety of height, length and aperture (Schultz and Fossen, 2002). Frac-
ture networks are defined based on properties such as orientation, size, and connectivity
of multiple fractures (Andersen et al., 2013). The fracture network indicates the connec-
tivity within a rock mass in a given area, which can confirm fluid flow properties of the
host medium.

The morphology of fractures observed in the field is described by Nelson (1985) and
can be divided into four main types: (i) open fractures, (ii) deformed fractures exhibiting
slickensides and filled with gouge, (iii) mineral-filled fractures, and (iv) vuggy fractures.
The open fractures do not show any deformation and do not contain mineral cementa-

tion along the fracture planes. The deformed fractures are characterized by offset along
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the fracture planes, with material derived from the fracture plane itself as gouge-fill. The
surfaces with slickensides indicate syn-deformation of the fracture planes. The mineral
filled fractures indicate that a secondary or diagenetic fracture has grown along the frac-
ture plane. Vuggy fractures refer to dissolution of mineral cement when re-opening of the
fracture has occurred (Nelson, 1985).

Fractures in outcrops provide insight into natural occurring fractures, and a possibility
to study sub-seismic (less than 20 m displacement) features (Laubach et al., 2009). Out-
crop studies provide data that can be used to understand fractures in the subsurface, by
learning about fracture patterns that can be used to understand similar patterns at greater
depths. However, multiple studies conducted throughout the last couple of decades re-
veal differences between fracture patterns found at depths exceeding 1 km and outcrops
(e.g., Laubach et al., 2009). Impact from weathering, pressure-temperature paths and de-
compaction can have an affect on fracture patterns. Gale et al. (2014) report differences
between fractures in the subsurface and in outcrops regarding appearance, with many
sealed fractures in the subsurface and a dominance of joints in outcrops. Only a small
number of mineral filled fractures are observed in the outcrops (results based on shale
studies).

The mechanical properties of a rock affects the rocks” strength, ability to deform, and
determine what structures may form within the rock mass (Bell, 1993; Kohlstedt et al.,
1995; Crider and Peacock, 2004). The porosity of the rock is an important property, in ad-
dition to the resulting permeability the fractures can lead to (Wong et al., 1992; Fossen and
Bale, 2007). Rock masses with low porosity tend to expand in volume during shearing,
and often exhibit zones of concentrated shearing (Schultz and Fossen, 2008). The type of
structural discontinuity that occurs depends on the porosity of the rock. High porosity
rocks (> 10% to 20%, e.g., sandstones) often form tabular discontinuities known as defor-
mation bands, while joints and faults are not related to the porosity and can hence form
in rocks with any porosity value (Schultz and Fossen, 2008). The chemical properties of
the rock are also important, as it defines what chemical reactions may occur where the
fracture is located. This refers to the way the fracture develops as well as the implications

for fluid flow after the fracturing has occurred (Laubach et al., 2009).
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2.1.2 Fractures in shale

The term shale refers to a rock with constituent particles such as quartz, feldspar, clay
minerals, organic matter, pyrite, carbonates and phosphates (Gale et al., 2014). Studies on
shale and fracturing within shale-dominated units have matured in the last years, due to
the economical benefits of shale gas. For many years the importance of fractures as fluid-
flow pathways has been studied within sandstone and other typical reservoir rocks due
to their importance in petroleum exploration. With the increased necessity for knowledge
about caprocks, studies of fracturing in shale have also increased. Shales act as the seal for
almost all petroleum provinces as well as waste disposal sites (Aplin et al., 1999). Further,
fractures within shale is a controlling factor when it comes to shale gas production (Gale
et al., 2014).

Initially, shale will exhibit a ductile response to an increased load. But, when exposed
to chemical diagenesis and build up of overpressure, a brittle response may occur (Nygard
et al., 2006). Properties such as low porosity, small grain size and a high proportion of
brittle minerals such as quartz and feldspar can correspond to greater strength within
the shale (Nelson, 1985). In general, shales rich in clay minerals or organic matter often
exhibit a low strength (Guo et al., 2013). Shale often has a low Young’s modulus, and
thereby typically exhibit a low fracture abundance and in some cases no fractures at all
(Laubach et al., 2009). High clay fractions and organic material within shale often result
in ductile deformation, whereas a high content of silica, feldspar and carbonates typi-
cally corresponds to more brittle behavior (Miller and Paterson, 1994). This corresponds
to typical low brittleness index (BI) for clay-rich rocks (Guo et al., 2013). As such, brit-
tle behaviour is more likely to be found in shale with a high content of brittle minerals.
However, rocks that have been exposed to catagenesis exhibit fracture growth when a
high organic content is present (e.g. Rodrigues et al., 2009). High organic content in shale
tends to correspond to shear and tensile fracturing (Sone et al., 2011).

Filling of veins is dependent on the host rocks ability to provide reactants by local
dissolution and diffusion (Gale et al., 2014). This partly depends on burial and subsequent
heating of the strata. Within fractures in shale, calcite filling is mainly found (Gale et al.,
2014). The sealing properties of the sealed fractures depends on the chemical composition
of the filling as well as the mineralogy of the host rock (Gale et al., 2014). For a fracture to
work as a baffle to fluid flow, it needs to contain minerals with good sealing properties.

Fractures in shale can be hard to distinguish from other, natural discontinuities. Bedding-
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parallel fractures can be hard to separate from bedding. The nature of shale is anisotropic,
which typically gives unclear results. In addition, weathering may impact the recording
of the bedding-parallel fractures and lead to an underestimation of these types of fractures
in the field (Gale et al., 2014). Bedding-parallel fractures have been linked with catagene-
sis where they are most abundant (e.g. Cobbold and Rodrigues, 2007).

By mapping patterns of fractures, which may be linked to the shale composition,
burial history and stratigraphy, the understanding of the fracture mechanisms can be in-
creased. As a result of this, the response of natural fractures to external forces can be
predicted (Smart et al., 2014).

2.1.3 Theory of faulting

Faults are defined as planar or zonal structures, where shear displacement occurs across
the structure (Billings, 1972). Faults can be broadly categorized as three types, and are
illustrated in Figure 2.2 (Anderson, 1905): reverse faults or thrust planes, normal faults,
and strike-slip faults.

Figure 2.2: The Andersonian fault classification showing the causal stress orientation for
each fault type. The green arrows indicates o1, the red arrows indicate o2 and the blue
arrows indicates o3. a) reverse fault/thrust plane, b) normal fault, c) strike-slip fault.

The reverse or thrust faults are defined by the maximum principal stress (¢1) being
horizontal and the lowest stress (o3) being vertical (Anderson, 1905). Faults with a re-
verse movement can be recognized as either reverse faults or thrust faults, where reverse
faults are steeply-dipping (> 30°), and thrust faults are typically low-angle (< 30°). Fun-
damental to these faults, the hanging wall is displaced upwards relative to the footwall
(Peacock et al., 2016), and hence older strata is on top of younger strata. Normal faults

occur when o7 is vertical and o3 is horizontal (Anderson, 1905). As a result of this stress
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orientation, the hanging wall is displaced downwards in relation to the footwall (Peacock
et al., 2016). Strike-slip faults are formed when o and o3 are both horizontal and oriented
90° to each other (Anderson, 1905). Displacement is in the horizontal plane, and will be
parallel with the orientation of the fault (Peacock et al., 2016).

The fault architecture consists of a fault core and a damage zone. The fault core is
also called the slip surface, and can either be a single surface or a zone of several slip sur-
faces. In soft, sedimentary rocks such as shale, the core typically consists of non-cohesive
smeared out material. When a fault forms in a sedimentary rock, the clay and silt can
be smeared out to a continuous membrane. The damage zone is characterized by brittle
deformation of the wall-rock. Typical for this zone is shear fractures and tensile fractures
(Fossen, 2016).

2.2 Relevant structural terms

Important structural terms referred to in this thesis are explained shortly. These structures
are typical for fold-and-thrust-belts (Fossen, 2016).

Horse: This structure occur between the thrust faults that form duplex structures, where
they are arranged piggy-back and typically dip towards the hinterland. Horses are
recognized as an S-shape in the vertical profile. (Fossen, 2016).

Décollement: A sub-horizontal detachment zone acting as a level of shearing, where the
overlying strata is detached from the lower lying strata (Cook and Varsek, 1994;
Ogata et al., 2014a). Shale as a mechanically weak rock often accumulates strain
along these zones, where the driving force is the hydrostatic pressure gradient. In
fold-thrust-belts, shale often accomodates concentrated deformation and slip (Gale
et al., 2014).

Duplex: A fold-and-thrust-belt structure, bound by a roof thrust above, and a floor thrust
below. This structure is characterized by multiple, linked contractional faults inter-
nally (Cook and Varsek, 1994). Duplexes form as a mechanism for transfer of slip
from one horizon to a shallower one (Boyer and Elliott, 1982). The slip decreases
along the floor thrust and increases along the roof thrust. The geometry of the horses
control the shape of the duplex (Butler, 1982).
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Pop-up structure: A structure consisting of two thrust faults with opposing orientation,
where one is foreland vergent and the other one is hinterland vergent. The strata in
between the two thrusts are uplifted by the reverse movement (McClay, 1992). This
is a thrust structure often found in the foredeep, the frontal and weakly deformed

part of a fold-and-thrust belt. It is commonly formed where the basal friction is low.
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Chapter 3
Geological setting

Spitsbergen is the largest island of the Svalbard archipelago and hosts a consistent rock
succession ranging in age from the Precambrian to Tertiary age (Dallmann et al., 2015). In
this thesis, parts of the Late Bathonian to Hauterivian sedimentary rock succession pre-
viously known as the Janusfjellet Formation (Dypvik et al., 1991) has been studied. This
formation is now defined as a subgroup, comprising the Agardhfjellet and Rurikfjellet
formations. The main focus of this chapter will therefore be on the geological evolution

of the archipelago from which time these formations were deposited.

3.1 Tectono-stratigraphic evolution

3.1.1 Geographic location

The archipelago of Svalbard is today located at the northwestern edge of the Barents Sea,
between 71° and 84° north, and 10° and 35° east. The archipelago is bound by a steep,
passive continental margin in the north (Faleide et al., 1984), whereas towards the west,
Spitsbergen is bounded by a transverse spreading ridge (Bergh et al., 1997). Svalbard
represents an uplifted part of the Barents shelf, where the outcropping stratigraphy is
analogous to subsurface Barents Sea geology. Svalbard has therefore been a key study
area to understand the subsurface geology of the Barents Sea for a long time, and has
often been used to conduct correlation studies of the two areas (e.g., Nottvedt et al., 1993).
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3.1.2 Depositional environment and lithostratigraphy

Svalbard was located in the southern hemisphere during the Precambrian, but has slowly
drifted northwards to its current location (Dallmann et al., 2015). During the interven-
ing time, the archipelago has experienced several tectonic phases and eustatic sea-level
variation. The development of the area where Svalbard is located has been dominated
by N—S trending structures that initially formed during the Caledonian orogeny in the
Silurian-Devonian, and lineaments related to this event (McKerrow et al., 2000).

In the Early Jurassic, most of the Earth went through a shift from an arid or semi-arid
to a more humid climate. Globally, this was a tectonically active period, with major reor-
ganization of the continental plates. As a result, there were numerous sea-level changes,
with flooding of large landmasses as well as an exposure of shelf areas and the formation
of internal basin highs occurred (Dallmann et al., 2015). By the end of the Jurassic, the
break-up of the supercontinent Pangaea was completed, resulting in the Gondwana and
Laurasia supercontinents in the southern and northern hemispheres, respectively. At this
time, Svalbard was located at approximately 60° N (Fig. 3.1).
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Figure 3.1: a) Svalbard’s position (marked as a red circle) during the Jurassic, Svalbard’s
depositional environment during b) Pliensbachian, and ¢) Kimmeridgian. Obtained from
Dallmann et al. (2015)

In the mid-Jurassic, Svalbard was situated on a shallow-shelf to marginal marine plat-
form. During this time, the deposition of the Wilhelmoya Subgroup occurred (Dypvik
et al., 1991). In the Late Jurassic, the sea level rose, and large parts of Europe and North
America became flooded. This created epicontinental seas and separated landmasses. At-

mospheric concentration of CO, was high at this time, which enabled high production
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and preservation of organic matter. The Upper Jurassic shale-dominated units comprise
many of the oil and gas provinces that are in production worldwide today (Dallmann
et al., 2015).

The Agardhfjellet Formation comprise four members: Oppdalen, Lardyfjellet, Opp-
dalssata, and Slottsmeya (Dallmann, 1999). The formation was deposited during a trans-
gressive event in the Bathonian, and is interpreted as open marine shelf deposits (Fig. 3.1,
Dypviketal., 1991). The Brentskardhaugen Bed, a coarse sandstone bed, defines the lower
boundary of the formation. After this unit, a highly bioturbated siltstone follows, before
continuous dark shale (with some interbedded siltstone and carbonates) makes up for the
rest of the formation (Dypvik et al., 1991). During the time of deposition, the environment
was oxygen deficient. The time-equivalent Hekkingen Formation in the Barents Sea is a
prolific source rock (Worsley, 2008).

A 200 m thickness variation within the formation is observed, with an observed thick-
ness of 250 m to the west and 50 m to the east of Spistbergen (Dallmann et al., 2015).
This variation is interpreted to be related to erosion in the east prior to deposition of the
overlying strata. In addition, post-depositional tectonic events such as the Cenozoic trans-
pressional event has resulted in folding and faulting of the strata which caused repetition
of the formation (Major et al., 2000).

The boundary between the Agardhfjellet and Rurikfjellet formations is defined by a
condensed section and a major unconformity, the base Cretaceous unconformity (BCU)
(e.g., Grundvég et al., 2019). During the time of deposition of the Rurikfjellet Formation,
Svalbard was located at 65° N (Fig. 3.2).
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Figure 3.2: a) Geographic position of Svalbard (marked as a red circle) during the Creta-
ceous, Svalbard’s depositional environment during b) Valanginian, c) Barremian, and d)
Albian. Obtained from Dallmann et al. (2015)

The base of the Rurikfjellet Formation is defined by the Myklagardfjellet Bed, which
is an up to 10 m-thick reddish-yellow or green plastic clay (Dallmann, 1999). The bound-
ary between the two formations is not easily recognized in the field as it is often highly
weathered. In addition, it is poorly developed in some areas making it hard to distinguish
between the shale-rich upper member of the Agardhfjellet Formation and lower member
of the Rurikfjellet Formation (Dallmann et al., 2015).

The Rurikfjellet Formation consists of two members, the Wimanfjellet and Ullaberget
members (Dallmann, 1999). Due to the break-up of the landmasses during Cretaceous, ig-
neous activity led to heat flux within the oceans resulting in an increase in the volume of

water, where the sea-level was approximately 100 m to 200 m above current levels (Dall-
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mann et al., 2015). The Rurikfjellet Formation shows a regressive depositional sequence,
as demonstrated by the formation showing an upward coarsening trend. The Wiman-
fjellet Member is a shale-dominated unit (Midtkandal et al., 2018), and is interpreted to
have been deposited in an outer shelf environment during Valanginian-Early Hauterivian
times (Grundvag et al., 2019) in northern latitudes (Fig. 3.2). The Kikutodden Member is
rich in silt- and sandstones and reflects the further shallowing of the sea level (Dallmann
et al., 2015).

The coarsening upwards succession is overlapped by the Helvetiafjellet Formation. A
northwestern provenance has been observed in this overlying formation, indicating that
the sedimentary source changed towards the northwest during the Cretaceous (Midtkan-
dal and Nystuen, 2009).

Based on geochemical analyses, the Janusfjellet Subgroup of Svalbard and the Hekkin-
gen Formation of the Barents Sea (Fig. 3.3) show similar sedimentological conditions
(Dypvik and Harris, 2001). This indicate similar provenance for the two areas.
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Figure 3.3: Lithostratigraphic table, correlating Svalbard and Barents Sea lithostratigra-
phy. Modified from Geological Time Scale Foundation (2016) and Dallmann et al. (2015).

3.1.3 Tectonic events

Svalbard has gone through several tectonic phases during the tectonic evolution of the
area. The Spitsbergen subsurface is dominated by multiple structural lineaments with
N—S and NNW—SSE trends. The most prominent fault zones reflected by these linea-
ments are the Billefjorden Fault Zone, the Lomfjorden Fault Zone and the Hornsund Fault
Zone (Andresen et al., 1992). These fault zones are interpreted to have their origin in the
Devonian, and have gone through numerous of reactivations during subsequent tectonic
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events (Steel and Worsley, 1984). In general, the tectonic events have controlled the sed-
imentation of the strata (Dallmann, 1999; Steel and Worsley, 1984), as demonstrated by
erosional surfaces, change in depositional patterns, non-depositional episodes, and dif-
ferent transport directions.

During the late Permian to Early Carboniferous there was a minor instability after the
formation of the Caledonian Orogeny. The lineaments present caused a division between
the highs in the west and the lows in the east, acting as a determining factor for deposition
at that time by causing relief that influenced the drainage pattern. Svalbard was a stable,
marine platform by the Late Carboniferous (Steel and Worsley, 1984).

During the Jurassic, the splitting up of Pangaea was complete (Dallmann et al., 2015).
The platform cover (i.e. the Mesozoic succession) was highly impacted by the opening of
the Amerasian basin in the Early Cretaceous (Dorr et al., 2013). The opening of this basin
resulted in volcanic activity, leading to the development of the High Arctic Large Igneous
Province (HALIP) in the Arctic region (Tarduno et al., 1998a,b) during Barremian to Early
Campian (Senger et al., 2014). The sedimentary succession present at that time was in-
truded by the Diabasodden Suite dolorites. In addition, the northern parts of Spitsbergen
was uplifted due to the heat flux associated with the magmatic activity which initiated
further north (Maher et al., 2001; Nejbert et al., 2011). More than 1 km of the sedimen-
tary succession on northern Spitsbergen was eroded as a result of this, and a major hiatus
of the Late Cretaceous stratigraphic succession was formed (Dallmann, 1999; Dorr et al.,
2013). Svalbard experienced a total of 3 km uplift due to the HALIP activity (Harland,
1997). As a result of the uplift late Cretaceous strata is not present at Svalbard, and a 3°
regional, southwestward dip is persistent in Svalbard’s strata (Baelum et al., 2012).

The intrusions from the HALIP are mainly found in the Triassic successions, but in
some localities e.g., Botneheia and the east coast of Spitsbergen, the Agardhfjellet Forma-
tion has been cut into by dykes and sills respectively. Igneous intrusions also demonstrate
NW-—SE and NE—SW trends, suggesting that these were the main stress fields during the
emplacement of the intrusions (Senger et al., 2013).

In the Paleogene, the opening of the Atlantic Ocean continued, but was punctuated
by a phase of dextral transpression between Svalbard and Greenland (Braathen et al.,
1999; Dallmann, 1999). This movement led to a fold-and-thrust-belt on the western side
of Spitsbergen, called the West Spitsbergen fold-and-thrust belt (WSFIB). The WSFTB
is characterized by a western thick-skinned province where structures are basement in-
volved, and an eastern thin-skinned province with three different levels of décollement
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zones, along weak evaporite and shale intervals. Two of these décollement zones bound
the Longyearbyen CO; reservoir (Bergh et al., 1997; Braathen et al., 1999; Blinova et al.,
2013).

The WSFTB developed during five different stages, as recognized by Bergh et al.
(1997): (stage 1) an early development of shortening, and an establishment of décollements
in the Carboniferous and Permian strata; (stage 2) a main shortening event associated with
the formation of the dominant north-northwest-trending fold and thrust belt; (stage 3) a
modification of the thrusts from stage 2 displayed as both monoclinal uplift and observed
folding of décollements in the eastern zone; (stage 4) out-of-sequence thrust and trunca-
tion of earlier thrusts; (stage 5) extensional features forming in the east.

During this event, a foreland basin referred to as the Central Tertiary Basin (CTB),
formed on the eastern side of the WSFIB (Steel and Worsley, 1984). Longyearbyen is
located in the middle of this basin. Within the CTB, the section which this thesis focuses
on was overlain by a 3 km overburden (Marshall et al., 2015b), causing mechanical and
chemical compaction of the strata present (Bergh and Andresen, 1990; Braathen et al.,
1999). The Mesozoic strata can be found along the NNW—SSE trending basin boundary
in central Spitsbergen today.

The Paleocene-Eocene stage of the WSFTB generated thrust sheets transported east-
ward along weak intervals such as evaporites and shales, where décollement zones were
localized (Bergh et al., 1997). The shale-dominated Upper Jurassic-Lower Cretaceous suc-
cession is interpreted to contain one of these detachment levels (Bergh and Andresen,
1990).

Svalbard has gone through several phases of deglaciation causing isostatic rebound
and decompaction. In the Cenozoic, erosion and especially glacial erosion was an ac-
tive process. This has led to approximately 3.5 km of uplift in central Spitsbergen (Hen-
riksen et al., 2011; Bohloli et al., 2014). The underpressure within the reservoir of the
Longyearbyen CO, Lab is associated with this mechanism. The strata present shows
loading mechanisms, and later the unloading and erosion of the overburden displayed as
unloading joints, probably reactivated during the deglaciation and decompaction (Ogata
et al., 2014b).
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3.1.4 The Agardhfjellet and Rurikfjellet formations

The focus of this study is on the Janusfjellet Subgroup, and in particular on the Slottsmeya
Member of the upper Agardhfjellet Formation and the Wimanfjellet Member of the lower
Rurikfjellet Formation. This subgroup comprise a 450 m thick, shale-dominated succes-
sion (Dypvik et al., 1991) acting as the targeted caprock and top seal for the Longyearbyen
CO; Lab (Braathen et al., 2012; Olaussen et al., 2019).

The Agardhfjellet Formation is present at central Spitsbergen, and has been the focus
of previous studies (e.g., Dypvik et al., 1991). This formation has an upwards increase of
total organic content (TOC) to about 12% before it drops to 1.5%—2% at the top of the for-
mation (Dypvik, 1984; Koevoets et al., 2018). The thickness variations within the Agardhf-
jellet Formation, ranging from 50 to 250 m, is due to the tectonic thinning of the formation
as a result of the thin-skinned thrusting and sub-vertical fault movement from the Ceno-
zoic transpressional event (Major et al., 2000). As a result of the mechanical properties
of the shale, the Agardhfjellet Formation is rarely undisturbed. The combination of dif-
ferent structural discontinuities (e.g., imbricate structures and faults) has resulted in an
alteration of the original thickness, hence it has not been preserved (Ohm et al., 2020). A
western/northwestern provenance is interpreted for the formation (Koevoets et al., 2018).

The Myklegardfjellet Bed, which is the lower unit of the Rurikfjellet Formation, is
defining the boundary to the underlying Agardhfjellet Formation (Fig. 3.4). This is a soft
plastic clay, which easily weathers (Major et al., 2000; Grundvég et al., 2019). The Wimanf-
jellet Member of the Rurikfjellet Formation consists of shales and mudstones. The bound-
ary to the overlying Kikutodden Member is defined by the first occurring sandstone bed,
and after this the formation becomes more sandy (Grundvag et al., 2019). The Wimantf-
jellet Member is deposited in an open marine shelf, below storm wave base (Grundvag
etal., 2019). The coarsening upwards trend of the formation indicate a regressive environ-
ment. The formation has a significant lateral extent, with a continuous thickness making
it a part of the top seal for the underlying Triassic to Middle Jurassic reservoir unit for ge-
ologic CO; storage (Braathen et al., 2012). A northwestern provenance has been indicated
by previous palaegeographic reconstructions for the Rurikfjellet Formation (Grundvég
et al.,, 2019, and references therein). The Rurikfjellet Formation has a constant TOC value
of 0.5% to 2%, indicating that the oxygen level was higher during the deposition of this
formation (Dypvik, 1984) than for the Agardhfjellet Formation.

Porosity measurements has been conducted on samples from the Janusfjellet Sub-
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group, revealing a low porosity of approximately 2% to 3% (Alemu et al., 2011). The
mineralogy has been characterized as a typical shale composition, with clay minerals such
as illite, smectite, chlorite and kaolinite. Other minerals such as quartz, feldspar, siderite,
dolomite and pyrite have also been observed (Dypvik et al., 1991) within this subgroup.

§ Hauterivian . Ullaberget Member

S — [

Y .o a |

& | Valanginian g- Rurikfjellet |

(O] ) n

S e Formation : Wimanfiellet Member

2> (@] I

© Berriasian g [

L v - _ _ _ _ L My_k\egarﬁl\et ﬁ R
. T T — — — — — =

2 Volgian = | Slottsmaya Member

[%] o' - - - - - - = = = = = = =

© = | .

3 [Kimmeridgian| 4 Agardhfjellet | _O_pp_dal_sszita_Me_ml_oer_ N

% Oxfordian % Formation L Lardyfjellet Member

- Callovian | .

Oppdalen Member

Figure 3.4: Stratigraphic chart for Janusfjellet Subgroup. White area between the dashed
lines illustrate BCU. Modified from Dallmann (1999).
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Chapter 4

Data and Methods

This chapter outlines the data sets and methods used in the study, summarized in Ta-
ble 4.1. Structural field data have been integrated with structural data collected from
drill cores. In addition, Scanning Electron Microscope (SEM) and X-ray diffraction (XRD)
analyses were performed using two samples from DH4 at depths of 383 m (Rurikfjellet
Formation) and 427 m (Agardhfjellet Formation).

Table 4.1: The multidisciplinary approach to the objectives of this study.

Method Analyses Aims Data sets Resolution Key references
Structural Determine abundange, 132 m of drill Ogata et al. (2014b)
logging of cores frequency, and physical core <lem Braathen et al. (2010)
Fracture 88 characteristics of fractures '
analysis
Line-intersection Determine lithology 5 scanlines with Ogata et al. (2014a)
dependence, abundance, 369 measured <lcm
method, outcrops Mulrooney et al. (2019)
and frequency of fractures fractures
Determine stress regime Structural
Fault Structural & measurements Bergh et al. (1997)
. that has affected . . 1-10cm
analysis measurements of strike and dip Ogata et al. (2014a)
the study area . .
in the field
. . . Dypvik (1984)
XRD z)e;;erzrélirtlii;mneraloglcal Grundvag et al. (2019)
P Koevoets et al. (2018)
Mi logical 2 samples from
anl:lelzsoglca Bulk Determine whole DH4 at depths lcm
¥ analysis rock composition 427 m and 383 m
Clay Determine clay
analysis mineral composition
Petrographical Determine surface mineralogy 2 samples from
anal gsis P SEM and distribution of minerals DH4 at depths 1pum Reed (2005)
¥ within the samples 427 m and 383 m
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4.1 Study area

All data used in this study were collected from central Spitsbergen, Svalbard. The posi-
tions of which are summarized in Figure 4.1.

The drill cores were collected as part of the Longyearbyen CO, Lab between 2007 and
2012 (Braathen et al., 2012; Olaussen et al., 2019). The two drill cores used in this study are
DH2 from approximately 3 km northwest of Longyearbyen, and DH4 from Adventdalen
approximately 4 km southeast of Longyearbyen. The drill cores have a diameter of 78
mm, where the combined length of the studied cores were 132 m. The gathering of data
from the drill cores took place during February 2019. The structural data collected from
the cores have been linked with the sedimentary logs made by Koevoets et al. (2018) and
Grundvag et al. (2019), where Koevoets et al. (2018) log from DH5 has been used as a
proxy for DH4. This is because DH5 is located only 90 m away from DH4, and it is
therefore assumed that the sedimentology is fairly similar. Simplified logs were made
based on the previous publications in combination with observations done during the
structural logging.

Unique to this study is new field data collected from Deltaneset during field cam-
paigns in the summer of 2018 and 2019, where the succession studied in the drill cores
crops out 15 km north of Longyearbyen (Fig. 4.1). The first field campaign was conducted
over a period of 4 days in 2018 and involved reconnaissance mapping and initial outcrop
photograph acquisition. The second field campaign was conducted during a period of 10
days, when most of the data gathering was conducted. The different localities examined
in the field were chosen based on where the best exposures of the structures aimed to
study were. The two main localities, shown in Figure 4.2, outlines where the scanlines
were produced and other structural deformational features were observed. The succes-
sion outcrops in the lower part of Janusfjellet, where the specific areas were located in the
upper Konusdalen West and 200 m to the east of this.
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Figure 4.1: a) Geological map of Svalbard, b) close up of the central parts of Spitsbergen,
where study areas are marked, c) cross section of central Spitsbergen highlighting the
CTB. Modified from Norwegian Polar Institute (2012) and Dallmann et al. (2015).
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Figure 4.2: Field sites seen from the northeast. a) East of Konusdalen West, where a meso-
scale thrust structure was mapped, b) Konusdalen West where scanlines were produced
and a meso-scale thrust fault structure was mapped. Star indicates area where observed
fault propagation fold was located. Janusfjellet is approximately 800 m.

4.2 Field data

Scanlines (i.e. the 1-D line-intersection method, after Singhal and Gupta (2010)), were
produced in different stratigraphic intervals to provide lateral fracture frequency plots.
The different stratigraphic intervals represent different lithologies, and were aimed at to
see if there was any lithology dependence related to the fracturing. Frequency is used to
address the abundance of fractures of a given size per unit of rock, and is illustrated by
the scanline length (Gale et al., 2014). Fracture orientations were measured perpendicular
to the bedding, and according to the right hand rule, using a geological compass. Five
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scanlines were produced with a total of 369 fractures measured, with a ~1 cm resolution.
The fractures were defined based on their mode of fracturing. Further, a description
of the fractures after Singhal and Gupta (2010) was conducted, and includ recordings of

the following characteristics:
e Orientation (i.e., strike and dip).
e Stratigraphic position (mid-point depth of the cores).
e Spacing and frequency (i.e., vertical in cores and horizontal in outcrops).
e Surface asperity (i.e., character of roughness/smoothness of the fracture walls).
e Coating and in-fillings (if observed).

In addition to producing scanlines, structural mapping of thrust faults and large through-
going discontinuities was conducted in order to form a comprehensive understanding of
the stress regime that has affected the area. Furthermore, simplified sedimentary logs
were constructed to correlate the intervals studied in the field with the intervals mapped
in the cores. The different lithological units were defined based on grain size, lithological
composition, bedding thickness, sedimentary structure and fresh surface color.

4.3 Borehole data

Detailed structural logging was conducted on the intervals between depths at 450 m and
510 m in DH2 and depths between 380 m and 452 m in DH4 in order to determine the
abundance and the frequency of the fractures. Primarily a distinction between open and
closed discontinuities was recorded. The fracture characteristics were described using
the characteristics listed in Section 4.2. In addition, a distinction between natural and
drilling induced fractures were made based on the appearance of the fractures, such as
freshness, how well the opposing walls matched and the presence of slickensides. The
studied interval of drill cores were chosen based on previous descriptions of where the
décollement zone is present within the drill cores (Braathen et al., 2012). The boundary
between the two formations are based on Braathen et al. (2012) and Koevoets et al. (2018).

The drill cores were not oriented, hence only the dip angle could be measured.

The optical televiewer data presented in Braathen et al. (2012) and Ogata et al. (2014b)
has been used to compare fracture frequencies observed in the drill cores.
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4.3.1 Processing of fracture data

Microsoft Excel (2016) was used to construct bar charts illustrating fracture frequencies
along vertical transects of the cores, and to determine which dip angles that were most
abundant.

The cores and outcrop data sets were analyzed together to create a quasi three dimen-
sional understanding of the fracture network within the succession. The cores give a good
overview of the distribution vertically within the succession, while the data from the field
give an understanding of the lateral distribution of the discontinuities present.

The processing and visualization of the field data were conducted using Excel and
Stereonet 10 (Allmendinger et al., 2011). In Excel, column charts were made to illustrate
the observed lateral frequencies, while Stereonet 10 was used to identify and exhibit frac-
ture sets.

4.4 Mineralogical analysis

Mineralogical and petrographical analyses were conducted on intervals from DH4, at
depths of 383 m and 427 m (Fig. 4.3). These intervals were chosen based on the ob-
served presence of fractures within the cores, aiming to see if there was any difference
regarding mineralogy above and below the most deformed sections, and if there were
any compositional differences between the Agardhfjellet and Rurikfjellet formations. The
uppermost sample (at 383 m depth, further referred to as S383) is from the Rurikfjellet
Formation and the lowermost sample (at 427 m depth, further referred to as S427) is from
the Agardhfjellet Formation (Koevoets et al., 2018; Grundvag et al., 2019). The use of cores
to conduct these analyses is ideal, since they are not impacted by weathering. The fracture
surfaces in both samples show similar characteristics, both being polished with slicken-
sides. The results of the analyses is therefore primarily applicable to fractures exhibiting
these characteristics.
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Figure 4.3: The samples from DH4 used to conduct the mineralogical and petrographical
analyses. a) sample 5427, b) sample S383. Legend below indicates how the thick sections
for the SEM are cut and where the peeled off parts of the slip surfaces were collected.

X-ray Powder Diffraction (XRD) is an analysis used to identify the minerals present
(Reed, 2005). This method is based on correlating the diffraction that occurs when X-rays
enter a crystal lattice, as described by Bragg’s Law

nA = 2dsin6, 4.1)

where n is the order of diffraction, A is the wavelength of the X-ray, d is the lattice spacing
of the crystals, and 6 is the diffraction angle (Fig. 4.4).

Here, the planes have a distance d and intercept the radiation with wavelength A (both
given in A) and an angle #. The angle between the refracted and the original X-ray is given
as the experimental parameter 20 (Fig. 4.4; Moore and Reynolds (1997)).
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Equation 4.1 shows the relationship between the angle of diffraction and the d-spacing
of the lattice to the wavelength of the radiation.

Figure 4.4: Schematic illustration of the principles of X-ray diffraction based on Braggs’s
law for parallel planes. Modified from (Moore and Reynolds, 1997)

For this study, a Bruker D8 ADVANCE diffractometer with Lynxeye 1-dimensional
position-sensitive detector (PSD) was utilized, with CuK-« radiation (A = 0.154 nm) oper-
ated at 40 mA and 40 kV.

4.4.1 Bulk analysis

For the bulk analysis, the samples were first dry milled in a steel disc mill, before a Mc-
Crone Micronizing mill was used for 10 minutes for wet milling. The milling process
reduces the particle size down to approximately 0.05 mm. After the wet milling, the sam-
ples were left to dry at 60 °C over night. The powders from each sample were then pre-
pared in small sample disks, giving randomly oriented samples. A whole-rock analysis
was conducted on these randomly oriented samples with a step size of 0.01 degree from
2 degrees to 65 degrees at a count time of 0.3 s for the 26. The resultant values are given
in 26, and represent characteristic diffracted X-ray wavelengths of the different minerals.
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4.4.2 Clay analysis

For the clay analysis, the samples were first gently crushed using a mortar. Each sample
was put in a volumetric flask separately, and mixed with 200 mL of sodium carbonate
and water solution. The clay size fractions were then separated from the larger grain sizes
by disaggregating and dispersing the samples in an ultrasonic bath for 10 minutes. The
samples rested for 24 hours before approximately 400 mL of distilled water was added,
and the samples were put back in the ultrasonic bath for 10 more minutes. After this the
samples were left for 6 hours, giving the particles time to settle. The upper 600 mL were
then separated from the rest. Approximately 130 mL of each sample was filtered, and
attached to a glass slide. This resulted in oriented samples, which then went through the
XRD-analysis after being subjected to four different treatments. First the samples were
air-dried over night, before they were placed in the XRD-diffractometer. Next they were
treated with ethylene glycol (glocalated) within a closed container, before placed back in
the XRD-diffractometer. After this they were placed in an oven with a temperature of 350
°C for an hour, before they were out in the XRD-diffractometer. The last treatment was an
hour in the same oven as previously, but with a temperature of 550 °C, before they were
put in the XRD-diffractometer.

4.4.3 Summary of XRD

For both the bulk and the clay analyses, a diffractogram was produced based on the
feedback from the X-rays. The software Diffrac.EVA from Bruker Corporation and the
open source software Profex were used to interpret the diffractograms. Each peak on the
diffractorgrams represents the different minerals detected. For the clay analysis, a flow di-
agram from USGS (Poppe et al., 2001) was used to determine what minerals were present
based on their distinctive peaks. Illite is identified by the peak at approximately 10 A,
chlorite by the peak at approximately 14 A and the kaolinite by the peak at approximately
7 A from the derived diffractograms.

The aim of these analyses was to identify the different minerals present in the samples.
The bulk analysis resulted in a semi-quantitative whole rock composition, while the clay
analysis resulted in a qualitative clay mineral composition. Human error when interpret-
ing the resulting diffractograms needs to be considered, and is the reason why the bulk
analysis is referred to as semi-quantitative. Values of less than 1% of the total amount of

dry sample is disregarded, due to the uncertainty of the presence of these minerals.
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4.5 Petrographical analysis

Six samples, four thick sections and two pieces mounted to a pin from the two cores (Fig.
4.3) were analyzed in the scanning electron microscope (SEM). For the analysis a Hitachi
SU5000 FE-SEM with Dual Bruker Quantax XFlash 30 EDS system was used. The analysis
targeted the following:

e Mineralogical composition and organisation within the samples.
e Differences regarding mineralogy comparing samples S383 and S427.
e How the fractures appear on the surface.

Due to the weakness of the shale, thin sections were not possible to make, thick sec-
tions were therefore prepared. Two of them were made from sample 5427, and two from
sample S383, where one was made parallel to the direction of motion on the fracture sur-
face and one was made perpendicular to this. The two pins had grain mounts attached
that were peeled off of the fracture surface, one from the sample S427 and one from the
sample S383 (Fig. 4.3).

Before conducting the analysis the thick sections were treated with a carbon coating,
while the grain mounts were treated with a gold coating as the samples can not conduct
electricity on their own (Reed, 2005).

The samples were mainly analyzed using the backscattered electron (BSE) images. In
some cases the secondary electron (SE) imaging was used to study the topography of the
fracture surfaces. For further theoretical information about these two imaging methods,
see Reed (2005).
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Results

This chapter presents the results derived from the data presented in the previous chapter

and includes:

o A complete fracture analysis of the upper Slottsmoya and lower Wimanfjellet mem-
bers of the Agardhfjellet and Rurikfjellet formations in boreholes DH2 and DH4.

o Interpretation of decimeter-scaled deformation features in the Slottsmeya Member

of the Agardhfjellet Formation at Deltaneset, central Spitsbergen.

e Mineralogical composition and distribution descriptions determined by XRD and
SEM analyses of S383 and S427.

5.1 Fracture analysis

The fracture analysis is based on structural logging of the drill cores and scanline data
obtained from the field studies. The close proximity of the field area to the area where the
drill cores are obtained give an outcrop analogue to the subsurface stratigraphy seen in
the drill cores. The data from the drill cores gives a vertical understanding of the fracture
distribution, whereas the outcrop provides a lateral understanding of the deformation.

5.1.1 Structural logging of boreholes

A total of 1172 fractures within 132 m of core were identified and measured, where 607
were identified in DH4 (at depths between 380 m and 452 m) and 565 fractures were
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identified in DH2 (at depths between 450 m and 510 m). The boreholes are situated 7 km
apart (Fig. 4.2). Both open fractures and mineral filled veins were recorded. In addition,
sections of heavily crushed core were observed (Fig. 5.2) in which fracture frequency
could not be recorded (grey areas in the logs; Fig. 5.1).

The boundary between the Slottsmoya and Wimanfjellet members of the Agardhfjel-
let and Rurikfjellet formations is based on previous publications (Koevoets et al., 2018;
Olaussen et al., 2019), and is defined by the presence of the Myklegardfjellet Bed. The
boundary is interpreted to be located at 405 m depth in DH4 and at 480 m depth in DH2.
The fracture frequencies vary from 0 fractures/meter (f/m) to 37 f/m throughout the up-
per Slottsmeya Member and 0 f/m to 34 f/m in the lower Wimanfjellet Member within
both of the drill cores.

DH4: The interval between depths 394 m and 417 m exhibits high fracture frequencies,
with a range of 10 f/m to 37 f{/m and holds the highest abundance of crushed core
(Fig. 5.1). The boundary between the Slottsmoya Member and the Wimanfjellet
Member is interpreted to be in the middle of this highly shattered zone. Above
this zone, the frequencies decrease to below 4 f/m. In the lowest interval (between
depths 418 m and 452 m), the fracture frequency is 0 f/m to 14 f/m with few crushed
intervals (Fig. 5.1). Only ten calcite filled veins were detected, which were dis-
tributed throughout the studied interval (i.e., not clustered). The veins were mainly

steeply dipping, with dips ranging from 50° to 80°.

DH2: The interval between depths 451 m and 487 m exhibits higher frequencies than
what is observed in the rest of the studied part of this core. Within said interval,
0 f/m to 34 f/m were observed and multiple intervals of completely crushed core
were recorded (more common than in DH4). This interval correlates to the the lower
part of the Wimanfjellet Member. Below this zone, the fracture frequencies are low
with a measured amount of 0 f/m to 3 f/m. A small increase in fracture frequency
is observed towards the lower part of the studied core, with a range from 0 f/m to
15 f/m at depths between 500 m and 510 m. 18 calcite filled veins 18 were observed,
some were clustered. Most veins exhibit steep dips, but two showed lower dip
angles in the range of 0° to 28°. All veins are situated in the interval between depths
468 m and 472 m.

In DH2, the zones with the highest fracture frequencies and crushed core are thicker
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than in DH4. The number of measured fractures is approximately the same for both wells,
but the distribution of the fractures throughout the cores is different. With regards to
depth, the most intense deformation is observed at a greater depth in DH2, which is lo-
cated farther northwest. The simplified sedimentary logs (Fig. 5.1) made from both drill
cores show that the lithologies mainly consists of shales and silty shales. In DH2 some thin
fine-grained sandstone beds have also been identified. The intervals exhibiting the high-
est fracture frequencies in the two drill cores corresponds to the finest grained lithologies,
mainly consisting of either shale or silty shale (Fig. 5.1), but no major lithological differ-
ences are recorded in the cores.

The highest fracture frequency seems focused along the boundary between the Agard-
hfjellet Formation and the overlying Rurikfjellet Formation in both drill cores. A décollement
zone has been recorded to be located along or in close proximity to the boundary (Olaussen
et al., 2019), which corresponds to the findings in this study. The difference in depths of
this highly fractured zone between the two drill cores corresponds to the regional dip of
the CTB of 1° to 3°.
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Figure 5.2: Crushed core (lower part of the picture) compared to the highly fractured core
(upper part of the picture). The crushed part of the core has mid point depth 398.7 m. The
fractured core is situated upsection in relation to the crushed core in this photo.

Measured fractures exhibit a wide range of dips. Most fractures show a dip between
0° and 30°. Dip distribution is similar in both drill cores (Fig. 5.3). The areas with the
most intensely crushed core exhibit most of the horizontal to sub-horizontal fractures,
whereas the areas with a lower fracture frequency exhibit a larger range of dip angles.
The veins often show steeper dip angles compared to the open fractures, with most angles
ranging from 50° to 90° (Fig. 5.4). The cores predominantly show flat-lying bedding, and
as such, the dip angles are measured relative to the bedding planes. The drill cores are
not oriented, hence the fracture strike could not be recorded.
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Figure 5.4: Steeply dipping calcite veins, with an aperture of 1 mm to 2 mm, from the
Rurikfjellet Formation. The vein was situated at 383 m depth in DH4. The diameter of the
core is 78 mm.

5.1.1.1 Fracture modes and characteristics

The fractures that were measured in the two drill cores were characterized by the four
fracture modes listed in Section 2.1.1. Further, fracture surfaces were defined based on
appearance. Of the 1172 fractures measured, 147 surfaces could not be defined in DH4
and 6 could not be determined in DH2 as they were considered altered after coring or too
porous to define. In addition, the veins did not show any surfaces and could therefore not
be characterized. In DH4, 10 veins or clusters of veins were identified and in DH2, 18 veins
(sometimes clustered) were identified. Therefore, 452 and 552 surfaces were identified
as polished and/or rough in DH4 and DH2 respectively (Fig. 5.5). The fracture surfaces
measured can show components of polished and/or rough surfaces, or none of them. The
results show that 86.7% of the surfaces in DH4 exhibit polished or partly polished surfaces
whereas 16.8% show rough or partly rough surfaces. In DH2, 60.5% show polished or
partly polished surfaces, 26.8% rough or partly rough surfaces, and 14.7% not polished
or rough. The fractures in both drill cores exhibit slickensides on approximately 38.0% of
surfaces (Fig. 5.5). The polished low-angle surfaces with slickensides are interpreted to
be Mode II fractures. Whereas the rough surfaces, often high angled, are interpreted to
be Mode I fractures. In general the veins recorded have an aperture of approximately 1
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mm to 2 mm, and they are filled with carbonates/calcite (Fig. 5.4). The carbonate filling
implies that these discontinuities have acted as pathways for fluids in the past, before
mineralization has led to a healing of the joints (Gale et al., 2014).

.
DHZ2:394.9m DH2: 395.1m

>

c:| | DH4: 440.4 m

Figure 5.5: Different types of open fractures observed in DH2 and DH4. a) rough fracture
surface without slickensides from the Wimanfjellet Member, b) polished surface without
slickensides from the Wimanfjellet Member, c) polished surface with slickensides from the
Slottsmeya Member, d) polished and rough surface with slickensides from the Slottsmeya
Member. All drill cores are 78 mm in diameter.

DH2:490.9m || d) }

5.1.2 Outcrop studies

Five scanlines consisting of a total amount of 369 measured fractures were produced (Ta-
ble 5.1). A high lateral fracture frequency was observed within all of the lithological units
studied. Based on the limited data set, the coarser grained units, silty shale and fine-
grained sandstone, show both a higher maximum amount of fractures and average frac-
ture frequency than that seen in the shales.
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Table 5.1: Overview of scanline data, where KW1 represents the lowermost and KW5
represents the uppermost stratigraphy.

Scanline Number of fractures Logged distance (m) Average (f/m) Max (f/m) Lithology

KW1 89 7.9 11.1 15 Black paper shale

Kw2 50 8.6 5.6 10 Black to grey paper shale

KW3 83 6.2 11.9 25 Brownish silty shale

KwW4 100 6.4 14.3 22 (Silty) black shale

KW5 47 2.8 15.6 17  Fine sand (silty), well cemented

The fracture measurements reveal five dominant fracture sets that trend NNW—SSE
(F1), NE—SW (F2), NW—SE (F3), ENE—WSW (F4) and N—S (F5). Dip angles were pri-
marily steep, with a range between 60° and 90° (Fig. 5.6). No discontinuities interpreted
as fractures had a dip lower than 38°.

Distinguishing between bedding and horizontal fractures has proved difficult due to
the highly weathered outcrops. A bias towards the steeper dipping fractures therefore
needs to be considered when interpreting the results. In addition, the orientation of the
scanlines with regard to the bedding has an impact on the results obtained from the data
set. As the outcrop only has a two-dimensional exposure, the orientation of the scanlines
with regard to the bedding is difficult to define and is therefore assumed to be perpendic-
ular to the bedding planes.
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Figure 5.6: The study area at Konusdalen West where the scanlines were obtained. The
position of the scanlines are marked with a black line, and labeled with KW1 to KW5. All
scanlines are collected from (south)east to (north)west. Location of outcrop is shown in
Figure 4.2.
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in upper Konusdalen West. Stereonets are made with a 1% contouring of the poles. n =
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Fracture frequency varies along the scanlines produced (Fig. 5.6). Beds with the coars-
est grained material, i.e., sandstone and siltstone have the highest recorded fracture fre-
quencies. An average of 15.7 f/m was observed in the fine-grained sandstone beds, an
average of 11.9 f{/m and 14.3 f/m were seen in the silty-shale beds, whereas an average
of 5.6 f/m and 11.1 f{/m were observed in the shale beds (Tab. 5.1). As such, grain size is
interpreted as a controlling factor in fracture frequency.

Most fractures were observed as open, and are interpreted to be Mode I fractures.
Some healed, Mode I fractures containing a white/yellow mineral infill were also iden-
tified. The filling is interpreted to be gypsum and calcite based on previous publications
such as e.g., Koevoets et al. (2018), but no hydroclorid acid was used to identify the min-
eral fill. Some fracture sets had a perpendicular orientation and showed some slickensides
along the surfaces. These were interpreted to be high-angle conjugate fracture sets and
defined as Mode II fractures. The distinction between bed-confined and through-going
fractures was not possible to determine in the field because of the highly scree covered
and weathered outcrops.

5.2 Faulting and folding

Different meso-scale structures (< 20 m long) were observed in the field. These were
mainly mapped at two different locations (Fig. 4.2), and is interpreted to be situated in

the same stratigraphic interval.

5.2.1 Meso-scale discontinuities

Two thrust faults with opposing dips were observed in the upper Konusdalen West (Fig.
4.1), illustrated in Figure 5.7. The fault to the east (PUF) change direction upwards from
SSE to SE, while the fault to the west (APUF) has a direction from SW. Both faults are
steeply dipping, with approximately a 76° dip towards each other at the upper part. In
the lower part of PUF, displacement is measured to be 1.86 m across the fault. The strata
between the two upper faults is upthrown with respect to the strata in the footwall of each
fault segment. This thrust structure, consisting of the two fault segments, is interpreted
to be a pop-up structure. The orientation of the main fault is consistent with formation
during the Paleogene transpressional event (Bergh et al., 1997). Given this context, the
two faults can be considered hinterland (PUF) and foreland (APUF) vergent.
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Figure 5.7: Two thrust faults with opposing dips define a pop-up structure in the upper
Konusdalen West. The displacement along PUF is measured to be 1.86 m. The upper
picture shows the outcrop without interpretation.
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Multiple, NNW—SSE oriented lineaments are observed to the east of the structure
observed at Konusdalen West (Fig. 4.1). These features have consistent orientations and
are apparently bounded by a roof and a floor thrust, as they are tipping out. The features
are interpreted to be genetically linked horses, where the thrust fault to the east (DF1)
have a higher dip angle than the thrust fault further to the west (DF2). Dip angles are 70°
to 78°, and 58° to 70°, respectively (Fig. 5.8). The displacement across these faults can be
observed in the coarser grained silty shale which provide markers. Maximum observed
displacement is highly varied, and ranges from 1 cm to 40 cm for different faults. Between
the silty shale intervals, which exhibit brittle deformation, the black paper shales exhibit
more ductile deformation where small scale folding is observed. The feature consisting of
the multiple small-scale faults is interpreted as a duplex structure.
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Legend: Through-going
s fracture 49
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Figure 5.8: Multiple, steeply dipping thrust faults bound by an apparent upper roof thrust
at the study area east of Konusdalen West (Location shown in Fig. 4.2). This is interpreted
to be a duplex structure. The floor thrust is not visible in the picture. 1-DF1 and 2-DF2 in
the text. The upper picture shows the outcrop without interpretation.
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In addition, through-going, whiteish lineaments (> 1 m long) were observed through-
out the studied area (e.g., green line, Fig. 5.8). These show no apparent displacement
across them, and were therefore interpreted to be through-going, healed joints. These
fractures exhibit a NW—SE orientation, and often exhibit white/yellowish mineral fill-
ings (Fig. 5.8). These discontinuities were found close to the larger brittle deformation
structures, such as the pop-up structure and the duplex structure, with the same orienta-
tion as measured on the larger thrust faults. The fractures are mainly sub-vertical (70° to
85° dip) and healed within the black paper shale, these features are also documented by
Ogata et al. (2014a).

The thrust structures are interpreted to be in the upper Agardhfjellet Formation, with
the thrust plane of the décollement zone along the boundary between the Agardhfjellet

and Rurikfjellet formations acting as the roof thrust.

5.2.2 Fold structures

Within the black shale, tight folding (cm to 10s of cm scale wavelength) was observed.
The shale exhibited highly deformed layers close to competent beds containing coarser
grained material. In the Wimanfjellet Member, the ductile deformation was observed

wrapping around a competent, sand-rich bed (Fig. 5.9).

Figure 5.9: Black paper shale below competent sandstone bed illustrating ductile defor-
mation in the area. White lines indicate the folding of the black paper shale. Location is
just below KW5 marked in Figure 5.6.
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Further up Janusfjellet to the east of Konusdalen West, tight folds verging towards
the NE are also observed on a larger scale (m scale wavelength). These features are seen
where the whiteish layers are tightly folded (Fig. 5.10). This feature is one example of
multiple similar folds, and is interpreted as a fault propagation fold formed in a contrac-
tional regime. The white layers is interpreted to be a result of previous fluid flow.

Figure 5.10: Fault propagation fold observed higher up Janusfjellet to the east of Konus-
dalen West, with a NNW—SSE orientation. Black dashed lines marks the folded bedding
and red line marks the fault plane. Location of the fault is marked in Figure 4.2.
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5.3 Mineralogy and compositional description

The composition and distribution of minerals within the studied interval is described
using two samples from DH4. A comprehensive description is given based on the XRD
and SEM analyses, using the methods described in Section 4.4 and 4.5.

5.3.1 Mineral composition

The description of the mineral composition is derived from the semi-quantitative XRD
bulk analysis and the qualitative clay analyses. Mineralogy determined from the analyses
are listed in Table 5.2.

Clay minerals comprise 52.1% of the bulk sample from S383, and 35.3% of the sample
S427. Both samples are therefore dominated by clay minerals. The same clay minerals are
present in both samples, with the main constituent being muscovite/illite. The two other
clay minerals identified in the bulk analysis are chlorite and kaolinite.

The peaks used to identify illite, chlorite and kaolinite, as mentioned in Section 4.4.3,
are observed in both samples. These peaks exhibit different intensities for each sample.
Sample S383 exhibits a peak at 11 A in untreated conditions. This peak indicates that
an illite-smectite transition phase may be present. No other indicators of smectite are
observed. The absence of smectite indicates a burial depth of more than 1 km of the
rock mass, which caused a dehydration of the clay minerals. This depth corresponds to
previous findings of burial (Olaussen et al., 2019).

Quartz is the other main constituent within the two samples. The amount of quartz is
approximately the same for the two samples, with 26.4% in 5383 and 24.2% in the 5427.

Three carbonate minerals are observed, with different occurrences in the two samples.
Dolomite is observed in both samples. Siderite is recognized in sample 5427. Calcite is
only observed in 5383. The total abundance of carbonate minerals are considerably larger
in sample 5427.

Feldspar is observed in different variants. Both K-feldspar, such as orthoclase, and
plagioclase such as albite are observed in both of the samples. The anorthite (plagioclase
var.) is only observed in sample 5427.

Sheet silicates such as biotite and muscovite is observed in both samples. The peaks
for the muscovite and illite is hard to separate, hence they are referred to combined. The
clay analysis confirms the presence of illite.
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Table 5.2: XRD derived bulk composition of samples S383 and S427. Values are given as
percentage of total amount of the dry sample. 2M refers to the polytype of the muscovite.

Mineral S383 (%) S427 (%)
Quartz 26.4 24.2
Cementite 3.4 3.9
Anatase (TiO2) 3.1 0.0
Gibbsite 2.4 2.7
Orthoclase 2.1 3.4
Albite 2.0 2.5
Biotite 1.7 3.7
Aragonite 1.5 0.0
Rutile 1.4 1.7
Non-clay DPyrite 1.1 4.6
minerals Dolomite 1.0 2.5
Calcite 1.0 0.0
Plagioclase - An 0.0 43
Siderite 0.0 3.1
Azurite 0.0 1.6
Gypsum 0.0 1.6
Monazite 0.0 14
Hornblende 0.0 1.2
Dravite (Tourmaline) 0.0 1.1
Clay Muscovite (2M)/Illite 42.5 26.3
minerals  Chlorite 8.5 3.8
Kaolinite 1.1 5.2
Total clay 501 353
content
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The two samples have a different composition of the accessory minerals. Cementite
representing iron rich carbonate cement is observed, as well as considerable amounts of
minerals such as pyrite and titaniumoxide minerals (rutile and anatase). The minerals that
are interpreted in the diffractograms showing a lower appearance than 1.5% in Table 5.2
are somewhat difficult to distinguish, but contributes to a better fit in the diffractograms
and eliminates some of the residual peaks (see Appendix A).

For the bulk XRD analysis, the minerals recorded with a lower abundance than 1%
were removed due to the uncertainty of presence. These minerals are excluded from the
total count, and make up approximately 1% of the total amount of the dry samples.

Based on the mineralogy, a brittleness index (BI) can be calculated, and is defined by
Wang and Gale (2009) to be the fraction of brittle minerals (e.g., quartz and dolomite)

within the matrix volume. In our case

VQuartz + VDolomite

BI =
VQuartz + VDolomite + VClay + VCalCite + VTOC

(5.1)

where V,, is the volume of mineral m.

TOC values used in the calculations are based on previous findings (Dypvik, 1984;
Koevoets et al., 2018), and are set to 1.25% and 1.75% for S383 and 5427, respectively.
Inserting TOC values and observed volumes from Table 5.2) into Equation (5.1), we find
that for S383 BI = 0.34, and for S427 BI = 0.42.

5.4 Mineral distribution

The results for the mineral distribution is derived from the SEM analyses of the four thick
sections and two pieces mounted to a pin from DH4, as described in Section 4.5 and shown
in Figure 4.3. The two samples analyzed are both collected from intervals exhibiting a

polished surface with slickensides.

5.4.1 Agardhfjellet Formation

Sample S427 shows that the illite is present in the entire sample and acts as a matrix for the

observed grains. The grains show no preferred orientation within the matrix (Fig. 5.11).
Three carbonates, dolomite, siderite and ankerite, are observed in the sample. In the

thick-section that was cut perpendicular to the slip movement, the dolomite is distributed
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evenly within the sample. In the thick-section cut parallel to the direction of movement,
the dolomite is arranged along the slip surface. Within the grains arranged along the slip
surface, internal deformation is observed as cracks/fractures. The dolomite exhibits an
anhedral shape, whereas siderite is often observed as sub-rounded and subhedral crystals
throughout the sample.

The quartz grains observed are evenly distributed and vary in size from a few pm up
to 50 um. Generally the quartz exhibits a (sub-)rounded and subhedral shape. Quartz is
observed throughout the studied part of the sample, and is abundant.

Pyrite is also observed throughout the sample and exhibits a framboidal shape, and is
sometimes found within the quartz grains. When studying the slip surface, pyrite is also
observed scattered along this surface.

Clay minerals such as chlorite and kaolinite are observed within the matrix (Fig. 5.11).
These clay minerals exhibit an elongated shape, show no preferred orientation and are
evenly distributed throughout the studied part of the samples. In addition, muscovite is
observed as elongated grains within the matrix.

Organic fragments recognized as black spots is observed in varying size and is dis-
tributed evenly throughout the matrix (Fig. 5.11). Organic matter is also present along the
slip surface.

Other minerals such as albite (feldspar var.) and apatite are observed and usually
exhibit sub-rounded and subhedral shapes.
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Figure 5.11: SEM images of the thick sections and pin samples from sample S427. a) and
b) are from the sample cut perpendicular to the movement direction, c) and d) are from
the sample cut parallel to the movement direction, e) and f) are from the surface sample.
a) Dolomite arranged along the slip surface, b) distribution of different minerals within
the matrix, c) and d) show the distribution of the minerals within the matrix, pyrite is
widespread, e) and f) show how the organic matter is present on the slip surface. In f) the
pyrite is also visible. P - pyrite, D - dolomite, Qtz -quartz, M - muscovite, Al - albite, S -
siderite, Ch - chlorite, Ill - illite, OM - organic matter, An - Ankerite. All photos are BSE
images.
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5.4.2 Rurikfjellet Formation

The SEM analysis of the thick-sections from sample S383 exhibit a matrix supported rock,
with illite acting as the matrix (Fig. 5.12). No preferred orientation of the grains are
observed. In general, quartz and clay minerals are the most abundant grains supported
by the matrix.

Carbonate minerals, siderite and dolomite, is present throughout the sample. The
siderite is often found alone, with a sub-hedral/euhedral and subrounded shape. In some
places the siderite encapsulates the dolomite. The siderite observed in this sample is rich
in manganese (Mn). The dolomite present in the sample is euhedral, and evenly spread
throughout the sample.

Quartz is observed throughout the studied part of the sample and exhibits sub-rounded
and subhedral shapes. The size of the quartz varies from a few pum up to 40 pm.

The pyrite is observed as both framboidal shapes in large clusters and as small frag-
ments with an anhedral shape. The clusters of pyrite is prominent is this sample com-
pared to sample 5427.

Chlorite is observed as elongated grains within the matrix and is present throughout
the sample. Around the clusters of pyrite, the kaolinite forms platy minerals. In addition,
muscovite is observed as elongated grains.

Organic matter can be seen throughout the sample and along the slip surface. The
organic matter is recognized as black spots.

Other minerals such as titanium-oxide (TiO,, e.g. rutile) are observed as small grains
of a few up to ten um. Apatite, zircon, feldspars such as albite, chalcopyrite and tourma-
line are also observed in different quanta. In addition, a mix of illite and apatite can be

observed in clusters.
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Figure 5.12: Distribution of minerals within sample S383. a-d) are from the sample cut
parallel to the movement direction , e) and f) slip surface marked with black areas illus-
trating organic matter. Qtz - quartz, Ch - chlorite, OM - organic matter, Il - illite, Al - albite,
D - dolomite, Mn-S - Mn-rich siderite. a-d) and f) are BSE images, and e) is SE-image.

58



CHAPTER 5. RESULTS

5.4.3 Summary of mineralogy

SEM and XRD analyses show that illite/muscovite and quartz are the primary rock form-
ing minerals. The carbonate composition observed differs, whilst siderite is observed in
both samples from the SEM analysis it is only observed in sample S427 in the XRD analy-
ses.

Illite acts as the matrix within both of the samples, while quartz makes up a large
bulk of the rock in both of them. The same clay minerals are observed. Organic matter
is observed within both samples, both within the matrix and along the slip surface, and
may have been a controlling factor regarding the position and expression of the fractures.

The carbonate composition observed is the same for both samples, but the siderite
seems more abundant in sample 5383. Dolomite is more abundant within sample 5427,
where grain sizes are generally larger. Pyrite occurs with different characteristics in both
samples. In sample S383 the pyrite is often found in clusters, whereas in sample 5427,
the pyrite is distributed evenly throughout. In both samples, the pyrite mainly exhibits
a framboidal shape. The accessory minerals that are observed in smaller quanta differs
between the two samples, where sample S383 has a more varied mineralogy than sample
S427.

The Agardhfjellet Formation is calculated to have a higher BI than the Rurikfjellet
Formation.
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Discussion

In this chapter, the results presented in Chapter 5 will be discussed in relation to the
caprock potential of the Janusfjellet Subgroup (the Agardhfjellet and Rurikfjellet forma-
tions) in central Spitsbergen. Firstly, the deformation observed in the upper Agardhfjel-
let and lower Rurikfjellet formations i.e., dominant fracture orientation and deformation
style will be discussed with regard to a regional tectonic context. This is followed by a
discussion of the mineralogy of the Slottsmeya and Wimanfjellet members of the Agard-
hfjellet and Rurikfjellet formations respectively, and how it may have influenced the de-
formation style. The section concludes with an evaluation of the caprock potential of the

studied succession.

6.1 Deformation in the upper Agardhfjellet and lower Rurikfjel-

let formations

The following section focuses on deformation observed in both the drill cores and out-
crops. The dominant orientation observed is discussed in a regional context, and a con-
ceptual structural development of the upper Agardhfjellet and lower Rurikfjellet forma-
tions is presented and based on data from fractures and meso-scale structures.

6.1.1 Fracture density and characteristics

The upper Agardhfjellet and lower Rurikfjellet formations are highly fractured. In the

drill cores, 1172 fractures were measured and zones of crushed core were observed along
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the 132 m examined in DH2 and DH4. In the outcrop, 370 fractures were measured along
the 32 m studied. Ogata et al. (2014b) measured 870 fractures in the interval between 672
and 970 m in DH4, which is recognized to be the targeted reservoir rock for the Longyear-
byen CO; Lab. This illustrates that slightly lower frequencies were observed in the reser-
voir unit.

The drill cores exhibit frequencies between 0 and 37 f/m, in which an interval of ap-
proximately 25 m displays the highest concentration of fractures in each drill core (Fig.
5.1). The lithologies recognized in the drill cores are mainly shale and silty shale, hence
no specific lithological control on fracture distribution could be determined. However,
the fractures have previously been recorded to be generally more abundant in the finer
grained units in DH4 (Elvebakk, 2010). The scanlines obtained in field were collected
along different beds of various lithological composition. The average amount of fractures
were ranging from 5.6 f/m in the finer-grained units (shale) to 15.7 f/m in coarser grained
units such as the silty shale (Tab. 5.1, Fig. 5.6). The maximum f/m is lower in shales than
in the silty shale/fine-grained sandstone with 10 f/m to 15 f/m vs. 17 f/m to 25 f/m,
respectively (Tab. 5.1). As such, lithology is considered to control fracture frequency ob-
served in the outcrop.

The vertical scanlines obtained from the drill cores show a large proportion of low-
angle fractures (approximately 60%, Fig. 5.3), whereas the lateral scanlines from the field
exhibit 75.6% fractures with vertical to sub-vertical dips (70° to 90°) as seen in Figure
5.6. No fractures with dip angles lower than 38° were recorded in the field, due to the
difficulty of distinguishing the difference between them and bedding planes. Ogata et al.
(2014a) did a study of the fractures within the reservoir and caprock succession for the
Longyearbyen CO, Lab, and reports both low-angle and high-angle fractures in the finer-
grained units studied in the field. This suggests that low-angle fractures are also present
in the interval examined in the study area, but due to weathered surfaces they could not
be identified.

The fracture characteristics obtained from the drill cores reveal that large proportions
(approximately 70%) exhibit polished surfaces with slickensides. These are typical for the
low-angle fractures, which are therefore interpreted as shear fractures defined as Mode
II (e.g., Schultz and Fossen, 2008; Fossen, 2010). This coincides with the interpretation of
low-angle fractures in the drill cores by Ogata et al. (2014a), who argue that these were
formed during the sub-horizontal contraction during the Paleogene. The open fractures

with steeper dip angles and rough surfaces are consistent with Mode I (joints). Healed
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fractures and mineralized veins were observed both in the field and drill cores, and are
also interpreted to be Mode I fractures.

The differences observed between drill core and outcrop data can be attributed to dif-
ferential decompaction, where the outcrops have experienced more uplift (approximately
600 m) than the strata present in the drill cores. This is also argued by Ogata et al. (2014a).
Uplift causes fracturing by decreased confining pressure (Van Stappen et al., 2018). In
addition, the location of the drill cores and the outcrop are situated at different parts of
the CTB and have experienced different structural settings as of where they are situated
according to the limb of the foreland basin (Fig. 6.1). Further, the outcrop is highly weath-
ered and has gone through repeated freeze and thaw cycles, hence a bias to examine the
more competent beds in the field needs to be accounted for as these beds can resist the

mechanical weathering better.

6.1.1.1 Décollement zone in the Lower Cretaceous strata

The most intensely fractured intervals observed in the drill cores are arranged along or
in close proximity to the boundary between the Agardhfjellet and Rurikfjellet formations
(Fig. 5.1). Within this interval fracture frequencies of up to 37 f{/m were observed. In
addition, this zone corresponds to the intervals of crushed core. The fractures within this
zone exhibit large proportions of low-angle fractures (Fig. 5.1), usually with a polished
surface and slickensides. This zone is interpreted to be the thrust plane for a décollement
along the boundary of the two formations.

In the field, the décollement zone can be recognized by crushed and highly weathered
shale between sub-horizontal and less deformed bedding observed both above and below
(Fig. 5.7, Fig. 5.8). This zone is interpreted to have affected the formation of the pop-
up and duplex structures, by e.g., acting as a passive roof thrust. Décollement zones
can transfer through thrust faults to weak layers higher up in the stratigraphy and act
as sliding planes for the rock mass present, often as (sub-)horizontal horizons or slightly
dipping towards the orogen (Cook and Varsek, 1994). This corresponds with observations
done in the field.

Braathen et al. (2012) reported a décollement in the Upper Jurassic-Lower Cretaceous
succession within the drill cores for the Longyearbyen CO, Lab. They observed higher
fracture frequencies than what is observed in this study when using a televiewer, reaching
50 f/m in some intervals. The higher fracture frequencies observed by Braathen et al.
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(2012) may be due to false measurements of drilling induced fractures and bedding, or
related to the highly crushed zones where the televiewer estimated amount of fractures
better than what was possible in this study. Braathen et al. (2012) further reports fault
gouge within this zone, which can be related to the crushed zones observed in this study.
The décollement zone is also described by previous studies e.g., Bergh and Andresen
(1990) and Ogata et al. (2014a).

The presence of a thrust plane for the décollement zone in the middle of the studied
interval is consistent with the highly fractured rock mass. Braathen et al. (2012) argued
that the zone can be as thick as 180 m (between 370 m and 550 m depth), meaning that
the décollement zone may encompass the entire interval studied in this contribution. Still,
different vertical fracture frequencies were observed in this study, implying that the thrust
plane may be situated where the most intensely deformed core was observed (at approx-
imately 450 m to 475 m depth, and 392 m to 417 m depth in DH2 and DH4, respectively).
This observation corresponds well with the results from Braathen et al. (2012), where the
main thrust plane is reported to be at 455 m in DH2 and 402 m in DH4.

The most intensely deformed part of the core is interpreted to be situated at different
depths within the two drill cores. This is due to the local dip caused by the formation
of the WSFTB (Beelum et al., 2012). DH2 is situated closer to the collision zone, whereas
DH4 is farther to the foreland and hence the same stratigraphic interval accumulating the
strain is located further up closer to the foreland (Fig. 6.1).
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Figure 6.1: Schematic illustration of the décollement zone in field, and how the thrust
structures observed is related to the different levels of the décollement. The décollement
gently dips towards the orogen. Based on (Ogata et al., 2014b).

The density of fractures observed in both the drill cores and outcrop show that the
Agardhfjellet and Rurikfjellet formations are highly fractured. Both sub-vertical and hor-
izontal to sub-horizontal fractures are observed. The upper décollement zone reported
by previous studies, e.g., Bergh and Andresen (1990), Braathen et al. (2012) and Ogata
et al. (2014a) has slip surfaces situated in the middle of the studied interval of the cores.
This highly fractured zone can also be observed in the field as black, crushed shale. This
décollement zone is recognized to be a primary contributor to the deformation observed
in this study.

6.1.2 Fracture sets and origin

Five high-angle fracture sets have been identified in this study. These fracture sets ex-
hibit NNW—SSE (F1), NE—SW (F2), NW—SE (F3), ENE—WSW (F4) and NNE—SSW
(F5) orientations (Fig. 6.2). The fracture sets measured are interpreted to be tectonic and

diagenetic.
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Figure 6.2: The five fracture sets displayed on a stereonet where all measurements have
been plotted. The stereonet is made with a 1% contouring of the poles, and the color is
reduced with 60% opacity.

F1 strikes NNW—SSE, with a mean strike of 352°. F1 is observed in four of the five
scanlines and present in all the lithologies studied. This fracture set is observed in pre-
vious studies by Lord (2013) and Ogata et al. (2014a) in the De Geerdalen Formation and
Schaaf et al. (2017) in the Agardhfjellet Formation. Ogata et al. (2014a) observed both joint
sets and shear fractures oriented NNW—SSE, and concludes they are related to differ-
ent stages of the formation of the WSFTB, and assigned this to the clockwise rotation of
the horizontal contraction where the main stress orientation rotated from approximately
NE—SW to ENE—WSW. In addition, the major structures of the WSFTB is parallel to F1
(Braathen et al., 1999) as seen by the major lineaments along the west coast of Spitsber-
gen. F1 is therefore interpreted to have formed as a joint set, related to the formation of
the WSFTB.

F4 trends ENE—WSW with a mean strike of 72° and is present in all lithologies. This
fracture set has been documented in the Triassic and Jurassic strata (Lord, 2013; Ogata
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et al., 2014a) and in the dolerite intrusions (Festoy, 2017). It is therefore considered to be
regional. The stress regime forming the WSFTB had a SW—NE orientation (Bergh et al.,
1997). Healed fractures and veins exhibiting similar trends have also been observed in
the study area as referred to by previous publications (Ogata et al., 2014a). Assuming that
the main joint sets of central Spitsbergen, which are interpreted to be regional, are aligned
parallel to the WSFTB, the E—W to ENE—WSW trending sets are interpreted to be a
product of this stress regime (Ogata et al., 2014a). Maher et al. (2020) states that ENE—
WSW fractures in central Spitsbergen have an origin from the HALIP event, which imply
that previously formed fractures within this set were reactivated during the Paleogene.

F5 is mostly observed in the fine-grained sandstone beds (KW5), but some fractures
with this orientation were also observed in the silty shale (KW3 and KW4). This fracture
set has a mean strike of 12°. Scanlines KW3 and KW4 were obtained some few meters
away from the pop-up structure observed in upper Konusdalen West, where the antithetic
fault (as described in Section 5.2.1) also display this orientation. This fracture set was also
observed further down-section by Ogata et al. (2014a) as a subordinate joint set. F1 and
F5 and strike approximately parallel to the major fold axes of the WSFIB (Braathen et al.,
1999), and is therefore argued to be related to fracturing during migration of detachment
folds (Ogata et al., 2014a) during the Paleogene transpression.

F2 and F3 are observed within all lithologies studied, and have also been observed
in previous studies, e.g., Lord (2013), Ogata et al. (2014a) and Schaaf et al. (2017). These
fracture sets show a cross-cutting relation. They can be considered regional, but are not
prominent. Ogata et al. (2014a) defines these two sets as high-angle, conjugate shear frac-
tures and relate them to contraction during Paleogene. Assuming this interpretation is
consistent with the fracture sets observed in this study, F2 and F3 can be conjugate shear
fractures formed during the same conditions as the joint set seen in F4. F2 and F3 are
hence formed oblique to the contractional stress.

Mabher et al. (2020) also argues that the N—S (F1 and F5 herein) trending fractures
may have a HALIP origin. NNW—SSE oriented sets are also argued by Lord (2013) to
have originated from the Cretaceous extension and uplift. In addition, tectonic activity
along reactivated, prominent structural lineaments on Spistbergen (Lord, 2013) need to be
considered. The proximity of the study area to the Billefjorden Fault Zone (BFZ) means
that the deformation can have been affected by reactivation of these lineaments. Some of
the fractures observed in this study are therefore interpreted to have been formed during
the Cretaceous, before being re-activated at a later stage.
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6.1.3 Meso-scale structures

In the outcrops studied at Deltaneset (Fig. 4.2), multiple contractional structures were
observed. The meso-scale structures are interpreted as pop-up and duplex structures.
These are typical for the frontal parts of a fold-and-thrust-belt system which is relatively
weakly deformed compared to the more central part of the collision zone (Boyer and
Elliott, 1982; McClay, 1992). Fault propagation folds were observed up-section further
up Janusfjellet (Fig. 4.2, Fig. 5.10), and is characteristic of the contractional regime during
the Paleogene.

The faults comprising the pop-up structure exhibits NNW—SSE to NW—SE and NE—
SW orientations, with dip directions towards the (W)SW and NW respectively (Fig. 5.7).
The two fault segments dip in opposite directions, converging towards each other, and
as a result of the thrust movement a block has been displaced upwards between them.
In addition, a duplex structure were observed to the east of the pop-up structure (Fig.
6.3). The orientations of the thrust faults comprising the duplex structure is NNW—SSE,
with dip angles towards the SW/WSW. The eastern segment of the pop-up and the faults
within the duplex show orientations consistent with Bergh et al. (1997), typically seen
in what they refer to as the eastern zone of the WSFTB. The two structure systems are
therefore interpreted to have been formed during the Paleogene contraction. As such, the
pop-up and duplex structures are hinterland dipping, with the antithetic fault of the pop-
up structure formed as a back-thrust. Typical for duplexes is that they are created with a
forward progression of thrusting (Boyer and Elliott, 1982), and the observed duplex hence
formed with a progression towards the NE.

The thrust structures such as the pop-up structure and duplex that have been observed
are typical for thin-skinned fold-and-thrust belts. The boundary between the Agardhfjel-
let and Rurikfjellet formations is interpreted to be just above the two mapped structures.
The discussed décollement zone is interpreted to be along this boundary (or in close prox-
imity to it), and acts as a roof thrust for the duplex, whilst during the formation of the
pop-up structure it could not have been active. The pop-up is observed to not be affected
by the décollement, hence it is not interpreted to have been active during the formation of
this structure. It is therefore assumed that there is a difference between the relative timing
of these two systems.
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NE SW

Figure 6.3: Schematic illustration of the thrust structures present, not to scale. The dashed
lines indicate different levels of the décollement zone present, the arrows indicate direc-
tion of movement.

The thrust fault structures show steeper dip angles than for typical Andersonian faults,
i.e., 45° or lower (e.g., Anderson, 1905; Fossen, 2010). The continuous deformation as a
result of the Paleogene contraction resulted in a long deformation phase. Shortening of
the strata after the thrust structures were formed can have led to steepening of faults (Mc-
Clay and Insley, 1986). Previous studies, i.e., Bergh et al. (1997) and Braathen et al. (1999)
reported steeply dipping reverse faults related to the WSFTB, and concludes that Paleo-
gene contraction deformed the strata in multiple stages, including both contraction and
strike-slip movement.

The fault propagation fold (FPF) is typical for a contractional regime, and can be ob-
served in any part of a fold-and-thrust-belt. The observed FPF in the study area has a
plunge towards NNW, and hence exhibit orientations that are consistent with other fea-
tures in the WSFIB (Bergh et al., 1997) such as thrust faults and folds. As a response to
the thin-skinned shortening of the Svalbard strata during the evolution of the WSFTB,
upright and disharmonic folds formed in the incompetent shales above the Gipshuken
décollement (Bergh et al., 1997). In the eastern zone of the fold-and-thrust-belt, where the
succession targeted in this study is situated, folds have been recorded to display fault-
bend fold geometries (Bergh et al., 1997). This is consistent with the findings in this study.

Normal faults have been mapped in the lower Agardhfjellet Formation further down-
section in lower Konusdalen West (Nakken, 2020), with NE—SW orientation. These struc-

tures are situated approximately 150 m down-section from the contractional features ob-
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served in this study. The different tectonic expressions may imply a decoupling between
two levels of the décollement due to differential movement. Braathen et al. (1999) also
report normal faults in the coal mines in central Spitsbergen, which they associated with
tensional fractures that formed parallel to the shortening axis during the Paleogene trans-
pression. A different interpretation of this normal fault system suggest they formed due
to local extensional zones, as a result of differential loading during the formation of the
WSFTB in the contractional regime (Ogata et al., 2014a). The presence of both extensional
and contractional features testifies to multiple stages of the Paleogene event, where space
issues caused differential deformation.

The o1 of the Paleogene contractional event has an orientation from the SW, imply-
ing that the duplex and pop-up structures are aligned with the transport direction of the
stress field related to this event. In general, the fold-and-thrust-belt strikes NNW—SSE.
The WSFTB is dominated by transport directions perpendicular to the orogen (Bergh and
Andresen, 1990; Wennberg et al., 1994; Bergh et al., 1997). In addition, the duplex sug-
gests a transfer of slip from a deeper slip surface to the one recognized above as the upper

décollement zone.

6.1.4 Summary of how the tectonic events relate to the observed structures

The tectonic events that has affected the Janusfjellet Subgroup after deposition can be
summarized as three main events (Fig. 6.4). The understanding of the tectonic influence
is based on the major tectonic events Svalbard has gone through, as described in Section
3.1.3, and how they can relate to the interpretation of the data sets obtained from the
drill cores and outcrops. The understanding of how the tectonic events have affected the
upper Agardhfjellet and lower Rurikfjellet formations is based on previous models made
by Ogata et al. (2014a).

During the Early Cretaceous, NW—SE oriented seafloor spreading in the Arctic Ocean
caused volcanic activity (e.g., Tarduno et al., 1998b). This also led to development of the
High Arctic Large Igneous Province where central Spistbergen was intruded by igneous
sills and dykes (e.g., Tarduno et al., 1998b; Senger et al., 2013). The magmatic activity led
to an increased heatflux which resulted in an uplift of up to 1 km in the northern parts
of Spitsbergen (Dallmann, 1999; Dallmann et al., 2015). This uplift may have generated
additional fracturing by decompacting the strata and decreasing the confining pressure.
Uplift also affected the pre-existing BFZ, and likely formed fractures with preferential ori-
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entations to this zone (Harland, 1997; Maher et al., 2020) such as e.g., F1 and F5. The main
stress fields during the Cretaceous magmatic event are reported to be NW—SE and NE—
SW based on emplacement of sills and dykes, and hence fractures oriented preferential
to this (e.g., F2 and F3) may also have been formed in the upper Agardhfjellet and lower
Rurikfjellet formations (Senger et al., 2013).

Paleogene transpression is interpreted to have formed the majority of fractures and
meso-scale fault systems observed in this study (Fig. 5.5, Fig. 5.7, Fig. 5.8). The open-
ing of the North-Atlantic, and associated dextral movements resulted in the transpression
that formed the WSFTB (Bergh et al., 1997; Braathen et al., 1999). The orogen that formed
due to this is oriented in a NNW—SSE direction. The majority of the fracture sets ob-
served in this study are interpreted to have been generated by this event, where F1 and
F5 are oriented sub-perpendicular to the oy and F4 is oriented sub-parallel to 0. The
sub-horizontal contraction formed shear fractures and associated conjugate fracture sets
(Ogata et al., 2014a), as F2 and F3 are interpreted to be. The meso-scale thrust structures
are formed in relation to a o1 from the SW, and also exhibit orientations consistent with
the major thrusts formed during this event (Bergh et al., 1997; Braathen et al., 1999).

Further development of the fracturing occurred due to the uplift and unloading dur-
ing the Cenozoic (Dorr et al., 2013; Dallmann et al., 2015). Reactivation of especially the
high-angle joints present may be attributed to this event. During the Quaternary, glacia-
tion and deglaciation have contributed to erosion and further unloading of the strata
(Ogata et al., 2014a). In the outcrops, weathering and freeze /thaw cycles can also have ef-
fected the presence of fractures (Tharp, 1987). The frigid climate in the high Arctic where

Svalbard is situated is consistent with these processes (Mulrooney et al., 2019).
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Figure 6.4: Tectonic events related to the deformation observed. Red, dashed lines illus-
trates thrust faulting, black lines indicate fractures and the white lines indicate mineral-
ized fractures. Further explanation of the tectonic events is found in the text. Based on
Ogata et al. (2014b).

6.2 Mineralogy of the upper Agardhfjellet and lower Rurikfjel-

let formations

In this study massive shale units with some inter-bedded siltstone and sandstone were
observed throughout the upper Agardhfjellet and lower Rurikfjellet formations (Fig. 5.6).
Dypvik (1984) described the upper Agardhfjellet Formation as a homogeneous, massive
shale succession, and the lower Rurikfjellet Formation as mainly consisting of grey shales.
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The previous descriptions match observations done in this study.

The results from the XRD and SEM analyses herein show typical shale composition
(e.g., Gale et al., 2014), with constituents such as clay minerals, quartz, feldspar, pyrite,
and carbonates (Tab. 5.2). This study concludes that clay minerals are the main con-
stituents comprising the two formations, with 52.1% and 35.3% in the Rurikfjellet and
Agardhfjellet formations respectively. The clay minerals observed are illite, kaolinite and
chlorite. Dypvik (1984) lists the same clay minerals in addition to smectite. Quartz is
the second most abundant mineral, with approximately 24% for both formations. In the
shales of the Janusfjellet Subgroup, Dypvik (1984) also recorded quartz, feldspar, pyrite
and siderite which is consistent with the findings in this study (Tab. 5.2).

Clay minerals and organic matter in shale can result in more ductile deformation (Gale
etal., 2014), as is seen in the black shales of the Rurikfjellet Formation adjacent to the more
competent fine-grained sandstone beds (Fig. 5.9). However, the high fraction of quartz
can explain the brittle behavior of the Agardhfjellet and Rurikfjellet formations, as high
silica content is reported to cause the rock to act in a more brittle way (Gale et al., 2014).
It is also argued that high clay content can result in brittle deformation if catagenesis has
occurred (Rodrigues et al., 2009).

Organic matter is observed within the matrix of the Agardhfjellet and Rurikfjellet for-
mations and is distributed throughout the samples (Fig. 5.12, Fig. 5.11). A total amount of
12% TOC has been recorded in the upper Agardhfjellet Formation, but decreases to about
1.5% to 2% towards the top of the Slottsmeya Member (Dypvik, 1984; Koevoets et al.,
2018). The organic matter was also present along the fracture surfaces. This indicates that
organic matter causes zones of weakness, and can control where fractures occur. It is im-
portant to note that the fracture surfaces studied herein were polished with slickensides,
and the results may therefore primarily apply to surfaces with these characteristics.

Previous studies (e.g., Dypvik, 1984; Olaussen et al., 2019), reported smectite in the
upper Agardhfjellet Formation. This does not match the results of this study, where no
other indicators except an illite/smectite transition phase was observed. The previous
studies report bulk XRD findings from samples collected in the field. This can be a reason
for the contradicting findings. A higher content of illite or an absence of smectite can
be related to the degree of burial (Shaw and Primmer, 1991). Illite is typical for deeper
burial and a higher degree of diagenesis. The Agardhfjellet and Rurikfjellet formations
has gone through at least 3 km of burial (Marshall et al., 2015a), as such the smectite is not
expected to present. For the Longyearbyen CO, Lab, Olaussen et al. (2019) report that the
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smectite, being a swelling clay, contribute to the sealing factor of the décollement zone.
The results from this thesis imply that the smectite is not present in the sub-surface part
of the formations, hence the sealing property of this mineral can not be relied on here.

The most prominent differences between the two studied formations are the carbonate
content, and different amount of clay minerals present. The different mineral composition
does not seem to affect the fracture frequency or dip angle as the samples from each for-
mation is gathered in intervals of relatively similar fracture patterns (Fig. 5.1, Fig. 5.3).
However, the large difference in abundance of clay minerals implies that the Rurikfjellet
Formation can exhibit a more ductile deformation style than the Agardhfjellet Formation,
due to the high clay mineral content (Gale et al., 2014). This can be seen by the presence
of FPF and small-scale folding in the Rurikfjellet Formation (Fig. 5.10).

Further, the BI for the Rurikfjellet Formation is calculated to be lower than the one for
the Agardhfjellet Formation. As stated by equation 5.1, the BI decreases with increasing
clay content (Guo et al., 2013). This index indicates the ability of the rock to fracture (Wang
and Gale, 2009). As such, the fracture frequencies should be lower in the Rurikfjellet
Formation than in the Agardhfjellet Formation, which is not observed in this study. Both
formations exhibit high fracture frequencies.

6.3 Implications for fluid flow and caprock properties

This section shortly considers the implications of the results herein for fluid flow and

caprock properties of the upper Agardhfjellet and lower Rurikfjellet formations.

6.3.1 Implications for fluid flow

The Janusfjellet Subgroup mainly consists of shales, and is regarded as a low porosity and
permeability rock with high tensile strength (Bohloli et al., 2014). The porosity of the suc-
cession is approximately 2% to 3% (Alemu et al., 2011). The frequency and orientation of
the fractures within the caprock interval is therefore important to map when considering
the possible fluid flow.

The presence of natural fractures and other meso-scale discontinuities in the upper
Agardhfjellet and lower Rurikfjellet formations can contribute to positive (e.g., increase
permeability by acting as conduits) or negative (e.g., act as barriers/baffles) conductivity
(e.g., Laubach et al., 2019; Ogata et al., 2014b; Aplin et al., 1999). Mulrooney et al. (2019)
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states that some of the discontinuities mapped in the underlying De Geerdalen Formation
(the targeted reservoir rock for the Longyearbyen CO, Lab) can act as baffles for fluid flow
and are tentatively credited for lack of pressure communication between wells during
injection and leak-off tests. For a fault to act as a conduit in shale-dominated successions,
it is preferential that the faulting is active (Aplin et al., 1999). The presence of an active
tectonic setting or an increase of stress may therefore be important for the discontinuities
to act as conduits, whereas an inactive setting can mean that the discontinuities act as
baffles for fluid flow. Currently, Spitsbergen is assumed to be an area with little tectonic
activity, which indicates a preferential regime for closing of the observed fractures.

The intersection of multiple fracture sets with different trends can create connectivity
(Gale etal., 2014). Fractures observed in this study are oriented perpendicular and oblique
to each other, and they are observed to have a cross-cutting relationship which can imply
preferential fluid flow pathways (Fig. 6.5). The amount of sub-horizontal fractures ob-
served in the core imply a bed-parallel flow, whereas the high amount of sub-vertical
fractures show that the fluids may migrate vertically too. However, the aperture size is
relevant for CO; to flow. With an aperture below the critical value, the fluid will not flow
(Edlmann et al., 2013). The permeability of the rock caused by fractures are important
for fluid flow. The apertures of the fractures within this study are interpreted to be small
(mm scale). Permeability measurements conducted on the reservoir rock in DH4 indicate
that an increase in confining pressure will lead to a partial closure of the fractures within
the rock (Van Stappen et al., 2018). Some fractures experienced as much as 40% closing
of the original aperture size, causing a 90% drop of permeability, due to confining pres-
sure (Van Stappen et al., 2018). These findings are from a greater depth than where the
Agardhfjellet and Rurikfjellet formations are located, but the confining pressure acting on
these formations is also here assumed to reduce permeability due to the overburden pres-
sure from approximately 400 m of strata. Further, the presence of mineralized and healed
fractures act as barriers, as they terminate fluid flow where they intersect with the open

fractures (Fig. 6.5).
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Figure 6.5: Schematic illustration of how the fractures are connected, and what impli-
cations this have for fluid flow. a) fractures in the drill cores, mainly consisting of sub-
horizontal fractures and some high-angle fractures, b) fractures measured in field based
on KW3, where the dominant fracture sets are F1 and F4, ¢) combination of fractures in
the cores and in the outcrop to see how fluids may migrate. Grey lines indicate fractures,
white lines indicate mineralized and healed fractures, and blue arrows indicate fluid flow
pathways along the connected fractures where intersection points are marked with black
circles.
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The ductile deformation observed in the black shales (Fig. 5.9) can act as barriers
for fluid flow, and trap the CO;. The folds forms a small, structural trap. However, the
formation of folds often result in fracturing of the fold limbs, which can allow for fluids
to flow.

The large amount of low-angle fractures observed in the drill cores and the presence
of a sub-horizontal thrust plane can indicate flow along the beds rather than across (Fig.
6.5). Previous studies have shown that the permeability caused by fractures across and
perpendicular to bedding is limited (no more than 30 mD) compared to fracturing parallel
to bedding which can be as much as 300 mD (Carey et al., 2015).

6.3.2 Caprock potential of the upper Agardhfjellet and lower Rurikfjellet for-
mations

The analyses of the mineralogy within the upper part of the Agardhfjellet and lower part
of the Rurikfjellet formations conducted show an illite-matrix supported rock with low
porosity, as is previously stated by Dypvik (1984) and Alemu et al. (2011). The targeted
caprock succession for the Longyearbyen CO; Lab has a thickness of more than 400 m
(Dypvik et al., 1991; Braathen et al., 2012). The time-equivalent Hekkingen and Fuglen
formations in the Barents Sea act as functional caprocks today (Gabrielsen and Klevjan,
1997). However, the intensely fractured and deformed succession present onshore Sval-
bard may compromise this.

The major uncertainty of the Upper Jurassic-Lower Cretaceous succession, the Janus-
fjellet Subgroup, in central Spitsbergen is the intensely fractured rock mass. Natural frac-
tures have been proven to increase the permeability in the targeted reservoir rock below
the Agardhfjellet Formation (Braathen et al., 2012; Ogata et al., 2014b; Senger et al., 2015).
Faults in the reservoir rock have also proven to act as baffles when it comes to fluid flow
between two of the boreholes (DH7 and DH5R) located close to DH4 (Mulrooney et al.,
2019).

The décollement zone with crushed intervals present in the studied succession is as-
sumed to be a contributing factor to the sealing property of the Janusfjellet Formation.
Braathen et al. (2012) reported fault gouge along the thrust plane, that can act as a mem-
brane. The high clay content recorded in this study can contribute to the sealing factor the
gouge has.

The fractures in this study shows connectivity, and are both sub-vertical and sub-
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horizontal. This indicate possible fluid flow both laterally and vertically (Fig. 6.5). How-
ever, the presence of mineralized and healed fractures results in prevention of fluid flow
at some intersections. Veins have been identified to work as baffles for fluid flow (Gale
et al., 2014). The low lateral resolution of the drill cores results in a bias towards the low-
angle fractures and high-angle veins may have been missed and is therefore assumed to
be more present than observed.

Injection of CO; into the subsurface leads to increased pore pressure and reduced ef-
fective stress, hence the likelihood of exceeding the capillary entry pressure of the caprock
will increase (Edlmann et al., 2013). Bohloli et al. (2014) conclude that the high tensile
strength of the Agardhfjellet and Rurikfjellet formations combined with the pre-existing
fractures implies that further fracturing is unlikely to occur. In addition, the low pressure
measured in the reservoir formation (30 bar to 50 bar) gives a significant pressure mar-
gin when the maximum tolerated pressure has been calculated to approximately 170 bar
(Bohloli et al., 2014).

The current stress field affecting Svalbard has a SW—NE orientation (M. Jochmann,
pers. comm), which is perpendicular or sub-perpendicular to some of the fracture sets
observed (F1 and F5). Within the mines in central Spitsbergen, the horizontal stress is
measured to be significantly greater than the vertical stress (M. Jochmann, pers. comm).
This can affect the fractures by keeping them closed during this stress regime. Studies
from the Snorre Field in the North Sea show how fractures in the caprock re-opened due
to the current stress directions. Along these fractures, leakage occured (Caillet, 1993). If
the current stress fields remain stable, several of the observed fractures are assumed to be
closed. As such, they will prevent fluid flow.

Vertical pressure differences recorded in the targeted CO, storage succession, between
the reservoir and overburden, show that the caprock has a sealing property, at least on a
thousand year scale (Hugq et al., 2017). The underpressure recorded in the reservoir rock
testify to this (Olaussen et al., 2019).

The samples examined (S383 and S427) are clay-rich, with low presence of carbonates.
A caprock can act as an active participant regarding storing CO», by e.g. trapping the CO,
into stable mineral forms (Zhang and Song, 2014; Alemu et al., 2011). Alemu et al. (2011)
observed that the clay rich shale experienced less reaction with the injected CO; than the
carbonate rich clay. Still, the Ca-rich minerals (e.g., carbonates) can react with the injected
CO; causing permanent trapping within stable minerals (Alemu et al., 2011). For the clay-

rich shale, the alteration of porosity due to injection of the fluid does not seem very likely
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(Alemu et al., 2011). The CO; reacting with material present in the rocks have also been
recognised by Song and Zhang (2013) to contribute with trapping of the minerals. The
presence of carbonates in the studied interval is limited, but may still play an active role
meaning that if some CO, were to leak into the Agardhfjellet and Rurikfjellet formations,
the caprock may participate as a trap.

An important aspect as to why the Janusfjellet Subgroup has a caprock potential is
the thickness of the succession (approximately 450 m). Thick caprocks perform as better
hydraulic seals (Song and Zhang, 2013). The confining pressure caused by the overburden
is proven to close fracture apertures, and reduce permeability resulted by the presence of
fractures (Van Stappen et al., 2018).

As stated previously, the presence of smectite has been regarded as to increase the
seal capacity of the caprock interval based on samples from various outcrops in central
Spitsbergen (Olaussen et al., 2019). The absence of this mineral in the drill cores makes its
occurrence in the subsurface uncertain.

The results discussed herein show that the targeted caprock succession is highly frac-
tured, with interconnected prevalent fracture sets that may promote fluid flow. However,
pressure differences between the targeted reservoir and caprock for the Longyearbyen
CO; Lab suggest a sealing caprock. The reason for this is not fully understood, but could

be due to several observations:

e The thickness of the succession results in a permeable barrier (Song and Zhang,
2013). The confining pressure as a result of 400 m of overburden can reduce the
permeability caused by the fractures (Van Stappen et al., 2018). The sub-horizontal
shear fractures observed may have preferential orientation and properties for the

confining pressure to close them.

e The upper décollement zone acts as a horizontal baffle, where membranes com-
posed of mainly clay-rich shale reduce the pore throat size. Décollement zones have

previously shown to act as barriers to vertical fluid migration (Tobin et al., 2001).

e The mineralogical composition is preferential, with clay minerals that can form clay
cement and shale gouge (Song and Zhang, 2013). Clay minerals can also affect the
fracture closure (Van Stappen et al., 2018).

e The current SW—NE oriented regional stress is preferential for the fractures to close,
by being parallel or sub-parallel to the some of the dominating fracture sets (e.g., F4).
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6.4 Limitations of the study

The results are based on subjective gathering and interpretation of the studied material.
This introduces uncertainties and limitations to the data sets.

Both data acquisition in the field and from the drill cores can be affected by sampling
bias. Uneven surfaces, fractures not oriented perpendicular to the rock faces, poor mea-
surements and omitted surfaces affect the results negatively. The outcrops were in some
places scree-covered and highly weathered, which made the acquisition of data challeng-
ing. The presence of beds for scanline construction was limited, and resulted in fewer and
shorter scanlines than optimal. The scree covered, weathered outcrops made the distinc-
tion between bed-confined and through-going fractures difficult resulting in a reduced
data set which would be helpful in understanding fluid flow characteristics of the succes-
sion.

For the drill core data, the difference between drilling induced and natural fractures
may have been misinterpreted. In addition, the vertical drill cores have a natural bias
towards intersecting horizontal fractures and hence have a low lateral resolution (Gale
et al., 2014).

The results of the mineralogy are based on analyses of only two samples which pro-
vides limited, but useful understanding of the composition of the two members.

The field campaigns of 2018 and 2019 were shortened due to polar bear encounters,
resulting in evacuation of the field camps. This limited the amount of field days from the
planned 21 days to 14 days, and hence the amount of data collected from the outcrops
were reduced accordingly.

6.5 Future research opportunities

In this study, the deformation present in the upper Agardhfjellet and lower Rurikfjellet
formations has been investigated with a main focus on the fracturing. The mineralogy of
the formations has also been examined to understand if any correlation is found between
the fracturing and mineralogy present. The results show indications of how this can be
related to the caprock potential of the studied succession, but more research should be
done to form an even more comprehensive understanding. Suggestions for further work:

e Form a better understanding of the current stress regime, and how it may affect the

79



CHAPTER 6. DISCUSSION

deformation present related to fluid flow pathways. A model of the fractures based
on the in-situ stress should be constructed to determine likeliness of reactivation.
An important investigation would be to map if the fractures are currently open or

closed, and how they are related to in-situ stress.

The mineralogy within the caprock can have an important control on sealing prop-
erties. The presence of smectite has been listed as one of the sealing factors within
the Agardhfjellet and Rurikfjellet formations. The absence of the mineral within this
study suggests that the sealing effect of the succession results from something else.
It is therefore recommended that more mineralogical analyses of the caprock succes-
sion should be conducted to improve the understanding of the sealing properties of
the rock.

An investigation of the microstructures present should be conducted. The geome-
chanical properties of shale is a function of the mineralogy and microstructures (Guo
et al., 2013), hence an investigation of the microstructures will increase the under-
standing of the geomechanical properties of the Agardhfjellet and Rurikfjellet for-

mations.

The contractional features mapped in the field are just a few out of many such fea-
tures present in the lower part of Janusfjellet. The mapping of these structures in
this study focused on the orientation of the thrust faults. Further structural studies
of the fault structures locally here will enhance the understanding of the presence of
contractional features in the Agardhfjellet and Rurikfjellet formations.

A discrete fracture model should be made including the data collected for this study
combined with previous studies of the reservoir-caprock succession for the Longyear-
byen CO, Lab. This could increase the understanding of fracture connectivity and

permeability, and help optimize rates of CO, injection.
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Conclusion

This study integrates drill core and outcrop data collected in central Spitsbergen in order
to investigate the natural fracture network in the upper Slottsmeoya member of the Agard-
hfjellet Formation and the lower Wimanfjellet Member of the Rurikfjellet Formation. In
addition, the mineralogy above and below the boundary between the two members has
been studied. This work has been carried out in order to investigate the caprock integrity

of the studied interval. The following conclusions have been made:

e Highly fractured zones within the studied interval suggest that a decollément zone
is present, with slip surfaces interpreted to be along the boundary between the
Agardhfjellet and Rurikfjellet formations. This zone has been a dominating factor

for the fracturing within the aforementioned succession.

e The fractures in the upper Slottsmoya Member and lower Wimanfjellet Member
can be classified as five high-angle fracture sets striking NNW—SSE, NNE—SSW,
NE—SW, NW—SE and ENE—WSW. These sets were formed during three main
events. The first important event occurred during the Cretaceous, where uplift and
extension created decompaction related fracturing and joints. Secondly, Paleogene
transpression forming the WSFTB is assumed to be responsible for the majority of
fractures that were encountered in this study. Both joints and shear fractures were
formed due to this event. The last event is associated with decompaction as a result

of deglaciation and erosion in the Quaternary.

e The connectivity of the fractures within the lower Agardhfjellet and upper Rurikfjel-
let formations imply that there is pathways for fluids to flow. The flow may happen
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both vertically and horizontally along beds. Veins and healed fractures terminate
the flow when intersecting with the open fractures. The sampling bias of the cores
limits the mapping of the veins, which are assumed to be more abundant than what

is observed in this study.

Several contractional thrust structures are observed in addition to the décollement
zone. These structures have been interpreted to be related to the Cenozoic transpres-
sional event, with orientations consistent with large fold and fault structures related
to the WSFTB. The structures mapped suggests that the study area is located in the
frontal part of the fold-and-thrust-belt system.

The mineralogy of the upper Slottsmoya Member of the Agardhfjellet Formation
and the lower Wimanfjellet Member of the Rurikfjellet Formation show typical shale
composition. The clay content is higher in the Wimanfjellet Member, and comprises
more than half of the total mineral occurrence. The Agardhfjellet Formation, on
the other hand, has a clay content of approximately one third of the total mineral
content. The difference in fractions of clay minerals does not seem to affect the
fracture frequencies within the studied interval, but ductile deformation seems more

abundant in the Rurikfjellet Formation.

The clay XRD reveals that there is no smectite in the studied samples. This indicate
that the previously reported swelling clays are absent in the subsurface part of the
studied interval. The core data from this study is assumed to be more reliable than
previous field work studies on the mineralogy content.

The Janusfjellet Subgroup, which consists of the Agardhfjellet and Rurikfjellet for-
mations, is regarded to be a functional caprock for the Longyearbyen CO, Lab. The
reason for it being functional can be assigned to a combination of the thickness of the
succession, preferential current stress closing the fractures present, high fractions of
clay minerals, as well as the presence of a décollement zone.
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Appendix A

Mineralogy

Diffractograms from the bulk and clay XRD analyses are shown below with the interpre-
tations done on them drawn in (Fig. A.3). In addition, graphs that were used to identify
some of the minerals are also shown below.

A.1 Diffractograms derived from the bulk an clay XRD analyses
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Figure A.1: Interpreted diffractograms from the bulk analysis conducted on sample S383.
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Figure A.2: Interpreted diffractograms from the bulk analysis conducted on sample S427
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Figure A.3: Diffractograms for the two clay analyses conducted on samples from S383 and
S427. a) the diffractogram for S383, b) the diffractogram for 5427.
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A.2 Graphs from SEM analysis
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Figure A.4: Muscovite graph from the sample cut parallell to the direction of movement
in sample S383.
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Figure A.5: Albite graph from the sample cut parallell to the direction of movement in
sample S383.
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Figure A.6: Siderite graph from the sample cut parallell to the direction of movement in
sample S383.
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Figure A.7: Kaolinite graph from the sample cut parallell to the direction of movement in
sample S383.
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Figure A.8: Chlorite graph from the sample cut parallell to the direction of movement in
sample S383.
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Figure A.9: Tourmaline graph from the sample cut parallell to the direction of movement
in sample S383.
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Figure A.10: Illite graph from the sample cut parallell to the direction of movement in
sample S383.
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Figure A.11: Muscovite graph from the sample cut parallell to the direction of movement
in sample S383.
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Appendix B

Structural data

B.1 Outcrop data

In the field, the dominant fracture sets were distributed as in Table B.1.

Table B.1: Presence of the different fracture sets identified within each scanline produced.

Scanline NNW-SSE NW-SE ENE-WSW/E-W NE-SW NNE-SSW

KW1 v v v - -
KW2 v - v v -
KW3 v v v v v
KW4 v v - v -
KW5 v v v v -

Fracture spacing observed in the scanlines
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Figure B.1: Lateral fracture spacing observed in the scanlines obtained. Grey, horizontal
line indicate approximately where the scanline was obtained.

Figure B.2: Schematic illustration of how the faults might intersect in three dimensions.
Based on photo from KW1.
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B.2 Borehole data

B Sector 1 {0-30)
® Sector 2 {30-50)
« Sector 3 [60-90)

Figure B.3: Fracture dip angle distribution within DH2. Each sector is divided into inter-
vals of 30°.
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“ Sector 3 [50-90)

Figure B.4: Fracture dip angle distribution within DH4. Each sector is divided into inter-
vals of 30°.
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Appendix C

Contribution to the Nordic
Geological Winter Meeting 2020

The preliminary results for this thesis were presented at the Nordic Geological Winter
Meeting in Oslo, in January 2020. The results were presented alongside the work of co-

student Lise Nakken, who studied the lower Agardhfjellet Formation.

103



Fracture characterization of the Agardhfjellet Formation in central Spitsbergen:
insights from drill core and outcrop data

Lgvlie¥ %", K., Nakken>?* L., Mulrooney?, M., Senger?, K., Schaaf?, N., Skurtveit>?, E.

! Department of Geoscience, University of Oslo, Oslo, Norway

2 Department of Arctic Geology, University Centre in Svalbard, Longyearbyen, Norway
3 Norwegian Geotechnical Institute, Oslo, Norway
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The shale-dominated Upper Jurassic-Lower Cretaceous Agardhfjellet Formation forms the main top
seal for the heterolithic reservoir of the Wilhelmgya Subgroup where CO, may be injected. The sealing
integrity of the Agardhfjellet Formation is confirmed by a large pressure difference across the unit.
However, structural characterization of the formation using drill cores and outcrop studies highlight an
extensive natural fracture system in addition to several faults displacing up to 20(?) metres of strata.
In view of possible CO; injection in the underlying aquifer, we strive to quantify to what extent these
heterogeneities may affect the local caprock integrity. More specifically, a total of 322 meters of core
was logged from two boreholes, DH2 and DH4.By defining a lower (Oppdalen and Lardyfjellet
members) and an upper part (Slottsmgya Member) of the formation, we observe a significantly higher
fracture frequency in the upper part. Generally, the fractures are sub-horizontal, polished and exhibit
slickensides. In addition, the results reveal that finer grained units promote higher fracture
frequencies. Further, we conducted a structural characterization of the formation where it outcrops
15km northeast of the boreholes. The structural characterization consisted of sedimentary logging,
structural mapping and virtual outcrop modeling. The preliminary results reveal two sets of steeply
dipping fractures, with a NE-SW and NW-SE orientation. In addition, sub-seismic structures were
observed in the study area. Within the lower part of the formation, extensional faults with a NE-SW
orientation were mapped where compressional features, such as reverse faults, were observed in the
upper part of the formation. The reverse faults exhibit a NW-SE orientation. Fault and fracture
orientations generally coincide with an overall northeast — southwest compressional regime
associated with the Western Spitsbergen fold-and-thrust-belt. Integrating the core- and outcrop data,
we define fracture networks that potentially affect the caprock integrity of the Agardhfjellet
Formation. Provisional results suggest extensive fracturing in the upper part, promoting fluid flow,
whereas fewer migration pathways occur in the lower part.



Fracture characterization of the Agardhfjellet Formation
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Introduction fapr e

In this study, a structural characterization of the Upper Jurassic-Lower Cretaceous, shale dominated Agardhfjellet Formation at central Spitsbergen has been conducted.
The formation consists of four members of which, three have been investigated herein. The Oppdalen and Lardyfjellet members are the lower-most, while the Slottsmaya
Member is the upper-most (Dypvik et al., 1991). The study comprises data collected from outcrops at Deltaneset, located 15 km north of Longyearbyen, and two drill cores
(DH2 and DH4) from boreholes in the Adventdalen area (Fig. 1). Due to uplift in the North of Svalbard, the stratigraphy dips southwards, as such the same stratigraphic
units can be studied in outcrop (Henriksen et al., 2011).
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The UNIS CO, LAB pilot project, located in Adventdalen, Central Spitsbergen investigated the possibility of capturing CO,from Longyearbyen’s coal-fueled power plant and
injecting it into the subsurface for permanent storage (Fig. 1). The Agardhfjellet Formation forms the main top seal in this project, and a pressure difference has been
recorded between the formation and the overburden (Braathen et al., 2012). This contribution aims to quantify how discontinuities within the Agardhfjellet Formation may
affect local caprock integrity, by looking at data from drill cores and outcrop studies.

Method

The structural characterization herein integrates data from the subsurface in Adventdalen and outcrop studies conducted on Deltaneset (Fig. 1). Detailed structural
logging (following the method of Singhal & Gupta, 2010) of 251 meters of cores has been performed. Orientations, dips, stratigraphic positions, spacing and frequency,
surface asperity, and coating and infillings of fractures were recorded. This gives a vertical fracture frequency. The field investigations consisted of structural mapping using
the same method as described above. Scanlines, i.e,, the 1-d line intersection method, were produced. These were constructed in order to display the horizontal fracture 5 4 H - - ‘ - F of
frequency, counting the number of fractures per meter laterally. In addition, sedimentary logging and virtual outcrop modeling was conducted in order to connect the ~ Figure 1: Overview map of Svalbard with major N-S-trending structures. Geological map of the

! ! | 9! ¢ - study area, displaying the stratigraphy present. The location for the outcrop studies, Deltaneset,
fracture analysis to the stratigraphy and to conduct further analyses of the faults and fractures from the virtual outcrops. By combining the vertical and horizontal data from is marked with a black box. The locations of the two boreholes, where the cores are obtained, are
respectively core and outcrop studies, structural characterization is conducted identifying fracture networks. marked with black squares. Basemap from NPD.

‘Adientdalen

Results: Drill core Results: Outcrop

A significantly higher fracture frequency is observed within the upper part of the Slottsmaya Member
compared to the two lower members, the Oppdalen and Lardyfjellet members (Fig. 2). The finer grained
units within these members promote a higher frequency of fracturing, showing up to 34 fractures per
meter. Within the coarser grained intervals, frequencies of between 0 and 8 fractures per meter are
recorded. The fractures are generally sub-horizontal, but all dip angles are represented (Fig. 2). Mainly,
polished surfaces with slickensides are observed. The fractures are predominantly open, but veins are also

Within the Oppdalen and Lardyfjellet members, extensional faults showing up to 7 meters of displacement, striking NE—SW to
ENE—WSW were mapped (Fig. 4). In the Slottsmaya Member, thrust faults exhibiting NW—SE orientations were observed (Fig. 3). The
thrust faults have measured displacements of up to 1.8 meters. Scanlines (Fig. 5) revealed higher fracture frequencies within the finer
grained beds and lower frequencies in well-cemented beds. In addition, the scanlines show higher fracture frequencies in the damage
zone adjacent to the normal faults. The field studies show that the fracture sets observed are mainly through-going, steeply dipping,
with ENE—WSW and N—S orientations (Fig. 6).

identified (Fig. 3). Un-logged intervals are represented by televiewer data provided by the UNIS CO2 Lab. In
general, these data exhibit a much higher frequency than the logged intervals, with the highest counted
fractures per meter being 54 (Fig. 2).

Upper Agardhfjellet Formation

Lower Agardhfjellet Formation
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Figure 2: Results from the fracture analysis conducted on two intervals of DH2 and DH4. The histograms represent the number of
fractures per meter at the given depth and the scatter plots represents measured dip angle of the fracture at the given depth. The
interval in the middle is yet to be analyzed, and s represented with televiewer data. Dip data from televiewer is not measured dip
but number of fractures exibiting a dip within three categories (see legend). For reference, logs from Koevoets et al. (2016) is used.
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Figure 3: Photos from the fracture analysis. a) DH2 658.84m, b) DH2 659.95m, c) DH2 678.85m, d) DH2 675.84m, e) DH4 382.99m and
f) DH4 439.64m. a) displaying a fracture of higher angle cutting two sub horizontal fractures. b) and c) displaying calcite veins and
d)-f) displaying slip surfaces, which are partially polished slickensides. Core is 5cm in diameter.

Figure 7: A total of 700 fractures, measured in 8 scanlines. a)-c) samples the Member, where a) the part of the member and ) the
uppermost part. a) plots the measured fractures from the scanline in figure 6a). d)-e) is obtained from the two lowermost members, the Oppdalen and Lardyfiellet
members. d) plots the measured fractures from the scanline across the fault in figure 6b). n=number of fractures.

Discussion
The dominant orientations of the faults and fractures generally coincide with an overall northeast —
southwest contractional regime associated with the West Spitsbergen fold-and-thrust-belt (WSFTB). The

upper part of the Slottsmgya Member is argued to be part of a detachment zone related to the WSFTB
(Bergh et al., 1997). The results from the core analysis supports this, with an increased fracture frequency
and crushed intervals observed in the upper part of the Slottsmeya Member.

The outcrop studies reveal through-going, steeply dipping fractures with an average horizontal frequency
of 10, and a maximum of 24 fractures per meter. This maximum is recorded in an interval of increased
fracture frequency near the normal fault in figure 5, which is interpreted as a damage zone. The sub-
horizontal fractures observed in the cores are open with slickensides and exhibit an average of 1 fracture
per meter in the two lowermost members and an average of 10 fractures per meter in the upper part of the

Figure 8:a) displays fractures from the obtained scanline in figure 6a). b) displays the lowermost part of the normal fault from figure 5, with a defined fault core and
damage zone. o) close up of damage zone and d) marker bed in hanging wall.

Conclusion

® Higher frequencies of sub-horizontal fractures in the Upper part of the Slottsmaya Member, and higher frequencies of vertical
fractures adjacent to the normal faults in the lower Oppdalen and Lardyfjellet members are recorded. This indicates that the WSFTB
stress regime has controlled the fracturing.

Slottsmgya Member. The maximum frequency observed is 34 fractures per meter. The vertical and
horizontal fractures connect in a fracture network allowing fluids to migrate. The observation of veins and
mineral infills show fluids have previously been able to migrate within the prospective caprock.

® Highly fractured areas within the formation imply intervals of compromised caprock, but veins present and a confirmed pressure
across the caprock in the borehole in Adventdalen, suggests barriers present resulting in a functional seal.
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