Master Thesis, Department of Geosciences

Diagenesis and reservoir quality
of deeply buried Jurassic
sandstones in the South Viking
Graben
A mineralogical, petrophysical and petrographical approach
Linda Indiane Holm

Diagenesis and reservoir quality
of deeply buried Jurassic
sandstones in the South Viking
Graben
A mineralogical, petrographical and petrophysical approach
Linda Indiane Holm

Master Thesis in Geosciences
Discipline: Petroleum Geology and Petroleum Geophysics
Department of Geosciences
Faculty of Mathematics and Natural Sciences

University of Oslo
30.06.2011

i

© Linda Indiane Holm, 2011
This work is published digitally through DUO – Digitale Utgivelser ved UiO
http://www.duo.uio.no
It is also catalogued in BIBSYS (http://www.bibsys.no/english)
All rights reserved. No part of this publication may be reproduced or transmitted, in any form or by any means,
without permission.

ii

Acknowledgements
I would like to thank my supervisor Jens Jahren and PhD-student Tom Erik Maast for
valuable support and guidance in the preparation of the thesis.
I would also like to thank Berit Løken Berg for assistance in the SEM-lab, and Kristian
Backer-Owe for instructions on how to photograph my thin-sections.

Thanks to my fellow students and friends Lovise, Magnus, Stian, Caroline and Erik, for a
great period of study at Blindern.
A special thanks to my dear Pat, whose support and encouragement has been invaluable.

University of Oslo
30.06.2011
Linda Indiane Holm

iii

Abstract
Authigenic quartz cement will start to nucleate on detrital quartz grain surfaces at
temperatures above 75-80°C. The Middle and Upper Jurassic sandstones of the Hugin and
Draupne formations are buried at depths exceeding 4 km. As the precipitation of quartz
cement follows a time/temperature-integral, it is expected to have filled all pore-space in the
deeply buried sandstones in the South Viking Graben. Mechanisms such as fluid
overpressure, hydrocarbon emplacement and grain coating minerals may preserve porosity at
great depths. The two last-mentioned mechanisms have been suggested to hinder or retard
the growth of authigenic quartz.
The porosity distribution of the Middle and Upper Jurassic sandstones in the South Viking
Graben showed three subpopulations of porosity; 0-10%, 10-20% and 20-30%. According to
porosity-depth curves reported from the study area, 0-15% porosity is normal. Porosity
above this level is considered anomalous, and may have been caused by porosity preserving
mechanisms. The highest porosities were found to correspond to gas content, believed to
have amplified the porosity log values.
All of the above mentioned porosity preserving mechanisms were evaluated. The high fluid
pressure reported in the area and hydrocarbon emplacement appears to have had a negligible
effect, while the grain coating minerals are believed to have been an important porosity
preserving factor in the studied samples. While the illite-coating was found in both of the
studied formations, the presence of microcrystalline quartz was restricted to samples from
the Draupne formation and corresponded to the highest observed porosities. The
microcrystalline coating is therefore considered to have been the main porosity preserving
mechanism.
Microcrystalline quartz is known to be precipitated from the dissolution of silica sponge
spicules from the Rhaxella Perforata. A brief literature study indicated a migration of sponge
spicules into the South Viking Graben from the south in the Oxfordian. The presence of
microquartz coating, and preserved porosity is therefore expected to be found in the Draupne
formation or in younger sandstones in the study area.
The content of authigenic clay minerals was investigated both in optical microscope and
using scanning electron microscopy. The proximal Hugin formation contained an abundance
of kaolin, typically connected to meteoric water flushing. A variation of K-feldspar content
is believed to be the cause of the varying degree of illitization within the formation. The
Draupne formation was deposited in a distal setting and the sediments were isolated from
meteoric water flushing. Correspondingly the Draupne formation has a low amount of kaolin
and a correspondingly low amount of illite. The low amounts of illite are considered to be
positive for the permeability of the formation, as the fibrous morphology of illite is known to
reduce permeability.
A stabilization of the intragranular volume at 25% was observed, as well as stylolites,
indicating that quartz cement from dissolution at stylolite has been the main porosity
destructive mechanism in the Middle and Upper Jurassic sandstones in the South Viking
Graben.

iv

Table of contents
ACKNOWLEDGEMENTS .............................................................................................................. III
ABSTRACT........................................................................................................................................ IV
1.

INTRODUCTION ......................................................................................................................9
1.1

INTRODUCTION ......................................................................................................................10

1.2

PURPOSE AND METHODS ........................................................................................................10

1.3

STUDY AREA ..........................................................................................................................11
GEOLOGICAL SETTING – THE SOUTH VIKING GRABEN ........................................12

2.
2.1

INTRODUCTION ......................................................................................................................13

2.2

STRUCTURAL FRAMEWORK ....................................................................................................14

2.3

STRATIGRAPHIC FRAMEWORK ................................................................................................18

2.4
3.

2.3.1

Stratigraphic setting ....................................................................................................18

2.3.2

Lithostratigraphy ........................................................................................................19

2.3.3

Sequence stratigraphy .................................................................................................20

THE UPPER JURASSIC DEPOSITIONAL SYSTEM ........................................................................23
THEORETICAL BACKGROUND ........................................................................................26

3.1

INTRODUCTION ......................................................................................................................27

3.2

DIAGENESIS ...........................................................................................................................27
3.2.1

Shallow burial .............................................................................................................27

3.2.2

Deep burial .................................................................................................................28

3.3

QUARTZ CEMENTATION..........................................................................................................29

3.4

POROSITY PRESERVING MECHANISMS ....................................................................................30
3.4.1

Hydrocarbon emplacement .........................................................................................30

v

4.

3.4.2

Fluid overpressure ......................................................................................................31

3.4.3

Grain coating minerals ...............................................................................................31

METHODS AND DATA ..........................................................................................................38
4.1

WELL INFORMATION AND DATASET .......................................................................................39

4.2

WELL CORRELATION ..............................................................................................................39

4.3

PETROPHYSICAL ANALYSIS ....................................................................................................41

4.4

OPTICAL MICROSCOPY ...........................................................................................................43
4.4.1

Thin section observations and textural characteristics ...............................................43

4.4.2

Point count ..................................................................................................................44

4.4.3

Intragranular volume (IGV)........................................................................................44

4.5

SCANNING ELECTRON MICROSCOPY (SEM) ...........................................................................45

4.6

UNCERTAINTIES .....................................................................................................................46

5.

4.6.1

Well correlation ..........................................................................................................46

4.6.2

Petrophysical analysis ................................................................................................46

4.6.3

Thin section observations............................................................................................47

4.6.4

Point count ..................................................................................................................47

4.6.5

Intragranular volume (IGV)........................................................................................47

4.6.6

Scanning electron microscopy ....................................................................................47

WELL CORRELATION AND PETROPHYSICAL ASSESSMENT .................................49
5.1

INTRODUCTION ......................................................................................................................50

5.2

RESULTS ................................................................................................................................51

6.

5.2.1

Well correlation ..........................................................................................................51

5.2.2

Petrophysical evaluation.............................................................................................54

PETROGRAPHY: OPTICAL MICROSCOPY ....................................................................66
6.1

INTRODUCTION ......................................................................................................................67

vi

6.2

7.

RESULTS ................................................................................................................................67
6.2.1

Point count ..................................................................................................................67

6.2.2

Intragranular volume (IGV)........................................................................................80

6.2.3

Thin-section observations ...........................................................................................88

PETROGRAPHY: SCANNING ELECTRON MICROSCOPY (SEM) .............................91
7.1

INTRODUCTION ......................................................................................................................92

7.2

RESULTS ................................................................................................................................92

8.

7.2.1

Grain-coatings ............................................................................................................92

7.2.2

Quartz overgrowth and porosity .................................................................................98

7.2.3

Authigenic clay.......................................................................................................... 104

7.2.4

Feldspar .................................................................................................................... 106

7.2.5

Pyrite ......................................................................................................................... 108

7.2.6

Other minerals .......................................................................................................... 108

DISCUSSION.......................................................................................................................... 112
8.1

MECHANICAL COMPACTION ................................................................................................. 113

8.2

CHEMICAL COMPACTION ...................................................................................................... 116
8.2.1

Carbonate cement ..................................................................................................... 116

8.2.2

Authigenic clay.......................................................................................................... 117

8.2.3

Authigenic quartz cement .......................................................................................... 121

9.

CONCLUSION ....................................................................................................................... 129

10.

REFERENCES ....................................................................................................................... 132

APPENDIX ........................................................................................................................................ 141
APPENDIX A: ABBREVATIONS ........................................................................................................ 142
APPENDIX B: TABLE OF TEXTURAL ANALYSIS ................................................................................ 143
APPENDIX C: BIOSTRATIGRAPHIC REPORTS.................................................................................... 144

vii

1.

Introduction

9
viii
11
9

1.1 Introduction
This study is performed as a part of a collaboration project with DNO (Det Norske
Oljeselskap) on reservoir quality in deeply buried sandstone reservoirs in the South Viking
Graben.
Mechanical compaction reduces porosity until the onset of quartz cementation. The degree
of mechanical compaction may vary depending on textural characteristics and the
composition of the sandstone. Quartz cementation is considered the main porosity-reducing
process at depths greater than 2,5km (Paxton et al. 2002). At temperatures above 80°C the
precipitation of authigenic quartz cement will proceed until all pore-space is filled
(Walderhaug 1994b), and reservoir cut off is usually reached at approximately 3,5-4,5 km
depth. Several porosity-preserving mechanisms may hinder the growth of authigenic quartz;
however grain coatings are considered the most important (Taylor et al. 2010). The
precipitation of authigenic clay minerals within the pore-space during burial may
additionally influence the reservoir characteristics (Bjørlykke 1998).

1.2 Purpose and methods
The main purpose of this thesis is to characterize the reservoir quality in the Middle and
Upper Jurassic sandstone reservoirs in the South Viking Graben, with emphasis on the
differences between the Hugin and Draupne formations as they represent different facies.
The focus of the study is to understand the diagenetic processes that have affected the deeply
buried sandstones, both the mechanical and chemical compaction. The presence of porosity
will be investigated in relation to porosity preserving mechanisms. The thesis will also
investigate the distribution and source of authigenic clay content and assess the influence on
the reservoir quality.
The following methods will be used;
I.
II.

Well correlation and petrophysical assessment
Mineralogical and petrographic analysis
-

Optical microscopy
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-

Scanning electron microscopy

1.3 Study area
The study area is located in the South Viking Graben in the North Sea. The study involves
eight wells situated in the eastern part of the South Viking Graben, in block 15/3, 24/12 and
15/5. The majority of the wells are situated in the Vilje sub-basin, one well is situated in the
Ve sub-basin, and the remaining two wells are situated on the Gudrun Terrace (Figure 5.1).
The South Viking Graben is mainly the result of a Callovian-Ryazinian rift event (Rattey and
Hayward 1993). The 120km long and 20-40km wide graben (Fraser et al. 2003) is divided
into several sub-basins offset by northwesterly trending (Thornquist) transfer faults (Zanella
et al. 2003). The Jurassic sediments were deposited syn-rift, and are characterized by large
facies variability. Shallow marine deposition dominated on the basin flanks (Gudrun
Terrace), while sediment gravity flows were deposited in the grabenal areas, respectively
representing the facies of the Hugin and Draupne formations. At present the Jurassic
sediments are buried at ~4km depth (the Base Cretaceous reflector).

Figure 1.1: Structural element map of the study area (NPD 2011).
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2.

Geological setting – The South Viking Graben
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2.1 Introduction
The South Viking Graben is situated in the central North Sea, where it forms a narrow rift
basin at the southern end of the Viking Graben system. This chapter will provide a
geological framework regarding the South Viking Graben. The structural setting of the
graben is described, as well as the stratigraphic setting of the study area.
The North Sea basin was formed during the extension of the Caledonian crust in the
Devonian. The geological background of the North Sea region has been thoroughly
described in literature (Deegan and Scull 1977, Vollset and Dore 1984, Nottvedt et al. 1995,
Glennie 1998, Evans et al. 2003), during the area’s long history of exploration. This chapter
will focus on the South Viking Graben and the Late Jurassic period. For a complete
description of the North Sea petroleum geology; the Millennium Atlas (Evans et al. 2003)
and the Petroleum geology of the North Sea (Glennie 1998) is suggested for further reading.

Figure 2.1 Map over the North Sea. South Viking Graben marked in red.
(Modified from Partington et al. (1993)).
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2.2 Structural framework
The North Sea rift is a triple system, with arms forming the Viking Graben, the Central
Graben and the Moray Firth basins (Figure 2.1). The present configuration mainly results
from the Late Jurassic rifting event, the Viking Graben being asymmetric and with the major
faults dipping towards east (Figure 2.5).

Figure 2.2: Map of the `triple junction`formed by the Viking Graben, Moray
Firth Basin and the Central Graben. (Zanella et al. 2003)

During the Caledonian collision, in the pre-Devonian, structures were mainly driven by
strike-slip movements. In Europe the continental collision ceased during Early Devonian, but
it continued in the Appalachians. A large pull-apart basin was developed in the northern
North Sea, causing crustal thinning and formed a `proto Viking Graben’ (Zanella et al.
2003).
In the Early Permian hot asthenosphere led to volcanism in England, Scotland and Germany
and was followed by uplift and erosion of Upper Paleozoic strata and the formation of the
Rotliegend and Zechstein basins during thermal cooling. In the South Viking Graben some
faults have Zechstein salt on their hanging walls and thin salt on their footwall blocks,
indicating late Permian fault topography and fault activation on the margin (Zanella et al.
2003).
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Figure 2.3: The outline of the Jurassic thermal dome marked by subcrops
and a basinward-shift in facies. (Figure from Underhill and Partington
(1993)

The Triassic extension direction is uncertain. In the northern North Sea a superimposed
graben system has faults trending northwards, therefore a dominant extension direction NW
to SE has been suggested by Beach (1986). In the regions underlain by Zechstein salt,
differential sediment loading caused salt flowage, and most zones of halokinesis was
initiated at this time (Zanella et al. 2003).
During the Early Jurassic the rift activity in the northern North Sea was low. In the Middle
Jurassic a regional domal uplift caused by a mantle hot spot, led to the Mid Cimmerian
unconformity (Underhill and Partington 1993). The erosion of the uplifted area sourced the
Brent delta sands in the important reservoir sandstones of the Brent Group (Figure 2.3).
However, the major structures of the Viking Graben were developed during the Late Jurassic
rifting event (Figure 2.4). In the axis of the Viking Graben, stretching reached 30-40%,
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resulting in a north-easterly trending structure consisting of three grabens; the Central, North
and South Viking grabens, offset en-echelon by transfer zones (Husmo et al. 2003).

Figure 2.4: Extension model of the North Sea Rift (Fraser et al. 2003).

The South Viking Graben is asymmetric with the eastern margin defined by smaller westerly
dipping faults, and the western margin marked by major easterly dipping faults (Figure 2.5).
In the southernmost part of the graben, footwall uplift has been accompanied by gravity
gliding of post-salt sediments on a detachment in the Permian salt. From Latest Jurassic to
Early Cretaceous there is evidence of a change in extension direction. In the South Viking
Graben the displacement of hanging wall extension changed from 120° to 070°. The western
part of the South Viking Graben is characterized by Late Jurassic inversion, with hanging
wall folds (Zanella et al. 2003).
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Figure 2.5: Seismic section showing the typical assymetrical configuration
of the South Viking Graben (Zanella et al. 2003).

The northern North Sea is weakly influenced by a Late Cretaceous inversion phase, possibly
caused by the North Atlantic opening and the collision of Africa and Europe. Uplift and
erosion at the basin margins to the west and east, together with thermal cooling and
subsidence, has been the major control on the sediment supply to the post rift basin. Pliocene
is characterized by the outbuilding of a major clastic wedge from the glacial erosion of
onshore Norway, topped by a glacial angular unconformity (Zanella et al. 2003).
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2.3 Stratigraphic framework
2.3.1 Stratigraphic setting
The Late Jurassic Epoch extends from the Oxfordian to the Volgian, covering about 16 Ma.
But to include the genetically linked syn-rift deposits of the Mid Jurassic and Early
Cretaceous, the time interval is calibrated to some 20 Ma. The syn-rift succession of the Late
Jurassic is mainly preserved in the graben areas, and may reach a thickness of 3000 m, about
2500-5000 m below sea level (Fraser et al. 2003).
Throughout the Jurassic, rifting took place within the rift system framework inherited from
the Permo-Triassic times (Ziegler 1982). The rifting is associated with block faulting, tilting
and erosion, especially in the Late Jurassic. The tectonic control on the sedimentation is
responsible for periods of erosion and non-deposition or transgressive-regressive cycles
throughout the Jurassic (Deegan and Scull 1977).
In the Late Jurassic the deflation of the Mid Jurassic thermal dome coupled with rising sea
levels, led to the return of marine conditions in the South Viking Graben (Underhill and
Partington 1993) and the deposition of an upward deepening succession (Jackson and Larsen
2009). The delta plain and shallow marine deposits of the Mid Jurassic pass upwards into
shelf deposits (Heather Formation), overlain by deep marine deposits (Draupne Formation).
Due to the irregular basin floor bathymetry formed by the rifting, shales were deposited in
the deep basin centres, while marine sands developed on the basin flanks and around intrabasinal highs (Vollset and Dore 1984). Due to the restricted bottom conditions, the Late
Jurassic shales may form both excellent source rocks and/or seals for the older shallow
marine/shelf sandstone or the contemporaneous deep marine sand bodies. Together the
Jurassic pre- and syn-rift hydrocarbon accumulations account for about 80% of the
discovered reserves in the North Atlantic Margin. Although the Late Jurassic play is
complicated by variations in thickness, distribution and reservoir quality, it is believed to be
one of the most important exploration targets left (Fraser et al. 2003).
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2.3.2 Lithostratigraphy
For the Late Jurassic sediments in the North Sea several lithostratigraphic schemes have
been developed for sediments of the same age in different areas. In the UK the
lithostratigraphic units are based on work by Rhys (1974) and Deegan and Scull (1977)
while in the Norwegian sector they have been defined by the Norwegian Petroleum
Directorate (Vollset and Dore 1984).
The upper Jurassic stratigraphy is comprised by the Viking Group (UK equivalent: the
Humber Group), which includes five formations (Figure 2.6). The Heather and the Draupne
(UK equivalent: the Kimmeridge Clay Formation) Formations are deposited widespread,
while the Krossfjord, Fensfjord and Sognefjord Formations are only represented in the
marginal marine environments (Vollset and Dore 1984). Elsewhere within the group, units of
deep water sandstones and conglomerates occur along fault escarpments (Harms et al. 1980,
De'ath et al. 1981, Brown and Glennie 1984).
The Heather Formation is described as a silty claystone by Deegan and Scull (1977),
deposited in an open marine environment, caused by marine transgression. The Draupne
Formation is comprised of organic rich, dark claystone with high radioactivity, locally
interbedded with sandstone and siltstones, believed to be of turbidditic origin (Harms et al.
1980). The formation was deposited in deoxygenated bottom conditions, reflecting the
combined effect of the paleogeography and sea level rise (Ziegler 1982). The upper
boundary of the Jurassic succession is an unconformity or discontinuity, usually overlain by
Cretaceous sediments. The significance of this boundary is still under debate (Rattey and
Hayward 1993).
The deep marine sandstones, within the Draupne Formation, may form structuralstratigraphic traps (Partington et al. 1993) and are the main interest for this study. The
sandstone units are below seismic resolution, but can be located by applying a sequence
stratigraphic approach (Partington et al. 1993). In addition, the confusion caused by the
variety in lithostratigraphic terms for the North Sea, will be resolved by adopting a sequence
stratigraphic approach to the stratigraphy.
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Figure 2.6 Lithostratigraphic coloumn for the South Viking Graben (Modified
from(Brown and Glennie 1984)).

2.3.3 Sequence stratigraphy
Several of the remaining plays to be found are believed to be lying at or below seismic
resolution, such as apron fans, basin floor fans and shallow marine shelf. To predict the
presence and distribution of these, a high resolution sequence stratigraphy has been
developed for the North Sea Jurassic, based on well, seismic and field data (Fraser et al.
2003).
The sequences in the North Sea are mainly defined by rate changes of tectonic subsidence
and sedimentation, bounded by regional unconformities or hiatuses (Rattey and Hayward
1993). Rattey and Hayward (1993) has defined six sequences, J20 to J70, highlighting the
development of a rift system. J20 represents deposition during a pre-rift thermal doming,
bounded by an uplift unconformity. J30 to J60 records the diachronous faulting of the
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thermal dome in the syn-rift period, and the onset of the three-armed rift system. The failure
of the North Sea rift system and transfer of extension to the Atlantic margin is marked by
thermal subsidence in J70.
A further subdivision of the Late Jurassic stratigraphy was attempted by Partington et al
(1993), integrating maximum flooding surfaces and genetic sequence stratigraphy, resulting
in 14 genetic sequences.
Galloway (1989). A genetic stratigraphic sequence is a package of sediment recording a significant
episode of basin margin outbuilding and basin filling, bounded by episodes of widespread basin
margin flooding.

Figure 2.7: TEMFS (marked in red) follows the geometry of the hanging
wall, here marked by a gamma spike (modified from Partington et al.
(1993)).

Because genetic sequence stratigraphy fails to discriminate between the different systems
tract, candidate sequence boundaries were introduced to highlight the lowstand systems tract,
which is the most prospective in a clastic system. Two types of maximum flooding surface
can be recognized; maximum flooding surfaces (MFS) and tectonically enhanced maximum
flooding surfaces (TEMFS). MFS temporarily drown source areas and reduce clastic
sedimentation, but do not reorganize basinal paleogeography (Partington et al. 1993).
TEMFS drown footwalls, switch off sedimentation and lead to major reorganization of basin
and shelf paleogeography (Figure 2.7). The main pulses of clastic input are constrained
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within the TEMFS and are punctuated by MFS (Partington et al. 1993). Three TEMFS
sequence boundaries are defined for the Late Jurassic; J63, J71 and J73 (Figure 2.8). Each of
them corresponds to a predictive submarine fan system (Figure 2.11b).

Figure 2.8: Figure summarizing the sequence stratigraphic sequences.
Modified from Fraser et al. (2003).
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2.4 The Upper Jurassic depositional system
The Upper Jurassic succession belongs to the Viking Group in the Norwegian North Sea,
comprising several diachronous formations (Fraser et al. 2003). The Upper Jurassic play has
been mainly controlled by sedimentary and structural processes related to the pre-, syn- and
post-rift events during Late Jurassic to Early Cretaceous time, and a regional rise in sea level
caused by collapse of the Mid Jurassic thermal dome (Underhill and Partington 1993). The
reservoir rocks of the Upper Jurassic formed in two main depositional environments;
shallow-marine/coastal-shelf and deep-marine slope apron and fan systems (Fraser et al.
2003) (Figure 2.9).

Figure 2.9: Kimmeridgian paleogeography in South Viking Graben. A) Early
Kimmeridgian apron fans on the hanging wall. B) Basin floor fans and
feeder systems in the late Kimmeridgian (Partington et al. 1993).

The shallow-marine/coastal-shelf was deposited during a retrogradation of a coastal-shelf
system. The oldest sandstone has been found in The South Viking Graben. They are usually
bioturbated, comprising progradational to aggradational parasequences, ascribed to upward
shallowing, with six recurring facies associations. The reservoir quality of the sandstones is
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mainly dependent on primary deposition, where the highest preservation is found in the
cleanest sandstones (Fraser et al. 2003).

Figure 2.10: South Viking Graben W-E seismic line, with apron fan and
basin floor fan identified (Partington et al. 1993).

The deep marine submarine fans and slope apron systems are usually found as isolated
sandstones within the Draupne clay. These sandstones have been formed by erosion of
uplifted footwall blocks, during rapid sea level rise. Deep water sandstones occur in the
Brae, Tiffany/Toni/Thelma and Miller fan systems in the South Viking Graben. Two main
types of fans have been recognized; slope apron fans and basin floor fans (Figure 2.10).
The slope apron fans are characterized by a small radius of less than 10 km and by a
spectrum of facies related to different sediment gravity flows. Thick units of conglomerates
are usually concentrated in the proximal part and the fan fines outward into basinal
mudstones, such as in the Brae and Toni-Tiffany-Thelma field (Stow Dorrik et al. 1982,
Stow Dorrik 1983) (Figure 2.11).
The basin floor fans are characterized by having a large radius up to 15km, great basinward
extent and a higher content of sandstone relative to conglomerate. These reservoirs have a
greater lateral continuity than the slope aprons (Garland 1993, Garland et al. 1999), the best
example being the South Brae-Miller fan composed of well sorted fine-medium sandstones.
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Figure 2.11: A) Depositional model of the South Viking Graben (Fraser et
al. 2003). B) A well correlation from west to east as shown in A, using
genetic sequence stratigraphy (Partington et al. 1993).
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3.

Theoretical background
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3.1 Introduction
This study focuses on samples from the South Viking Graben, sampled at depths below 4km.
The great burial depth is expected to have involved several diagenetic processes affecting the
samples. The following chapter briefly mentions the main diagenetic factors as well as
porosity preserving mechanisms considered to affect sandstones.

3.2 Diagenesis
As the rock is progressively buried deeper, several diagenetic processes will take effect and
affect the reservoir quality of the rock. The main diagenetic processes are; near-surface
diagenesis, mechanical compaction, chemical compaction and precipitation of cement.
During the shallow burial, mechanical compaction is believed to be the main porosity
destructive mechanism, while at deeper burial chemical compaction takes over, and porosity
is lost primarily by the precipitation of quartz cement.

3.2.1 Shallow burial

When sediments are deposited and at very shallow burial, their potential to react with air and
water is at its greatest. Both fluid flow and diffusion is most efficient near the surface, and
change the bulk primary sediment composition (Bjørlykke and Avseth 2010). During the
shallow burial new components produced within the basin may be added to the sediment
composition such as; biogenic carbonates and silica, authigenic minerals (eg. Carbonates,
phosphates, glauconite, sulphides, iron etc.), or kaolinite precipitated from the leaching of
feldspar and mica (Bjørlykke and Avseth 2010).
When buried at 0-2km depth, sandstones are still loose if not subjected to carbonate cement.
The porosity may however have been reduced, by the grain packing and grain fracturing of
mechanical compaction (Bjørlykke and Avseth 2010). Mechanical compaction is important
as it determines the IGV, the porosity prior to quartz cementation.
Calcite cement is mostly composed of biogenic carbonate, precipitated at shallow burial
from microorganisms. The evolution of pelagic planktonic calcareous organisms occurred in
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the Mesozoic. Before then the benthic organisms produced most of the biogenic carbonate,
restricting the distribution to shallow waters (Bjørlykke and Avseth 2010).
Meteoric water is rainwater infiltrating the ground. Meteoric water is normally
undersaturated with minerals and may leach and dissolve carbonates, feldspar and mica. The
leaching of feldspar and mica and the precipitation of kaolinite is mainly a function of the
groundwater flux. The reactions can be written:
2K(Na)AlSi3O8 + 2H+ + 9H2O = Al2SiO5(OH)4 + 2H4SiO4 + 2K(Na+)
K-feldspar
Kaolinite
From the reactions it is evident that low K+/H+ ratios will drive the reactions to the right, and
that the precipitation of kaolinite require that the reaction products Na+,K+ and silica are
constantly removed and new freshwater is supplied (Bjørlykke and Jahren 2010).
Depending on the elevation of the groundwater table; the potentiometric head, meteoric
water flow can extend far out into the basin, however the flux of meteoric water decreases
strongly in the deeper parts if the basin. The mineral leaching will be most intense at the
surface or near the seafloor as meteoric water becomes gradually less undersaturated and
loses its leaching capacity. Although the water flushing dissolves mica and feldspar, new
authigenic clay minerals are precipitated, and overall the net gain in pore space is little
(Bjørlykke 1984). If anything, if the kaolinite is altered to illite at greater depths, it will
severely reduce the permeability (Bjørlykke and Jahren 2010).

3.2.2 Deep burial

At intermediate depth 2,0-3,5 km or 50-120°C the transition from mechanical dominated
compaction to chemical compaction begins (Bjørlykke and Jahren 2010). Chemical
compaction is mainly controlled by the precipitation of quartz cementation. In the basins in
the North Sea the early quartz cementation will strengthen the rock framework, and with
only 2-4% of quartz cement precipitates, any further mechanical compaction will stop and
chemical compaction takes over from then on (Paxton et al. 2002).
A strong reduction in reservoir porosity and permeability occurs from about 3-3,5km to 44,5 km (120-160°C), mostly due to the precipitation of quartz cementation and illite
(Bjørlykke and Avseth 2010). As quartz cementation increases exponentially with
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temperature, at this stage most of the pore space has been filled with cement, unless some
porosity preserving mechanisms have been present. At depth the most efficient agents
preserving porosity are clay coatings and microcrystalline quartz, as will be described further
in section 1.4.3.2 and 1.4.3.3.
A clean well sorted sand has best porosity down to 3,5-4km, but then loses porosity rapidly
due to quartz cementation. Sandstones with some clay content, will lose more porosity at
mechanical compaction, but may preserve more porosity with depth due to retarded quartz
growth (Bjørlykke and Jahren 2010).

3.3 Quartz cementation
The threshold temperature for quartz growth is 70-80°C (Walderhaug 1994b). In the North
Sea, quartz cementation increases rock strength at 2-3km burial depth (80-100°C), as it
outruns the increase in vertical stress ((Bjørlykke and Avseth 2010, Bjørlykke and Jahren
2010). Only 2-4% of quartz cementation will be enough for quartz cementation to dominate
the compaction in sandstones. Once the quartz growth has started it will continue to
precipitate and fill the pores until nearly all porosity is lost. The cementation will only cease
if temperature drops below 70°C, hence the sandstone compaction will continue also during
uplift, but at a slower rate.
The precipitation of quartz cement is mainly function of time, temperature and available
grain surface. The process is called “pressure-solution”, and takes place as quartz is
dissolved at grain contacts or along stylolites, and then transported by dissolution (Bjørlykke
and Jahren 2010). The preferred areas of dissolution are at contacts between mica or illite
and quartz.
The main factor controlling the rate of quartz precipitation is temperature, as it increases
exponentially with rise in temperature. The quartz cementation is also dependent on grain
surface available for precipitation. Once cementation has started and the overgrowth is
formed, quartz cementation will fill the pore space until surface area for further growth
decreases. Overall, the reaction is surface-controlled as the rate limiting step is the
nucleation of quartz. Porosity can be modeled as available surface area proportional with an
exponential function of the time-temperature integral (Walderhaug 1994a).
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In sandstones where grain coatings are known to be present, high porosity may remain as far
down as 4-5km depth. At this depth, with the lack of quartz cement, the effective stresses of
~40-50 MPa, will cause mechanical compaction and grain crushing. Fractures in clastic
grains, that predate quartz cementation may be identified using cathodoluminescence
(Bjørlykke and Jahren 2010).

3.4 Porosity preserving mechanisms
During progressive burial, quartz cementation continues until all porosity is lost, unless the
quartz overgrowth is hindered by a porosity preserving mechanism. The cementation may
then be at least hindered or halted for some time (Bjørlykke and Jahren 2010).
There are several mechanisms preserving porosity, and some will be mentioned in the
following chapter. Grain coatings, especially microquartz coatings, are however considered
the main reasons for good reservoir quality at great depths (down to 5km). Examples of this
have also been identified previously in the study area, and are emphasized in this chapter.

3.4.1 Hydrocarbon emplacement

It has previously been suggested that early infill of hydrocarbon in the pore-space of
reservoirs, would prevent further growth of authigenic quartz (Gluyas et al. 1993). Several
workers has claimed to have seen an effect of less quartz cementation in the oil leg of
sandstone reservoirs ,but they have yet to prove that early onset of HC saturation can retard
quartz cementation.
In general, little correlation has been found between the presence of hydrocarbons and
improved reservoir quality in the North Sea, and reservoir quality rarely changes across the
water contacts (Giles et al. 1992, Ramm and Bjørlykke 1994). An observed change in the
amount of quartz cement in the water leg and the oil-leg, might be caused by overlooked
grain coatings (Aase and Walderhaug 2005).
It has been proven that hydrocarbon emplacement has no significant effect on the rate of
quartz-cement precipitation in sandstones (Walderhaug 1994a), and observations of
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hydrocarbon inclusions within quartz cement by Walderhaug (1990) proves that cementation
continues despite a presence of hydrocarbon.
For the rare case of oil wet sands, the mechanism effectively isolates the detrital quartz
grains from aqueous pore fluids. The fact that quartz grains normally are water wet, suggests
the diffusion and precipitation of silica should be able to begin regardless if HC has prefilled
the pore space. This strongly suggests that hydrocarbon content has no influence on the
reservoir quality of Jurassic sandstones in the North Sea.

3.4.2 Fluid overpressure

Compaction related porosity reduction is mainly driven by increase in effective stress. Fluid
overpressure reduces the vertical effective stress at grain contacts. Porosity normally lost due
to compaction, is held open by overpressure, resulting in preserved porosity at deeper burial
depths. Early overpressure provides a potential for porosity preservation until significant
quartz cementation occurs (~90°C) (Walderhaug 1994b). Overpressures may also limit
quartz cementation by delaying the onset of intergranular pressure solution, eliminating a
primary source of silica (Taylor et al. 2010). Overpressure developed at a later stage has a
minor effect on porosity (Taylor et al. 2010).

3.4.3 Grain coating minerals

Quartz cement is cement crystals that nucleate on the detrital quartz grains, preferentially
synaxial with the c-axis. The authigenic crystals grow into the adjacent pore space, resulting
in loss of intergranular porosity with increasing temperature (Bjørlykke and Egeberg 1993).
In sandstones the quartz cementation is mainly dependent on the precipitation rate, which is
sensitive to temperature (Walderhaug 1994b) as well as the grain size of the detrital quartz
and the surface area available for precipitation (Lander et al. 2008).
Grain coats present on the surface of quartz grains prior to the onset of quartz cementation,
may inhibit the quartz cementation, by preventing quartz nucleation. Microcrystalline quartz
and clay minerals have been found to be the most effective grain coatings, while grain rims
are less efficient (Taylor et al. 2010).
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The following criteria must be followed in order for grain coatings to effectively preserve
primary porosity according to Storvoll et al. (2002):
-The grain must be fully covered before significant quartz cementation starts (2-3km)
-The coating must be continuous and cover the entire grain
-The coating must be present on most of the grains in the sample.
Grain coats and grain rims only affect the precipitation of quartz cement, and will therefore
have no effect on porosity where the reservoir quality is controlled by other cements such as
carbonates. Also in immature sandstones, where quartz cementation is neglible, grain coats
and grain rims will have no effect on the porosity (Bloch et al. 2002).

Grain rims

Grain coats are formed subsequent to burial as a result of authigenic processes (Bloch et al.
2002). (Wilson 1992) proposed the term “inherited grain rims” to describe the detrital clay
coats, as it seemed “the clays were present … prior to their arrival at the site of deposition”.
Clay rims can form also at the site of deposition and “clay rims” is the preferred term (Bloch
et al. 2002). M. D. Wilson (1992) has published the most comprehensive work on grain rims
to date. Clay rims have been found in several environments such as; eolian dune, marine
shelf (Wilson 1992), deep water turbidites and soils (Bloch et al. 2002 ) . (Worden et al.
2006) demonstrated through practical experiments that clay minerals can form biologically
via sediment digestion by worms. These clays coats sand grains and may be the precursor to
chlorite coats found in sandstones.
Grain coats and grain rims retard quartz cementation by inhibiting precipitation of quartz
overgrowth on detrital quartz grains. Prediction of preserved porosity associated with grain
rims is dependent on empirical data sets or sedimentologic and diagenetic models (Bloch et
al. 2002).
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Illite coating

Illite is less reported as a grain coating than chlorite coatings (Taylor et al. 2010). Sandstone
reservoirs in Haltenbanken and the North Sea basin are known to have pore filling illite
present at a burial depth of 3,5-4km. This indicates that illite precipitation occurs above 120140°C as suggested by Ehrenberg (1990). It has also been proven that illite may form grain
coatings (Storvoll et al. 2002), but it is uncertain what the timing of grain coating
development is, relative to the precipitation of quartz cement which starts at 2,5-3km (90100°C) (Storvoll et al. 2002). Aagaard et al. (2000) has suggested that a precursor mineral
coating the clastic grain is necessary for development of authigenic grain coating such as
illite. The illite coatings are generally thick (6-8μm), mainly because of its fibrous habit, and
may form a coating together with chlorite (Storvoll et al. 2002).

Chlorite coating

Chlorite coatings is the most important and effective grain coating mineral in terms of
limiting quartz cementation in sandstones, due to its tendency to forms continuous layers on
the detrital grains (Taylor et al. 2010).
The formation of chlorite coatings are associated with deltaic, near shore facies (Ehrenberg
1993). Iron rich varieties of chlorite are associated with river discharge into marine
environments, while Mg-rich chlorite grain coats are associated with evaporate deposits.
Authigenic chlorite may be formed independently of the depositional environment, if
components are provided by the alteration of volcanic rock fragments and detrital clay rim
(Taylor et al. 2010). Digested sandgrains from burrowing worms will be coated by a fecal
material, which may develop into smectite-rich clays, which may turn into chlorite coatings
(Worden et al. 2006).
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Microquartz coating

Microcrystalline quartz is rapidly precipitated from supersaturated silica solution from the
dissolution of silica spicules of the sponge Rhaxella Perforata. The dissolution of the
spicules elevates the silica concentration at even low temperatures, and the precipitation of
chalcedonic quartz follows the generalized diagenetic evolution: Opal A-Opal CTcryptocrystalline-microcrystalline quartz (Williams et al. 1985). A second potential source
for silica supersaturation is amorphous, silica rich volcanic glass.
Examples of micro-quartz coats have been found in porous Jurassic and Cretaceous
sandstones deeply buried in the North Sea (Jahren and Ramm 2000, Aase and Walderhaug
2005). In these examples it is evident that intervals containing microcrystalline quartz coats,
have lower amounts of quartz overgrowth and higher intergranular porosity than sandstones
lacking micro quartz (Bjørlykke and Jahren 2010).
The ability for micro quartz to inhibit quartz overgrowth is related to crystal growth
mechanics (Lander et al. 2006). Quartz nucleation and growth on detrital grains are slower if
micro-quartz coating is present. The random c-axis orientation of micro-quartz crystals,
appear to prevent a merge into larger, synaxial quartz overgrowths. Experimentally it has
been shown that microcrystalline quartz growth rates diminish once the crystal reaches an
euhedral shape, whilst the larger crystal of the overgrowth continues to grow (Lander et al.
2006, 2008).
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Location

Age

Depositional

Formation

Reference

environment
Inner Moray Firth

Callovian

Shallow

Balintore and

(Sykes 1975) (Vagle et

Basin (Onshore)

-M.

marine,

Brora

al. 1994, Norris and

Oxfordian reworked

formations

Hallam 1995)

Outer Moray Firth

E-M

Sgiath

(Harker et al. 1993)

Basin(Which

Oxfordian marine, subtidal formation

Ground Graben)

Shallow

shoal

(Alness
formation)

North Yorkshire

E.

Open marine

Lower

Oxfordian

(Wright 1983)

Calcerous
Grit

Southern England

Oxfordian Hypersaline
lagoon, Intra-

Corallian

(Wilson 1968, Talbot

Beds

1973)

tidal, tidal flat
Central Graben

Oxfordian Shelf, open

Fulmar

(Gowland 1996,

(UK)

-

formation

Osborne and

marine

Kimmerid influence

Swarbrick 1999)

gian
Central Graben

Oxfordian Turbidites

Farsund and

(UK)

-

Haugesund

Kimmerid

formations

(Ramm et al. 1997)

gian
Southern England

M.

Shallow marine

The

Volgian -

Portlandian

Tithonian

Beds

Which Ground

Lower

Graben (Scapa

Cretaceou

Turbidites
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(Townson 1975)

Valhall

(Hendry and Trewin

formation

1995)

Field)

s

(Scapa mbr)

Table 3.4-1: An overview of reported observations of Rhaxella Perforata
sponge spicules.

The sponge spicules of the silica sponge Rhaxella Perforata were first described by Hinde
(1890), from the outcrops of the Lower Calcerous Grit in Yorkshire, Southern England.
Vagle et al. (1994) was the first to establish the relationship between the sponge spicules and
content of microcrystalline quartz. The content of Rhaxella spicules is synonymous with the
existence of microquartz (Hendry and Trewin 1995, Ramm et al. 1997). The spicules
Rhaxella Perforata have been identified in several sedimentary environments ranging from
lagoonal, shelfal and shallow marine to turbidites (Talbot 1973, Harker et al. 1993, Hendry
and Trewin 1995, Gowland 1996). This has made it difficult to make any predictions
regarding the depositional distribution of spicules and the occurrence of microcrystalline
quartz coatings. Vagle et al. (1994) has however argued that the absence of preserved
spicules is indicative of post mortem reworking, and that the spicule content, thus also the
amount of microquartz, is of depositional origin and can be expected to be accumulated
together with sediments of similar size.
The information in Table 3.4-1reveals that the first occurrences of the Rhaxella Perforata
spicule are found in sediments from the westernmost parts of the North Sea basins; the
onshore outcrops of the Inner Moray Firth Basin. Further east the sponge spicules have been
identified in sediments of Early Oxfordian age and older. These observations indicate that
the spicule content of the Draupne formation, and the lack of spicules in the Hugin
formation, may be related to the time of the deposition rather than sedimentary environment.
A later occurrence of the sponge in the east may be explained by an eastward migration of
the Rhaxella Perforata sponge.
The South Viking Graben forms a narrow basin at the southern end of the Viking Graben,
and merges to the south with the Witch Ground Graben and the Central Graben. In the early
Callovian, marine conditions were becoming widespread throughout the South Viking
Graben, and by the Mid Callovian the transgression reached the former alluvial plains in the
southernmost areas of the graben (Cockings et al. 1992). In the early Callovian, initial
flooding of the Outer Moray Firth came from the east/southeast from the Central/and or
Viking Graben (Davies et al. 1996). At that time the Inner Moray Firth and Outer Moray
Firth were two separate basins. They became unified and subsequently linked in the middle
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Oxfordian (Davies et al. 1996), at the same time as the transgression was widespread in the
South Viking Graben area (Cockings et al. 1992). The timing of the marine linkage between
the Moray Firth basins and the Viking Graben correlates well to the reported occurrences of
Rhaxella Perforata spicules. This suggests that the existence of spicules may be related to the
migration of the sponge from the Outer Moray Firth basin were it was first present, to the
neighboring grabens; the Central Graben and the South Viking Graben, where it was not
present until the Oxfordian. This migration appears to have been made possible by marine
linkage caused by the middle-Jurassic transgression.
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4.

Methods and data
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4.1 Well information and dataset
The study focuses on eight wells, all located in the South Viking Graben, but in different
structural elements. The well information was downloaded from the Norwegian Petroleum
Directorate web page (www.npd.no) and compiled into a well data summary sheet (Table
4.1-1). For the well correlation, unpublished biostratigraphy reports (Appendix C:
Biostratigraphic reports) available through DNO were also used.
WDSS Selected Wells SVG
Structural element UTM zone Wellbore contents
15/ 3-1 S
Vilje Sub-basin
31 GAS/CONDENSATE
15/ 3-2 R
Vilje Sub-basin
31 DRY
15/ 3-3
Vilje Sub-basin
31 GAS/CONDENSATE
15/ 3-4
Gudrun Terrace
31 OIL/GAS
15/ 3-7
Vilje Sub-basin
31 OIL/GAS
15/ 3-8
Gudrun Terrace
31 OIL/GAS
24/ 12-1 R
Ve Sub-basin
31 DRY
Well Name

RKB elevation (m)

25
25
25
25
18
24
25

Water depth (m)

109
110
109
107
109
109
113

TD (MD) Deepest penetrated age
5132 MIDDLE JURASSIC
4258 LATE JURASSIC
5116 TRIASSIC
4259 TRIASSIC
4818 MIDDLE JURASSIC
4592 LATE JURASSIC
3966 EARLY CRETACEOUS

Table 4.1-1: An abstract of the well summary sheet, with information used
in the petrophysical analysis. All information has been collected from
www.npd.no.

4.2 Well correlation
A well correlation was performed between all seven wells, both by litho-stratigraphic and
sequence-stratigraphic units. The correlation focused on the Middle and Upper Jurassic
interval, including the formations between the Sleipner and Valhall formations, and the
corresponding sequences J34 to J73. Several wire-line logs were used to aid the correlation.
Wire-line logs are measurements taken by instruments lowered into the borehole. The types
of measurements can be electrical, nuclear, acoustic or mechanic. The well logs can provide
information related to porosity, lithology, presence of hydro carbons or other related
parameters. The logs can also be used to further derive petrophysical properties, e.g. by
cross-plots as in the petrophysical analysis.
For the well correlation, the following logs were used; GR, caliper, SP, resistivity and bulk
density. All of these logs have the ability to indicate changes in lithology. The bulk density
and resistivity logs are especially good for detecting any coal layers, which are known to be
present in the Sleipner Formation. Table 4.2-1 provides a complete overview of the wire-line
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logs. Interpretation of the logs is based on the principles defined in the interpretation guide
by Asquith G. (2004).

Curve name

Mnemonics Unit

Tool physics Interpretation purpose

Spontaneous potential

SP

mV

Electrical

Gamma ray

GR

API

Nuclear

Caliper

CAL, CALI

Inces, cm

Caliper

Sonic/Acoustic (interval transit time)

DT, Δt

μsec/feet, μsec/m Acoustic

Density/Bulk density

RHOB, DEN

g/cm3, kg/m3

Neutron/ Neutron porosity

NPHI, NPOR %, v/v decimal

Nuclear

Laterolog/True Resistivty

ILL

ohm.m

Electrical

Induction/Resestivity (deep, medium, shallow) ILD

ohm.m

Electrical

Nuclear

Well correlation, gross lithology,
formation water resistivity, shale
content, indication of permeability and
depositional environment
Well correlation, gross lithology, shale
content, shale type, fracture
identification, source rock identification
Hole diameter, indication of
permeability,correlation, log quality
control
Porosity, lithology, synthetic
seismograms, formation technical
properties, permeability, cement quality
Porosity, lithology, gas indication (with
Neutron log), formation technical
properties, synthetic sismograms, clay
content
Porosity, lithology, gas indication (with
Density log), clay content, correlation
True formation resistivity, fluid saturation
(Archies law), overpressure, invasion
zone, correlation
True formation resistivity, fluid saturation
(Archies law), overpressure, invasion
zone, correlation

Table 4.2-1: Summary of wire-line logs derived from Asquith G. (2004).

Biostratigraphy reports provided additional information to the logs, which was important in
the wells situated on the flanks of the basin, which may have been subjected to erosion and
containing hiatuses. This is especially true for the sequence stratigraphic correlations.
For the correlation of the sequence stratigraphy, the sequences were divided into their
genetic sequences as defined in Figure 2.8. The division was however modified slightly as
some of the samples were taken from below genetic sequence pre-A. The genetic sequence
pre-A was therefore renamed to genetic sequence pre-A1, and the deeper samples, down to
bounding surface J34, was named genetic sequence pre-A2 (Table 4.2-2).
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Bounding surfaces MFS Name * Genetic sequence
BCU
E
J73
Angulformis
D
J71
Fittoni
C2
J66
Hudlestoni
C1
J63
Eudoxus
B
J54
Glosense
A
J46
Lamberti
pre A2
J36
Discus
pre A1
J34
Subcontractus

Table 4.2-2: Overview of the correlated sequences and their corresponding
genetic sequence (modified from Fraser et al. (2003)) *(Partington et al.
1993a)

The sequence stratigraphic correlation was performed in Petrel.

4.3 Petrophysical analysis
After the well correlation was finished and all the well tops set, the logs could be exported
from Petrel and imported into Hampson Russel (HR) software. This software enables the
logs to be cross-plotted against each other, and allows a more thorough analysis of the log
values. The Hampson Russel has several programs for different usage. The Geoview
program was used to import the logs, while the cross-plot function in the E-Log program
was used to perform the cross-plots. Any wire line-log values could potentially be plotted,
but for this thesis the focus was on the density-derived porosity log, density, sonic, GR and
resistivity for the Jurassic interval.
Before the logs could be loaded into the HR software, the density-derived porosity log had to
be generated in Petrel, using the Log Calculator function. For quartz arenites the bulk density
can be expressed by The density of matrix was set to equal quartz; ~2.65 g/cm3, and bulk
density was defined by the density log; RHOB. The density of fluid is usually close to that
of the mud filtrate as the density tool only invades ~30cm into the formation. The mudfiltrate is a little less dense than the drilling-fluid, as the drilling fluid gets depleted in heavy
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minerals during the invasion of the permeable zones. For the wells of this study, the density
of the drilling fluid ranges from 1,3 to 2,03g/cm3. The density of fluid was set to 1g/cm3,
close to the density of brine water at ~150°C (Champel 2006).
Eq. 4.3-1. If however the fraction of shale content is significant and the difference in density
between clay and quartz is not negligible, the density is expressed by equation Eq. 4.3-2.
This equation can be rearranged to represent porosity (Eq. 4.3-3).
The density of matrix was set to equal quartz; ~2.65 g/cm3, and bulk density was defined by
the density log; RHOB. The density of fluid is usually close to that of the mud filtrate as the
density tool only invades ~30cm into the formation. The mud-filtrate is a little less dense
than the drilling-fluid, as the drilling fluid gets depleted in heavy minerals during the
invasion of the permeable zones. For the wells of this study, the density of the drilling fluid
ranges from 1,3 to 2,03g/cm3. The density of fluid was set to 1g/cm3, close to the density of
brine water at ~150°C (Champel 2006).
Eq. 4.3-1:

(

If

)

:
Eq. 4.3-2:

(

)

Rearranged:
Eq. 4.3-3:

(

(

)

)⁄(

)

Eq. 4.3-4: Larinov 1969

(

(

)

)

Eq. 4.3-5:

)⁄(

(
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Before the equation for density porosity (Eq. 4.3-3) can be solved, the shale volume,
including Igr, must be calculated (Eq. 4.3-4 and Eq. 4.3-5). The input values for Eq. 4.3-4
and Eq. 4.3-5 could be read from the gamma ray and density logs, and are stated in (Table
4.3-1). All values are assigned the Upper Jurassic interval.
Well
15/3-8
15/3-1S
15/3-7
15/3-4
15/3-3
15/3-2
24/12-1
Mean

GRmin
24,2
13,4
22,3
16
20,46
22,27
12
18,66

GRmax
170,33
113,3
130
92
113,3
116
119,6
122,08

ρsh
2,54
2,42
2,62
2,49
2,45
2,52
2,6
2,52

Δρ
-0,11
-0,23
-0,03
-0,16
-0,2
-0,13
-0,05
-0,13

Table 4.3-1: Overview of the input values used to calculate the density
porosity log.

4.4 Optical microscopy
4.4.1 Thin section observations and textural characteristics
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In order to get an estimate of texture variations between the sandstones, all thirty-two thin
sections were examined with a standard polarization microscope; Nikon Optiphot-Pol
petrographic microscope. The polished thin-sections were impregnated with blue or clear
epoxy. The thin-sections were examined with respect to lithology, sorting, grain shape
(roundness) and average grain size. Other remarks were also noted, and included
observations such as sponge spicules (Rhaxella Perforata), stylolite, quartz overgrowth and
sutured/composite grains. Pictures were taken of some of the thin-sections to document the
observations. The observation classifications were based on the Wentworth grains size,
roundness and sorting classification schemes available in Adams et al. (1986).

4.4.2 Point count

A point counting was performed on all the thirty-two thin sections in order to get an estimate
of sample composition and porosity. In addition to the standard polarization microscope, an
automatic counter (Swift) and a mechanical stage, POL, with point counter attachment with
twelve individual counters, was used for the point counting. The mechanical stage and point
counting attachment projects a grid across the thin section by moving the section through the
field of vision along a straight line at equal intervals. Each point is marked by the center of
cross-hairs for each step. 300 points were counted per thin-section, with regards to rock
composition (quartz, feldspar, lithic fragments), detrital and authigenic clay (illite and
kaolinite), cement (quartz and calcite) and porosity (primary and secondary).
The data from the count was then transferred to Excel to generate diagrams. The resultant
rock composition was plotted into a petrophysical ternary diagram, using the TriPlot
program (Copyright © Todd A. Thompson, 2004).

4.4.3 Intragranular volume (IGV)

Intragranular volume (IGV) as defined by Houseknecht (1987) is the porespace between
grains minus cement, and represents the original porosity prior to chemical compaction.
Eq. 4.4-1: As defined in Paxton et al. (2002)
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(

)

(

)

The IGV was calculated from point counting results using Eq. 4.4-1 and presented as a
diagram divided into its constituents; cement, grain and porosity. To investigate the
influence of textural parameters, composition and amount of quartz cement on the IGVvalues, these parameters were plotted against IGV.

4.5 Scanning electron microscopy (SEM)
Scanning electrode microscopy (SEM) enables high resolution, down to 1-5nm, micrographs
of the samples. The petrographic examination in SEM included fourteen freshly cut, gold
coated and stub-mounted samples and fourteen carbon-coated thin-sections (Table 4.2-1).
The samples were analyzed in a JEOL JSM 6460LV scanning electron microscope equipped
with an energy dispersive spectrometer LINC INCA EDS, Gatan Mini CL and MonoCL3.
Backscattered electron imagery (BEI) makes it possible to distinguish materials of differing
elemental composition, as the backscattered coefficient is proportional to the number of
electrons detected, leaving lower atomic elements appear darker than the heavier(Tucker
1988). With the Energy dispersive x-ray microanalysis (EDS) the energies of the emitted xrays can be shown as series of peaks, spectra, distinct for individual elements within the
material (Bishop et al. 1992).
Well name Structural element Thin-section Carbon-coated Stubs
15/ 3-1 S
Vilje Sub-basin
2
15/ 3-2
Vilje Sub-basin
6
3
3
15/ 3-3
Vilje Sub-basin
5
15/ 3-4
Gudrun Terrace
6
4
4
15/ 3-7
Vilje Sub-basin
3
1
1
15/ 3-8
Vilje Sub-basin
1
24/ 12-1
Gudrun Terrace
3
15/ 5-1
Ve Sub-basin
6
6
6
Nr. of samples:
32
14
14
Table 4.5-1:Overview of selected samples prepared for SEM examination.
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Both the gold coated stubs and the carbon coated thin sections were photographed in the
SEM and analyzed both in SEM and by the EDS. In SEM the mineral content of the thin
sections could be determined by the EDS. In the stubs however the minerals are mainly
identified by their distinctive morphology.
A visual examination of the grain coating was done of all the stubs in SEM, in order to
obtain a quantitative analysis of coating content, coverage and quartz cement. The analysis
emphasized on the detrital grain coverage by microcrystalline quartz, clay coating and
(normal) macro crystalline quartz overgrowth.

4.6 Uncertainties
4.6.1 Well correlation

The correlation of formations is thoroughly supported by well data information from the
drilling, as well as well described well log characteristics from the literature (e.g. (Deegan
and Scull 1977, Vollset and Dore 1984)) and the NPD’s webpage (NPD Fact Pages).
The correlation of the genetic sequences is however more inaccurate, as the sequences do not
have a continuous distinctive characteristic, and although the sequences are well described in
the North Sea literature (e.g. Galloway 1989 and Partington et al. 1993), the distribution and
connection of the sequences between the given wells is difficult to understand without the
aid of seismic lines. For a more precise correlation of the sequences in the South Viking
Graben is given by Islam (2008).

4.6.2 Petrophysical analysis

There are several things that may affect the density porosity. The main pitfalls are gas and
borehole caving. Gas within the formation will give anomalously high density porosity. A
rough or enlarged borehole can disrupt the density measurements of the instrument, and
cause the RHOB to be less than the actual bulk density of the rock. In this case the density
derived porosity will be erroneously high. These effects on the density porosity can however
be detected by checking respectively the density and neutron-porosity crossover and the
caliper log.
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4.6.3 Thin section observations

Both most common grain shape and roundness is based on the overall impression of the
interpreter, and thereby subjective. Roundness is difficult to determine because compaction
and cementation may have affected the shape.

4.6.4 Point count

The difference between quartz grains and untwined albite is almost impossible to detect in a
thin section. Albite is therefore assumed to be extensively undercounted if present, which
would influence the feldspar count negatively.
It was attempted to avoid counting on the edges of the thin-sections, as these may be
disturbed or damaged during preparation, and could lead to an overestimation of porosity.
This also applies for several of the thin sections that were badly prepared, missing grains and
containing many air bubbles. A third influence on the porosity count was the clear epoxy
used in a few of the samples, where the difference between missing grains, porosity and
extinct quartz grains were near impossible to detect.
Most of the opaque minerals were probably pyrites, recognized by their round shape, but
there were also other opaque phases present, especially within the pore space. It is likely that
these opaque phases are either hydrocarbon residue or iron oxides. Within the pore space, the
opaque phases would in several thin sections mask other pore-filling minerals or detrital, and
lead to an underestimation of detrital clay, illite or kaolinite.
The amount of quartz cement is uncertain in some cases due to weakly developed dustrims.

4.6.5 Intragranular volume (IGV)

The main insecurity in the method is the inaccuracy of the point count. Badly prepared thinsection resulting in ripped out grains and pore-filling clay minerals, may influence the pointcount values and subsequently the calculated IGV-values.

4.6.6 Scanning electron microscopy
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In the SEM it is difficult to make a proper quantitative analysis; the area of view is so small
that the observer cannot know precisely what the content of the entire sample is. If
something has not been observed in the sample, it does not necessarily mean that it is not
present. This is especially true for the analysis of the stubs.
In BEI, as in thin section, the albite and quartz look close to identical. In BEI this is due to
the same similar amounts of electrons, and thus the two minerals appear the same shade of
grey. It can therefore be difficult to get an impression of albite content.
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5.

Well correlation and petrophysical assessment
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5.1 Introduction
The aim of the well correlation was to correlate the Jurassic lithostratigraphic and sequence
stratigraphic units for all eight wells of interest in this study (Figure 5.1). The correlation
enables the samples and thin-sections to be placed in the correct formations and sequences,
and provide information about the depositional system, age and relative location.
The purpose of the petrophysical evaluation was to derive porosity values from the well-logs
and to identify zones with anomalous porosity. Whether the anomalous porosity is caused by
grain coating will be examined further in the discussion chapter. Table 5.1-1 provides the
dataset applied in the petrophysical analysis.

Figure 5.1: The position of the studied eight wells marked on an overlay
map of the depth to base Cretaceous. Red indicates the deepest areas of
the graben.
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WDSS Selected Wells SVG
Structural element UTM zone Wellbore contents
15/ 3-1 S
Vilje Sub-basin
31 GAS/CONDENSATE
15/ 3-2 R
Vilje Sub-basin
31 DRY
15/ 3-3
Vilje Sub-basin
31 GAS/CONDENSATE
15/ 3-4
Gudrun Terrace
31 OIL/GAS
15/ 3-7
Vilje Sub-basin
31 OIL/GAS
15/ 3-8
Gudrun Terrace
31 OIL/GAS
24/ 12-1 R
Ve Sub-basin
31 DRY
Well Name

RKB elevation (m)

25
25
25
25
18
24
25

Water depth (m)

109
110
109
107
109
109
113

TD (MD) Temperature (°C) Deepest penetrated a
5132
MIDDLE JURASSIC
4258
138 LATE JURASSIC
5116
149 TRIASSIC
4259
124 TRIASSIC
4818
MIDDLE JURASSIC
4592
130 LATE JURASSIC
3966
EARLY CRETACEOUS

Table 5.1-1: A section of the well data summary sheet containing
information applied in the petrophysical examination. The data is issued by
the Norwegian Petroleum Directorate (NPD).

5.2 Results
The resulting correlations will be presented in the following section (5.2.1), as well as the
outcome of the petrophysical evaluation (5.2.2). The main focus of the evaluation was to
obtain a correlation between the anomalously porous zones and sequences.

5.2.1 Well correlation

Both the lithostratigraphic and the sequence-stratigraphic correlation were carried out along
a cross-section from the shallowest parts of the basin, along the flanks, towards the deepest
parts of the basin (Figure 5.2). The main focus was on the Upper Jurassic section of the
wells, including the lithostratigraphic units from Top Sleipner to BCU, and the sequences
J36-J73.

The lithostratigraphic correlation

The Draupne formation consists of marine claystone, rich in organic carbon content and
characterized by very high radioactivity (> 100 API units). The formation is recognized by
its anomalously low velocity, density and high resistivity, gamma ray response. The
formation also contains several sandstone units considered to be of turbiditic origin (Harms
et al. 1980). The Draupne formation is overlain by lower Cretaceous sediments with a
noticeably lower gamma ray and resistivity response.
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The underlying Heather formation, consists of silty claystones (Deegan and Scull 1977), and
has slightly lower gamma ray and resistivity readings than the Draupne formation. The
shallow marine sandstones (Vollset and Dore 1984) of the Hugin formation have distinctly
low gamma ray responses and higher resistivity than the Heather formation above. It is also
easily separated from the underlying Sleipner formation, which is known to contain coaly
beds. The coal beds are characterized by distinctly low densities and API, and a high
resistivity response.

Figure 5.2: Correlation of the Jurassic lithostratigraphic units. The wells are
correlated from flanks (A) towards basin center (B), as can be seen in the
BCU surface overlay (red representing the deepest parts of the basin).

The Upper Jurassic sandstones found in the shallow marine Hugin formation and the deep
marine Draupne formation are the main interest of this study. All the samples and thinsections are taken from these units (Figure 5.). From the well correlation it becomes evident
that the thickness of the deep marine Draupne formation increases noticeably towards the
basin center, while the shoreface sandstones of the shallow marine Hugin formation
naturally is at its thickest on the flanks of the basin.
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Figure 5.3: Thin-sections (marked in red) within their respective formations.
Note that the majority of the thin-sections are from the Hugin formation.

The sequence stratigraphic correlation
The stratigraphic sequences are defined by maximum flooding surfaces, which are sediment
starved and condensed sections. These could be identified as peaks on the GR-log and bulk
density log. The sequences were easy to detect in in the deep marine successions, except
where pulses of sand complicated the interpretation. In the more shallow marine successions,
hiatuses further complicate the correlation. The biostratigraphic reports therefore proved
especially useful for the interpretations in the wells on the basin flanks. The interpretation of
the genetic sequences, especially in the basin flank-areas, still exists and the true sequences
are thought to be better interpreted by the help of seismic interpretation in correspondence
with well correlation as done by Islam (2008).
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Figure 5.4: Correlation of the sequence stratigraphic units.

5.2.2 Petrophysical evaluation

A petrophysical evaluation was carried out to gain more information from the petrophysical
properties of the wireline logs. Several parameters were plotted against each other in cross
plots and histograms to improve the understanding of lithology and porosity distribution in
the wells.

Porosity

A porosity log was generated for all the wells, based on input values from the density log,
gamma ray log and the well information available on Norwegian Petroleum Directorate’s
(NPD) web pages. The resultant log was plotted with depth to get an outline of the porosity
variation with increasing depth, for the different wells. Only the middle and upper Jurassic
interval was included, including the depths from the BCU to the top of the Sleipner
formation (Figure 5.2). A histogram of the gamma ray distribution of the same interval was
generated for all the wells. From this histogram it is evident that the shale and sandstones
make up two different subpopulations of gamma ray values, separated at about 60 API
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(Figure 5.3). This information was used to filter out porosity contributions from the shale in
the final porosity plot (Figure 5.4).

Figure 5.3: The gamma ray distribution of the middle and upper Jurassic
interval for all the wells.

The porosity plot shows that porous sandstones are found in all of the wells within the mid
and upper Jurassic depth interval, but with different amounts of porosity and at different
depths. The highest porosities, porosities above 20%, are found between 4000-4700 meters,
and in the following wells; 15/3-3, 15/3-8, 15/3-7 and 15/3-1S. From the well correlation it
is clear that the same wells are situated the most basinwards of the eight wells (Figure 5.2).
The absolutely highest porosities are found in well 15/3-8, were several of the porosity
values plot above 25%. The wells 24/12-1 and 15/3-2R also have a lot of porous sandstone
intervals situated within the 4000-4700 meters interval, but they all contain porosities
beneath 15%, and most of the values are beneath 10%. The shallowest porosities are found
in the wells 24/12-1 and 15/5-1, respectively with values up to 15% and 20%, while well
15/3-1S contains the deepest porosities ranging up to 20%.
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Figure 5.4: Porosity values for the upper Jurassic sandstones plotted
against depth (MD). The color key refers to the well name.

To investigate further how the porosities relate to the lithological units and the genetic
sequences, porosity histograms were generated for sandstones within these units. The
intervals were defined by the well-tops identified in the well-correlation, and once again
sandstone was defined to have a gamma ray response below 60 API. Because all the samples
for this study are taken from either the Draupne or Hugin formation, these are the formations
of interest. Negative outliers most likely caused by calcite cementation, reading errors or
other influence, were ignored.
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Figure 5.5: The overall porosity distribution of middle and upper Jurassic
sandstones.

The porosity distribution including porosity values from all the wells (Figure 5.5) shows
what is possibly three subpopulations. The population furthest to the left includes porosities
from 0-10% and has the highest frequency, the mid population contain values from 10-20%,
and the population containing the highest porosities is also the smallest, including values
from 20-30%. Subpopulations are usually indicative of a change in lithology and or other
influence on porosity.

Figure 5.6: Histograms of the porosity distribution within the sandstones of
the two formations Draupne (to the right) and Hugin (to the left).
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The two histograms in Figure 5.6 clearly show that the distribution of porosities within the
Draupne formation is skewed towards the left, while the porosities from the Hugin
sandstones are skewed towards the right. This indicates a higher porosity in the Draupne
sandstones than in the sandstones of the Hugin formation. The calculated porosity mean
confirms this, as the Draupne sandstones have a mean of ~16% while the mean porosity of
the Hugin formation is ~8%.
In the porosity histogram for the Draupne formation there appears to be a small
subpopulation with lower porosities. The porosity-depth plot of the same formation shows
that this is mainly caused by the lower porosity values found in the shallower sandstones in
well 15/3-4. The histogram for Hugin has a corresponding small population of higher
porosities. This population is made up of high porosity values from several of the wells,
mainly the wells 15/5-1 and 15/3-4. The wells 15/3-7 and 15/3-3 have almost no contribution
of porosity values within the Hugin formation. This may have been caused by the coarse
sample density or that the Hugin formation thins basinwards. In well 15/3-8 the Hugin
formation does not exist.
To investigate the porosity distribution in further detail, histograms were also made for the
genetic sequences. The following genetic sequences were included; pre A1, pre A2, A, C1,
C2 and D. The Hugin formation comprises pre A1, pre A2 and A, while the other three
genetic sequences are included in the Draupne formation.
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The mean porosities of the genetic sequences C1, C2 and D are the highest and range
between 15,7-16,7%. The histograms of both C1 and C2 are skewed to the right, while the
histograms for pre A1, pre A2 and A are all skewed to the left. As expected the last
mentioned all show lower mean porosity values, ranging from 8,8-12,5%. Similar to the
histogram of the Hugin sandstones, also the histograms of A, pre A1 and pre A2 show signs
of a minor subpopulation of higher porosities. D, C1 and C2 have a corresponding minor
subpopulation of lower porosities. The genetic sequence D stands out as flat shaped, most
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likely caused by a lower sample density. The even distribution is reflected in the high
standard deviation and vague subpopulations.
Overall it appears that the porosity distribution trends seen for the two formations are true
for all depths or sequences within the formation. The lowest sandstone porosities are seen in
the genetic sequence A in the Hugin formation, and the highest porosities in sequence C2 in
the Draupne formation.

Quality check of the logs

The property values found in the wire line logs may have been sensitive to several factors.
The density-porosity values are of special importance to the study and log quality was
therefore checked by evaluating the caliper log and the density and neutron-porosity log
crossover.
Caving or a rough borehole may cause the density measurements to be erroneously low, and
density-porosity correspondingly high. The caliper log was checked to detect large variations
in the borehole diameter, and compared to the density values to rule out anomalous porosity
caused by an enlarged borehole. As a result it was discovered a few occurrences of caving
induced high porosities; e.g. one in well 15/3-8 around 4080m and in 24/12-1 at 4290m, but
overall the caliper is relatively stable over the sandstone intervals of both the Hugin and
Draupne formations in all of the wells.
The density and neutron-porosity log crossover were used to identify gas which will also
give decreased density values. The anomalously high porosity values found in 0.0.0 were
compared to the crossover in the respective logs, to rule out gas as a cause of high porosity
values. In 0.0.0 some of the highest porosities were found in wells 15/3-1S, 15/3-3, 15/3-4,
15/3-7 and 15/3-8. When checked against the density and neutron-porosity crossover, it is
evident that most of the highest porosities correspond to cross over areas. It is therefore
reasonable to believe that these porosities have been elevated by gas content. It is however
difficult to estimate how much the porosity is affected or what the actual porosity reading
should be. At the depths where gas is indicated the porosities are found to be above 20% and
even up to 30%. The sandstones found at similar depths, that are not gas-filled, appear to
have slightly lower porosities; up to 20%.
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Figure 5.7: Section of the porosity log for well 15/3-8 corresponding to
some of the high porosities in the Jurassic interval. It can be seen in the
NPHI and density porosity crossover that several of the highest porosities
possibly corresponds to gas.
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Figure 5.8: Section of the porosity log for well 15/3-4 corresponding to
some of the high porosities in the Jurassic interval. It can be seen in the
NPHI and density porosity crossover that several of the highest porosities
possibly corresponds to gas.

Cross plots
Several cross-plots were generated in the Hampson Russel software using the information
from the wire-line logs. The different cross plots offers information about mineralogy and
fluid content in the wells.
LMR
The LMR plot is based on Goodway’s Lamda-Rho and Mu-Rho method, where the LamdaRho and Mu-Rho parameters represent the incompressibility and rigidity of the rock,
respectively. By plotting the two parameters against each other, an orthogonal separation of
the lithologies can be made, as well as additional information on the nature and content of
the rocks. The S-wave was calculated by using the Castagna Equation and used as additional
input for the program to generate the Lamda-Rho and Mu-Rho.
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Data from the middle and upper Jurassic interval in the study area plotted in the LMR cross
plot; provides a quantitative estimate of each lithology present in the study area. The
different lithologies are marked by zones (Figure 5.9). From the plot it appears that most of
the lithology in the wells is indeed consisting of sandstones and shales, as confirmed by the
gamma ray color key. It is interesting however that some of the data plot within the zone of
cemented sandstone. This information will be studied further in the next cross plots for the
wells it is thought to be significant for. As expected the cross plot shows little sign of
carbonates, which is characterized by high rigidity and incompressibility. Large amounts of
carbonate have not been identified in the cores or the general logs provided by the NPD
either. Some presence of coal is indicated by the cross plot. This may be due to inaccurate
definition of the interval; causing some of the underlying Sleipner formation is also included.
Presence of gas sand would however be expected to be indicated by the cross plot. Gas has a
significantly lower incompressibility than rocks, but is contained in sandstones, thus having
the same rigidity as the sandstone zone. Gas content has been reported in many of the
studied wells, and has been identified in the wire-line quality check, but no data plots in this
area of the LMR-cross plot.
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Figure 5.9: LMR cross plot with Mu-Rho on the y-axis and Lamda-Rho on
the x-axis. Gamma ray readings are indicated in the color key. The color
coded zones denotes the division of lithologies (orange=coal,
green=shales, yellow=sandstone, purple=cemented sandstone).

Hydro carbon content

The effect fluid content might have on preservation of porosity has been much debated in the
past. To gain information about the fluid content and to check whether or not there seems to
be any correspondence between the fluid content and porosity in the study area well 15/3-8
and 15/3-4 were investigated (Figure 5.10 and Figure 5.11). The data from the formations
were plotted with depth, according to their gamma ray response to roughly indicate the
lithology (sand <60API), and color coded with data from the deep induction log. High
resistivity in sandstone is often caused by content of hydrocarbons. When checked against
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the corresponding porosity log, no significant porosity changes correlated could be identified
over the hydrocarbon-filled intervals, other than that associated with gas content.

Figure 5.10: Sandstone zones with high deep induction readings identified
in well 15/3-4.

Figure 5.11: Sandstone zones with high deep induction readings identified
in well15/3-8.
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6.

Petrography: Optical microscopy
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6.1 Introduction
A mineralogical and petrographic analysis was performed on the samples in order to
investigate the relationship between preserved porosity and the mineralogy of the
sandstones. It was also interesting to compare the results of the sandstones from the Draupne
and Hugin formations. The main focus was on the presence of grain coating, which was
examined in the scanning electron microscope (SEM). Other factors that affect porosity,
such as the grain size, sorting and overall grain composition, were analyzed in the thin
section analysis. The results from the analysis in the electron and optical microscopy also
provide information about the diagenesis of the sampled sandstones.
The dataset consists of 32 sandstone samples. Eight of them are from the Draupne formation
and the remaining samples are from the Hugin formation. All of the thin sections have been
point counted using a polarization microscope to gain information about the composition of
the sandstones as well as the porosity of the samples. While the Hugin formation is the main
subject of the study, the samples have been thoroughly compared with the ones from the
Draupne formation in order to understand the differences between them. The thin section
analysis consists of the point counting results, an evaluation of sorting and further adaption
of the point counting results such as calculation of IGV and petrographic classification.

6.2 Results
6.2.1 Point count

A point counting was performed on all 32 thin-sections in order to get a quantitative analysis
of the sandstone composition and quality. Results from the point count are displayed in
Figure 6.1.
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Figure 6.1: Results from the point count, divided into the corresponding
formations and genetic sequences.
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Point count results
In Figure 6.2 the results of the point count is presented, sorted by their genetic sequence and
subdivided into the three main constituent categories; grain, cement and primary porosity.
From the figure, there seems to be a relationship between the genetic sequences and the
sample content. The largest amounts of cement (including authigenic clays), are found in
sequences A, D and pre A1. The genetic sequence C1 has the highest detrital grain count,
and a correspondingly low cement content and preserved porosity. Sequence pre-A2 shows
similar results, but with slightly less grains and more cement.
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Figure 6.2: The point counting results divided into three main constituents,
and arranged according to genetic sequence and formation.

Petrographic classification
The counted rock composition divided into the three components; quartz, feldspar and rock
fragments, has been plotted in a petrographic classification diagram (Figure 6.3). All of the
samples contain a significant amount of quartz, with less than 15% fine-grained matrix, and
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thus fall within the definition arenites. In the arenites-classification scheme by Pettijohn
(1975) presented in (Figure 6.3) the majority of the samples plot within the quartz arenite
area (several of the points overlap). Only a few samples plot outside the quartz arenite area.
These all fall within the subfeldspatic arenite area and are all samples from the C1 genetic
sequence of the Draupne formation. Containing more than 95% quartz, quartz arenites are
considered mineralogically mature (Adams et al. 1986). This is confirmed by the results of
the thin section analysis (6.2.2), which showed that most of the samples are between the
texturally submature to mature stage as defined by Folk (1951).

Figure 6.3: Petrographic classification of arenites (Pettijohn 1975). All the
samples have been plotted and color-coded according to their genetic
sequence.

Primary porosity
The primary porosity is one of the parameters in the point count and represents the present
porosity of the sample. As seen in the histogram overview of the porosity values, the
porosity counts are highly varying, from 0 to 16% (Figure 6.4). By calculating the mean
porosity in each formation, it is also apparent that the overall porosity for the Draupne
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formation is higher than that of the Hugin formation; mean porosities are 6,29% and 4,52%,
respectively (Table 6.2-1). The mean porosities for the six genetic sequences (Table 6.2-1)
show that the highest number of porosities has been counted in the D sequence in the
Draupne formation (7,45%), and pre A2 sequence in the Hugin formation (7,33%). The
lowest porosities were found in sequences A and pre A1, both within the Hugin formation,
with respectively 1,86% and 2,15%. Please note that the genetic sequence C2 is represented
by only one sample.

Figure 6.4: Histogram of the count percentage for primary porosity. The
values are divided into their corresponding genetic sequences and
formations.

Mean Porosities (%)
Draupne
6,29
D
C2
7,45
1,3

C1
6,82

Hugin
4,53
pre A2
7,327

A
1,8625

pre A1
2,15

Table 6.2-1: Calculated mean count percentage for primary porosity, for
each formation and genetic sequence.
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Low primary porosity is often related to advanced diagenesis of the sandstone. At great
depths this is mainly due to the precipitation of quartz cement. To see if there is any such
relationship within these samples, the counted percentage of primary porosity and quartz
cement is displayed together in Figure 6.5. The histogram shows that most of the highest
primary porosity values are found in the shallowest samples, and that the highest
cementation percentages are found in the deepest samples. There is also a coupled
relationship between the two parameters; in several of the samples with low porosity the
cementation is very high.
The samples between 4277,4m and 4302,8m stand out as very porous and show very low
quartz cementation. (All of these samples corresponds to the genetic sequence C1, and are
taken from well 15/3-3-. The sample from 4612,75 m is marked by extremely low values of
both quartz cement and porosity.

Figure 6.5: Histogram with comparison of quartz cement and primary
porosity percentage, arranged by increasing depth.

When the same parameters are arranged according to their formation, genetic sequence and
well, it is apparent that the highest cementation and porosity loss is in the A and pre A1
sequences of the Hugin formation (Figure 6.6). The samples that contain the least
cementation and preservation of porosity are seen within the Draupne formation and the pre
A2 sequence of the Hugin formation.
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Figure 6.6: Histogram presentation of primary porosity and quartz cement
arranged according to their associated formation and sequence.

Secondary porosity

Specific point counting results and SEM-observations were compared to investigate if the
secondary porosity from framework grain dissolution has any significant influence on the
total porosity and permeability.
The analysis of partially dissolved grains in SEM revealed that the observed secondary
porosity in thin-section is most likely caused by the leaching of feldspar. A diagram was
generated in order to define the relationship between feldspar and secondary porosity in the
point counting results (Figure 6.7). The two graphs follow each other closely, with similar
trends, indicating that the presence of feldspar is associated with secondary porosity, in
accordance with the SEM-observations (Figure 6.8).
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Rock volume %

Feldspar and Secondary porosity vs depth
16
14
12
10
8
6
4
2
0

Feldspar
Secondary porosity

Depth m

Figure 6.7: Rock volume percentage of feldspar and secondary porosity
compared and plotted against depth.

Figure 6.8: Secondary porosity developing by leaching of a feldspar grain
(Stub 7 from well 15/5-1).

Leaching of feldspar is commonly associated with precipitation of the authigenic clay
minerals kaolinite and illite. Secondary porosity from framework grain dissolution was
compared to the content of authigenic clays in order to investigate if the grain dissolution
observed in the samples had a significant contribution to the porosity. The comparison
shows that the percentage of secondary porosity increases in accordance with the authigenic
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clay content (Figure 6.9). The percentage of secondary porosity is however continuously
lower than the corresponding content of authigenic clay.

Figure 6.9: Secondary porosity and authigenic clay content.

Authigenic clay

The authigenic clay content may provide an indication of the diagenesis that has occurred in
the sandstone (Bjørlykke 1998). The clay content in the Draupne and Hugin formations was
compared to discover differences in the diagenesis between the two formations.
The content of authigenic illite and kaolinite was counted in the thin section analysis, as well
as content of feldspar and secondary porosity. Although no separation between the types of
feldspar was done during the point count, most of the observed feldspar was recognized as kfeldspar in the optical microscopy, as confirmed by the SEM-analysis.
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Figure 6.10: Graphs displaying content of illite and kaolinite with increasing
depth within the Draupne formation.

Figure 6.11:Graphs displaying content of illite and kaolinite with increasing
depth within the Hugin formation.

Figure 6.12 and Figure 6.13 displays the authigenic clay content in respectively the Draupne
and Hugin formations. The clay content is represented as the illite ratio and shows the
amount of illite in respect to overall clay content (illite/(illite+kaolinite)). In the Draupne
formation the authigenic kaolinite content is generally low (Figure 6.12), while the illite
content is overall high.

77
viii
77
79

Illite-ratio (illite/(illite+kaolinite)

Illite-ratio vs Depth
Draupne formation
1,2
1
0,8
0,6
IlliteRatio

0,4
0,2
0
3518,35 4144,8 4242,05 4277,4

4281,7

4286,1

4293,3

4302,8

Depth m

Figure 6.12: Representation of the variation of authigenic clay content with
depth for the Draupne formation.
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1
0,8
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0,4
Illite-ratio
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3567,1
3571,35
3581,6
3587,8
3599,9
3793,1
3799,55
3806,15
3818,8
3823,6
3832,6
4171,2
4173,9
4179,5
4403,75
4407,7
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4616,9
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4658,45

Illite-ratio (illite/(illite+kaolinite)

Illite-ratio vs Depth
Hugin formation

Depth m

Figure 6.13: Representation of the variation of authigenic clay content with
depth for the Hugin formation.

In the Hugin formation the content of authigenic kaolinite is generally high, and fluctuates
considerably, as does the content of illite. The general trend is however that the kaolinite
content is higher at the expense of illite, rather than in relation to depth.
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When comparing the two formations it is clear that the Draupne formation has an overall
lower content of authigenic kaolinite than the Hugin formation. This can be seen both in the
graphs and in the mean values of content (Figure 6.12, Figure 6.13 and Table 6.2-2).
However, the mean values of authigenic illite reveal that the average illite content is close to
the same in the two formations. The Hugin formation however shows a greater variation in
the authigenic clay content, independent of depth.

Illite
Draupne
Hugin
7,96
8,07

Kaolinite
Draupne
Hugin
0,75
3,51

K
Draupne
6,23

Hugin
1,92

Table 6.2-2: Mean values of kaolinite and illite in the two formations.

Figure 6.14 displays the amount of k-feldspar against the corresponding amount of illiteratio. The figure shows that increases in the illite-ratio roughly correlate to increasing
amounts of k-feldspar.

Figure 6.14: The graphs show the illite ratio in relation to k-feldspar content.
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6.2.2 Intragranular volume (IGV)

The intergranular volume was calculated from the count pointing results (IGV = total cement
+ intergranular porosity), in order to get an estimation of the amount of contribution from
compaction and cementation to the porosity loss.
Figure 6.15 shows the overview of the calculated values of intergranular volume divided into
its constituents and arranged according to depth. From the figure it appears that the highest
IGV-values are found in the samples from the shallowest depths (down to 4277,4 m depth).
The pore space of the shallower samples has high contents of authigenic illite, quartz cement
and calcite cement, but also more preserved primary porosity than the deepest samples. The
amount of opaque phases and authigenic kaolinite is however higher in the deepest samples.
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Figure 6.15: Overview of calculated IGV, arranged by increasing depth.
Color coding illustrates the content of the various components of the IGV.

When comparing the overall IGV values for the two formations, the Hugin formation has a
higher average than the Draupne formation, respectively 33,7 and 29,5%, which can also be
observed in Figure 6.16. The figure also shows that the amount of authigenic kaolinite is
higher in Hugin than Draupne, while the quantity of authigenic illite varies considerably in
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both formations. The distribution of quartz cement and primary porosity is described in
section 0.

Figure 6.16: Intra granular volume components and their values arranged
according to formation and genetic sequence.
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Textural characteristics

A visual estimation of grain size, shape and sorting, was performed for all the thin sections.
The resultant table is available in appendix B. This analysis was done to see if the mentioned
parameters vary between the sandstone samples and if it had any corresponding, noticeable
effect on the intergranular volume (IGV) calculated from the point count. The results were
also used to get an estimate on the maturity of the sandstone.
Both grain size, sorting and average grain shape was plotted against the associated IGVvalue calculated from the point count, in three separate diagrams (Figure 6.17a, b and c). The
most confident linear trends could be seen for the sorting and grain size (Figure 6.17a and b),
displaying that IGV increases slightly with better sorting and decreasing grain size.

Figure 6.17: a) Diagram showing the correspondence between the degree
of sorting and calculated IGV b) Calculated IGV plotted against grains size.
c) Calculated IGV plotted against average grain shape.
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It was also attempted to make a diagram showing possible correspondence between the
sorting and the genetic sequences (Figure 6.18). The diagram shows a general impression
that sequences C1 and preA2 has a lower sorting than pre A1, A and D, but there is no strong
trend. In addition to the poor sorting, the genetic sequence C1 also had sandstones that
plotted within subfeltspatic arenite area in the sandstone classification scheme (Figure 6.3),
indicating that the sequence might consist of slightly less mature sandstones than the other
sequences (as defined by Folk (1951)).
Sorting vs Genetic sequences
4,5
4
3,5
3
1: Very poor 2: Poor
3: Moderate 4: Well

2,5
2

Sorting
Lineær (Sorting)

1,5
1
0,5
0
pre pre pre pre pre pre pre pre pre pre pre pre pre pre A A A A A A A A C1 C1 C1 C1 C1 C2 D D
A1 A1 A1 A1 A2 A2 A2 A2 A2 A2 A2 A2 A2 A2
Genetic sequences

Figure 6.18: Degree of sorting plotted against associated genetic
sequences.

Textural maturity

The sorting and roundness results from the textural sample analysis were combined to get an
estimate on the maturity of the sandstones.
I. Immature stage
Sediment contains
considerable clay and fine
mica. The grains are poorly
sorted and angular.

II. Submature stage
Sediment contains very
little or no clay. The grains
are poorly sorted and
angular.

lII. Mature stage
Sediment contains no
clay and is well-sorted,
but the grains are still
subangular.

IV. Super-mature stage
Sediment contains no clay,
is well-sorted, and the
grains are rounded.

Figure 6.19: The four stages of textural maturation. Revised from Folk
(1951).

Following the definition by Folk (1951) the sorting and angularity of the samples were
compared. None of the samples contained significant amounts of detrital clay, clay content
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can therefore be disregarded and the immature stage may be excluded (Figure 6.19).
According to the definition of maturation by Folk (1951) the majority of the samples from
both Draupne and Hugin are texturally mature, as they are subangular or rounder and
moderate to well-sorted. The Hugin formation appears slightly better sorted than the
Draupne formation, while the Draupne formation has more rounded grains.
Detrital clay

Detrital matrix was one of the parameters counted in the point count, however only in
seventeen of the samples. The amount of detrital clay is compared to the calculated IGVvalues in order to investigate whether or not a difference in detrital clay content has
influenced the mechanical compaction.
The average values derived from the point count show that the Draupne formation has the
highest amount of detrital matrix and the lowest IGV-values for the same samples (Figure
6.20). Figure 6.21 shows that there is apparently no correlation between the IGV-values and
the amount of detrital matrix.

Formation
Draupne
Hugin
Detrital matrix %
1,14
0,15
IGV %
23,16
27,66
Figure 6.20: Average values of detrital matrix content and corresponding
IGV-values in the Draupne and Hugin formations.
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IGV vs Detrital matrix
40
35
30

IGV

25
20

IGV

15

Lineær (IGV)

10
5
0
0

0,5

1

1,5

2

2,5

3

Detrital matrix %

Figure 6.21: The correlation between IGV-values and the detrital matrix
count.

Secondary porosity

Secondary porosity was plotted against the corresponding IGV-values in order to investigate
any relationship between the two. The plot (Figure 6.22) shows that the secondary porosities
are generally low, and corresponds to IGV-values ranging from 20-50%. No trend can be
seen in the plot.

86
viii
86
88

IGV vs Secondary porosity
12

Secondary porosity %

10
8
6

Secondary porosity

4

Lineær (Secondary
porosity)

2
0
0,00

20,00

40,00

60,00

IGV %

Figure 6.22: Secondary porosity plotted against the corresponding IGVvalues.

Quartz cement

The IGV-values were plotted against the amounts of quartz cement, to check if the
precipitation of quartz cement has any noticeable influence on the IGV. In the plot no
apparent trend is observed between the two parameters.

Figure 6.23: IGV plotted against the counted amounts of quartz cement.
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6.2.3 Thin-section observations

Pictures of selected thin-sections were taken in an optical microscope with an attached
camera. The images were taken in order to illustrate some of the observations made in the
point count and textural analysis.
Figure 6.24a and b display the abundance of pore-filling kaolinite observed in some of the
samples from the Hugin formation, here represented by a sample from well 15/3-7. Three
sponge spicules can be identified in Figure 6.24a, in a thin-section from well 15/3-8. The
cross polarized image in Figure 6.24b confirms that the sponge spicules are silica needles,
displaying similarly low birefringence as neighboring quartz grains. Figure 6.25a and b
displays a set of stylolites, identified in well 15/3-3. This sample has been described as
poorly sorted in the textural analysis. Figure 6.25 c and d, show one of several elongated
calcite grains that is commonly found singularly in the samples. The crossed polar picture in
Figure 6.25d also displays carbonate cement associated with the calcite grains.
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Figure 6.24: Images of thin-sections taken in an optical microscope. White
scale bar equals 100 μm. a) Extensive pore-filling kaolinite seen in plane
light. The thin-section is from well 15/3-7. b)Same image as in a), taken
with crossed polars. c) Three sponge spicules marked by black arrows
(plane polarized light). The thin-section is from 15/3-8. d) Same image as in
c), taken with crossed polars. The spicules are composed of quartz, and
show similarly low birefringence-color to surrounding quartz-grains.
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Figure 6.25: Images of thin-sections taken in an optical microscope. White
scale bar equals 100 μm. a) Plane polarized picture of two stylolites,
emphasized by opaques. The thin-section is from well15/3-3. b) Same
image as in a) with crossed polarization. At the stylolite, some mica can be
seen, recognized by its high birefringence colors. c) Elongated calcite grain,
photographed in plane polarized light. The thin-section is from well 15/3-4.
d) Same image as in c) with crossed polars reveals calcite cement in
relation to the calcite grain, recognized by the pink/green coloration.
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7.

Petrography: Scanning electron microscopy
(SEM)
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7.1 Introduction
The petrographic analysis was performed in a scanning electron microscope (SEM) to
investigate the mineral content of the samples further, with emphasis on porosity,
cementation, authigenic clay and k-feldspar. The samples were also examined with regards
to the presence of coating in the samples. In this context, the content of sponge spicules was
also inspected.

7.2 Results
7.2.1 Grain-coatings

Several of the samples were examined to get an estimation of what type of coating and the
amount of grain coverage provided. From the Hugin formation stub mounted samples were
available, and these were investigated with regards to coating and quartz overgrowths. For
the Draupne formation thin sections were used to check the samples for coating and
cementation. With micro quartz in mind, the thin sections from the Draupne formation were
also examined for spicule content.

Hugin

An attempt was made to quantify the various coatings present in the stub samples (Table
7.2-1). The amounts were visually estimated in SEM and categorized according to Table
7.2-1.
None of the samples showed considerable amounts of coating, and no fully coated grains
were seen. Most of the coating observed was illite coating, as observed in samples from
wells 15/3-2, 15/3-4 and 15/5-1 (Figure 7.1). The coating appears with the flaky appearance
of smectite, but also with the more fibrous texture of illite, especially on the edges. Only the
samples from well 15/5-1 contained chlorite coating, including only a few occurrences (stub
7, 11 and 14). This is consistent with the lack of chlorite observed otherwise in SEM and
optical microscopy. Very small quartz crystals were observed on a detrital grain in well
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15/3-7, but in none of the others. The synaxial orientation of the crystals suggests that they
might be small overgrowth crystals piercing through a poor clay coating, rather than micro
quartz coating (Figure 7.2). In stub 2 from 15/3-2 no coating was found.
Most of the examined stub-mounted samples were heavily cemented, thus reflecting that
only one or a few detrital grains were covered by coating in the samples were coating was
found. It should be noted that it is very difficult to get an accurate estimation of the quantity
of coating using this method; at best this provides an indication to the sample condition. In
several of the samples quartz overgrowth has nucleated and started to overgrow the coating
present.
Stub nr.
Well name
Depth
M. Qtz
Illite
Chlorite
1
15/3-2
4573,5
0
1
0
2
15/3-2
4646,3
0
0
0
3
15/3-4
3793,1
0
1
0
10
15/3-4
3806,15
0
1
0
6
15/3-4
3818,8
0
1
0
13
15/3-4
3832,6
0
1
0
4
15/3-7
4612,75
1 (?)
1
0
7
15/5-1
3518,35
0
1
1
14
15/5-1
3567,1
0
0
1
11
15/5-1
3571,35
0
0
1
12
15/5-1
3581,6
0
1
0
9
15/5-1
3587,8
0
1
0
5
15/5-1
3599,9
0
1
0
0: None present 1: Small amounts 2: Moderate coverage 3: Extensive
coverage
Table 7.2-1: Estimated amounts of different types of coating in the stubmounted samples of the Hugin formation.
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Figure 7.1: a) An example of illit- coating, partially covering the grain. b)
Enlarged photo of the smectite/illite-mixed coating (enlarged area indicated
in a)). (Both pictures are from stub 6 in well 15/3-4)

Figure 7.2 a): Small quartz crystals were observed in stub 4 from well 15/37. These are most likely small overgrowths piercing through a poor clay
coating. b): Enlarged photo of the area indicated in a).
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Figure 7.3: a) The only chlorite-coating found amongst the stub-mounted
samples, were found in well 15/5-1 (stub 14). b) Enlarged photo of chlorite
coating (as marked by white box in a)).

Draupne
The main scope of the thesis is the reservoir quality of the Hugin formation. The inspection
of the Draupne thin sections were mainly done in order to establish the differences between
the two formations and to define the causes for the quality variance. A visual estimation of
coating type and amount was performed on a few of the samples from the Draupne
formation. The observation had emphasis on the content of micro quartz and sponge spicules
of Rhaxella Perforata. The samples were also investigated with regards to illite and kaolinite
content, to be compared with the results from the point count.
The sponge fossil Rhaxella Perforata is believed to be the main source of microcrystalline
quartz (Vagle et al. 1994, Aase et al. 1996) , and the fossil’s first occurrence in the South
Viking Graben is believed to be after the Eudoxus chronozone (T. E. Maast in press).
Accordingly the Draupne formation is expected to contain more microcrystalline quartz and
spicules, than the Hugin formation. The thin sections from the Draupne formation were
examined visually, and the sponge spicules could be identified in three of the eight samples
investigated. The spicules are recognized firstly by their distinct shape, size and color. The
spicules are elongated and round with a pointy end, but the shape varies depending on which
fragment of the spicule is preserved, and the way it is cut during thin section preparation.
Three different shapes encountered are presented in Figure 7.4. The spicules found were
approximately 10 μm in diameter. In the case where the spicule is roughly intact, the hollow
center of the spicule is a characteristic feature. The fossil pieces are more porous than detrital
quartz grains or overgrowths, and thus have a darker gray color and a larger carbon peak on
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the spectrograms in the SEM-analysis, resembling the microcrystalline quartz in Figure 7.5.
The spicules are thus most likely replaced by microcrystalline quartz or chalcedonic quartz.
Dense chalcedonic quartz could help to preserve the morphology of the spicules (Vagle et al.
1994).The brighter spots are most likely caused by bigger quartz crystals.

Figure 7.4: Assumed sponge spicules. a), b), c) from well 15/3-8
(4170,85m) and d) from 15/3-3 (4302,8m).

The same samples that had sponge spicules present also contained microcrystalline quartz
coatings. This is true for the two samples from well 15/3-8 and the sample from 15/3-3. The
microcrystalline quartz coatings covered several grains, but only parts of the detrital grains.
Small amounts of microcrystalline quartz coating was also detected in a sample from well
15/3-3 (4281,7m). The sample from 15/3-8 at 4170,85 m contained by far the highest
amount of quartz coating and number of sponge spicules (Figure 7.4 & Figure 7.5).

96
viii
96
98

All of the samples investigated from the Draupne formation contained some illite coating
(Figure 7.6), and were moderately cemented. The only exception is the sample from well
15/5-1, which had no visible coatings or spicules and was cemented more than the rest. The
samples had a moderate to large content of pore filling illite, but low or no content of
authigenic kaolinite.

Figure 7.5: a) Microcrystalline quartz coating a detrital grain (15/3-8
(4170,85 m). The amount is excessive and aggregates builds out into the
pores pace (The enlarged area is marked in a)).

Figure 7.6: Small amounts of illite coating were found in most of the
samples from the Draupne formation. a) A quartz grain partially covered by
illite coating (From well 15/3-3 at 4286,1 m). b) The illite coating is
recognizable by its fibrous appearance (The enlarged area is marked in a)).
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Figure 7.7: The presence of coating will hinder the formation of quartz
cement, as illustrated in this secondary electron image from well 15/3-8
(4242,05 m). The grain above has a thin coat of micro quartz, but in some
places the overgrowth has manage to overgrow the coating and build out
into the pore space (see: white arrows). The uncoated underlying grain has
advanced macro quartz cover, indicated by the dust-rim and the euhedral
shape of the grain.

7.2.2 Quartz overgrowth and porosity

To gain a visual confirmation of the amount of quartz cementation and primary porosity that
was point counted in the optical microscope, overview and detail pictures were taken in
secondary electron microscope of both stubs and thin sections. Although thin sections from
the Draupne formation are reviewed for comparison reasons, the main emphasis was on the
samples of the Hugin formation.

Hugin

In the Hugin formation most of the samples are quite cemented. The samples that appear to
have the most advanced cementation are the samples from wells 15/3-2 and 15/3-4 (Figure
7.10). In these samples little or no porosity is visible in the stub mounted sample. Thin
sections from the two wells have also been examined using cathode luminescence (Figure
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7.8 & Figure 7.9). By exposing the thin sections to cathode luminescence (CL), the quartz
overgrowth can be visually separated from the outline of the detrital grain. The original
quartz grain will in some cases illuminate stronger than the cement, causing a luminescence
contrast enabling a differentiation of the detrital grain and overgrowth.
In Figure 7.8 the CL reveals that most of the grains are cemented together, but the amount of
overgrowth is not as high as one might expect from the secondary electron image. In this
sample the grains are large and mechanically compacted rather than chemically cemented.
Figure 7.9 shows pictures of sandstones that may appear cemented but when exposed to
luminescence they have none or little quartz overgrowth. This may indicate that the sands
have been compacted together rather than cemented by quartz overgrowth. Figure 7.9
additionally displays illuminant grain boundaries caused either by a coating or bad thin
section preparation.

Figure 7.8: A SEM image from 4573,5 m in well 15/3-2 to the left and the
same area when exposed to luminescence to the right.
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Figure 7.9: A SEM image from 3793,1 m in well 15/3-4 to the left and the
same area when exposed to luminescence to the right.

Figure 7.10: Overall the Hugin formation is more cemented than the
Draupne formation. This is can be observed in the overview pictures of the
stub mounted samples from the formation. a) & b) Overview pictures of a
heavily cemented samples from respectively well 15/3-2 (4573,5 m) and
well 15/3-4 (3832,8 m).

Samples from well 15/5-1 contain grains that are covered in authigenic quartz cement,
however some amounts of primary porosity are still left, as the samples are not cemented
tight (Figure 7.11 c)). The amount of overgrowth evidently depends on the presence of
coating (Figure 7.11). Where the grains are partially covered by clay coating, the
cementation has been halted and the macro quartz crystals are defected and anhedral (Figure
7.11 a)). Where the clay coating is imperfect; small synaxial overgrowth crystals are
observed breaking through the cover (Figure 7.11 b) & d)).
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Figure 7.11: Quartz overgrowths cementing the sandstone in well 15/5-1
(3587,8 m), in various stages of development. a) A grain partially covered
by macro quartz, and partially by illite coating. Where coating is present it
has hindered the growth of quartz cement (see: white arrow). b) Small
syntaxial crystals nucleate and grow over the illite where the coating is
incomplete. (The enlarged area is marked in a)). c) At the advanced stage
of cementation. The central grain can be seen as completely covered by
overgrowth and is cemented together with the surrounding grains. d) The
macro quartz is able to grow where the clay coating is incomplete, to form
syntaxial crystals growing out into the pore space and filling it together with
the surrounding grain overgrowhts.
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Figure 7.12: Overview picture of a sample from 15/5-1 (3571,35 m). The
samples from well 15/5-1 contain little coating, and the grains are
overgrown by cement. However, reasonable amounts of porosity are still
present.

A CL picture of a thin section from well 15/5-1 indicates how much of the quartz is cement
and the size and shape of the original detrital grain. This correlates well with the
observations of the stubs from the same well (Figure 7.11), which showed that most of the
grains were completely overgrown by quartz cement.

Figure 7.13: A SEM image from 3567,1 m in well 15/5-1 to the left and the
same area when exposed to luminescence to the right. Note the difference
in shape between the cemented grain and the original detrital grain
(illuminated to the right).
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Draupne
The samples of the Draupne formation contained some micro quartz coating as well as illite
coating (0.0.0); this might have helped to preserve the porosity to some extent, as several of
the samples show a large amount of open pore-space (Figure 7.14). Figure 7.15 shows that
where grains or parts of grains are covered, this will hinder the growth of cementation, while
cementation will continue in surrounding areas that lack grain coat. Figure 7.15
To estimate the porosity visually in the thin-section is however difficult. This is especially
difficult in some of the samples from well 15/3-3, which have been badly prepared, resulting
in some of the pore-filling minerals as well as entire grains missing. The overall impression
is that most of the samples of the Draupne formation have more preserved porosity than the
samples from the Hugin formation.

Figure 7.14: A backscattered electron image showing an overview of
porosity and grains in a sample from well 15/3-8 (4242,05 m).
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Figure 7.15: Sample from well 15/3-8 (4170,85 m) a) Backscattered
electron image of several cemented grains. A sponge spicule is visible in
the pore space (indicated by a blue arrow). b) The same picture as to the
left but with cathode luminescence. Where grain-coating is present
(indicated by white arrows) the overgrowth has been hindered, while where
coating is absent, grains are cemented by quartz overgrowth (indicated by
the black arrows).

7.2.3 Authigenic clay
Of authigenic clay the main content seems to be of pore filling illite or kaolinite. Only a few
occurrences of chlorite and smectite have been observed, both in connection with partial clay
coating on detrital quartz grains (7.2.1). The abundance of both kaolinite and illite were
quantified in the point count analysis, and it is interesting to make a similar estimation in the
scanning electron microscopy.

Hugin
Most of the wells of the Hugin formation contain both pore filling kaolinite and illite. The
clay minerals mostly appear to be authigenic as they possess their characteristic morphology.
In the stub-mounted samples the kaolinite is easily recognized by its stacked booklet shape,
while the illite appears as fibrous (Figure 7.16). Note that the booklet morphology of the
kaolinite is preserved in samples buried deeper than 4600m (e.g. well 15/3-2 and well 15/37). It is also observed in some of the samples that pore filling kaolinite and illite occurs in a
mix, where the kaolinite presumably is partially dissolved and replaced by the illite (Figure
7.17 b)). In this mix the kaolinite sheets appear more flaky and disheveled, especially on the
edges. In well 15/5-1 the kaolinite is not as well preserved as in the other samples.
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Overall it seems like the amount of kaolinite is much larger than that of illite in the samples
of the Hugin formation. In some of the samples, such as the stub-mounted sample from 15/37 (4612,75 m) kaolinite is nearly the only mineral occurring in addition to quartz (Figure
7.16 a) & b)).

Figure 7.16: Kaolinite is abundant in the Hugin formation. a) SEM image
from well 15/3-7 (4612,75 m) showing very high amounts of authigenic pore
filling kaolinite. b) Detail picture from the kaolinite filled pore space in a
sample from 15/3-7 (4612,75 m). Note the size of Kaolinite is larger than
the definition of clay. c) Thin section from well 15/3-2 (4646,3 m) showing
pore filling authigenic kaolinite, surrounded by cemented quartz grains. d)
Pore filling illite and kaolinite in stub 1 from in well 15/3-2 (4573,5 m).
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Figure 7.17: a) A muscovite in the process of being replaced by illite and
kaolinite in a sample from well 15/5-1 in the Draupne formation (3518,35
m). b) Pore filling kaolinite and illite occurring in a mix. The kaolinite
appears partially dissolved and possibly replaced by the illite. Stub
mounted sample from well 15/3-2 (4646,3 m).

Draupne
In the samples from the Draupne formation less of the pore-space is filled by authigenic
minerals. The samples of the Draupne formation have a distinguishably low amount of
kaolinite, especially when compared to the Hugin samples. Next to none kaolinite is
observed, and most of the pore-filling clay mineral, if any, is generally illite. Illite is also
seen replacing grains of muscovite (Figure 7.17).

7.2.4 Feldspar

It is interesting to compare the amount of feldspar, especially k-feldspar, in connection with
the amount of clay minerals.
Large dissolved k-feldspar grains are especially abundant in the samples from well 15/3-3 in
the Draupne formation. In the Hugin formation the k-feldspar grains are more typically
smaller grains. In both of the formations, grains are observed with the replacement of Kfeldspar by albite. This process can be visually identified by the darker albitized patches on
the light grey k-feldspar grains. However the k-feldspar grains in the Draupne formation
appear to have more dissolution porosity, referred to as type 1 albitization (Saigal et al.
1988). In the Hugin formation the k-feldspar grains are more commonly pseudomorphicaly
replaced by the albite, thus more often lacking the dissolution porosity. This is called type 2
albitization by (Saigal et al. 1988) and is believed to be more common at great depths.
106
106
108
viii

Figure 7.18: a) Overview image of a thin section from well 15/3-4 (3806,15
m)) in the Hugin formation. b) Enlarged image showing small k-feldspar
grains, albite, pyrite and pore filling illite in between the quartz grains.
(Enlarged area marked in a)) c) Overview image of a thin section from well
15/3-3 (4286,1 m) in the Draupne formation. d) Enlarged image of a
dissolving k-feldspar grain (the central grain). Note the large difference in
size of the k-feldspar grains in the two formations.

Figure 7.19: a) illitization of a k-feldspar grain in well 15/5-1 (3518,35 m). b)
SEM images of stub 6 from 3818,8 in well 15/3-4 of an albite grain.
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7.2.5 Pyrite

Pyrite could be seen as small bright spots in the backscatter electron images from most of the
samples from the Hugin formation. Usually they could be seen in the pore space, possibly in
connection with pore filling illite. An abundance of pyrite was observed in the thin sections
from well 15/3-4 (Figure 7.20 a)). In the stub mounted samples from 15/3-4 the pyrite occurs
as framboidal authigenic crystals, in the shape of a ball (Figure 7.20 b))

Figure 7.20: a) A backscatter electron image showing the different
constituents of a sample from well 15/3-4 (3793,1 m). Note the high amount
of small pyrites in the pores, resembling bright spots (indicated by the black
arrow). b) Detail image from another sample in well 15/3-4 (3823,6 m),
showing two framboidal pyrite crystals (indicated by black arrows).

7.2.6 Other minerals

Other minerals than quartz, authigenic clay and feldspar were also observed in the electron
microscope and identified by the EDS analysis. The following section represents a brief
outline of the occurrence of minerals in the samples from the Hugin formation, according to
their respective wells.
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Figure 7.21: a) A SEM image from well 15/3-2 (4646,3 m) showing
occurrences of a zircon, rutile, illitisized muscovite and pore-filling kaolinite.
b) A SEM image from 15/5-1 (3587,8 m) showing the presence of kfeldspar, albite, kaolinite, illitisized muscovite and dolomite with ankerite
zonation.

15/3-2
Some albite could be detected in the sample, but the abundance of this mineral is difficult to
quantify as the albite has the nearly the exact same weight as the quartz grains, and thereby
the same shade of grey in backscattered electron images.
The EDS analysis reveals that the samples contains several grains of rutile and a zircon
(Figure 7.21 a)). The zircon was investigated further in CL, and showed zoning that could
potentially be used in estimation of provenance, by dating of the grain. The rutile is in some
cases observed as making up a single composite grain together with illite. Grains that appear
to be muscovite in the shape, is according to the EDS transformed to illite or kaolinite
(Figure 7.21 a)). There was also one single occurrence of chlorite. Small amounts of smectite
could be seen as a mixed clay coating with illite. The smectite is characterized as less fibrous
and more honeycomb shaped than the illite.
15/3-4
Elongated calcite grains has been observed in some of the samples, e.g. one grain measured
to 12,33 mm, using the caliper function in EDS. These are possibly remnant fossil
fragments. Albite, na-k-feldspar and k-feldspar were identified in the samples. Illite and
kaolinite could be observed as both pore-filling clay and in association with dissolution of of
k-feldspar and albite. The pyrite is often seen as small round crystals, framboidal pyrite,
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within the pore-filling illite. Calcite cement occurs between the grains in some places,
mainly in relation with the calcite grains. Some calcite crystals could also be seen in the
stub-mounted samples (Figure 7.22 a)). The muscovite grains are partially illitizised (Figure
7.21 b)). Small grains of rutile have also been identified. Dolomite with ankerite zonation,
gypsum and a single grain composed of rare earth minerals, e.g. Ce,La and Nd, has also been
identified. The kaolinite is these samples is not seen in a stacked, booklet morphology as in
the other samples within the formation.
15/5-1
In this well the pores are filled with a mix of illite and kaolinite, containing small round
crystals of pyrite. The EDS analysis indicates that calcite and dolomite-cement with ankerite
zonation is also present. Albitisation and dissolution of k-feldspar can be observed. The
muscovite grains in the samples, still hold the morphology of muscovite, but are largely
replaced by illite and kaolinite (Figure 7.22 b)). Some occurrences of rutile could be seen in
the stub-mounted samples (Figure 7.22 c)).
15/3-7
The only stub-mounted sample from well 15/3-7 (stub 4), yields that little other mineral in
addition to quartz was present other than pore-filling kaolinite. The amount of kaolinite is
however remarkable, and is well developed in a euhedral, stacked booklet shape and huge in
size (>20 μm). One occurrence of gypsum was discovered.
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Figure 7.22: Some of the minerals that could be identified in the samples
from the Hugin and Draupne formations. a) A calcite crystal from well 15/34 (3832,6 m) b) One of many muscovite grains in this sample from 3599,9
m in well 15/5-1 c) Rutile could most easily be identified in the thin-sections,
here it is occurs in an euhedral shape in well 15/5-1 (3567,1 m).
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8.

Discussion
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8.1 Mechanical compaction
The intragranular volume (IGV) is calculated from the point count data and is defined as the
sum of intragranular pore-space, cement and detrital matrix, and equals the maximum
intragranular porosity before chemical cementation. At a depth of about 2km, quartz cement
precipitation will commence and stabilize the grain framework, preventing further
mechanical compaction. Similar depths of mechanical stabilization has been experimentally
proven by Paxton et al. (2002), showing that the mechanical compaction rapidly reduces the
IGV from ~40% at deposition, and that the IGV appears to stabilize at ~26% at 2,5km depth.
The calculated IGV values from the point count ranges between 25% and 45%, indicating
that some of the sandstones have arrived at the maximum mechanical compaction, while
other have preserved the intragranular space. Preserved intragranular volume, and
subsequently high IGV values, may be maintained if the sandstones are overpressured; as the
reduced effective stress leads to less mechanical compaction (Bjørlykke 2010, Bjørlykke and
Jahren 2010). Variations in the IGV values may also be due to differences in the
petrography of the sandstones, such as sorting and grain size. Some of the calculated IGV
values were as high as 50%, indicating an inaccurate point-count or significantly low
amounts of mechanical compaction. The first explanation is the more likely, and may be
related to badly prepared thin-sections, as ripped out grains may have been mistaken for
pore-space.
In the petrographic classification the majority of the samples were classified as quartz
arenites, except for the samples from genetic sequence C1 of the Draupne formation which
plotted as subfeltspatic arenites. The same genetic sequence also has the lowest average IGV
value (28%) of all the genetic sequences, possibly suggesting that high feldspar content
increases the mechanical compaction. It has been observed that sandstones with a large
proportion of secondary porosity from dissolved grains, will have a slightly steeper porositydepth curve due to the increased stress at grain contact (Ramm 1992). The amount of
secondary porosity in the samples was plotted against the IGV values, but no such
correlation could be seen (Figure 6.22), suggesting that the amount of secondary porosity has
not had a significant effect on the IGV of the sandstones.
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In accordance with the different depositional environment of the Draupne and Hugin
formations (2.3.2), the point count revealed that the Draupne formation contained more
detrital clay matrix than the Hugin formation. Detrital clay content is expected to be lower in
the cleaner proximal sandstones, such as those found in the Hugin formation. The average
IGV-values for the same samples show that the intergranular volume is less in the Draupne
formation (Figure 6.20). The IGV-values were plotted against the corresponding amounts of
detrital matrix in order to investigate the relationship between the two parameters (Figure
6.21). The cross plot showed no trend between the matrix content and the IGV, in contrary to
what the average values of the two formations indicated (Figure 6.20). Clay matrix at grain
contacts are preferred areas of quartz grain dissolution and precipitation of quartz cement
(Bjørlykke 2010), increased content of matrix could therefore potentially lead to lower IGV
and higher amounts of authigenic quartz cement. Neither the cross plot of the IGV and clay
matrix nor quartz cement, displayed a trend to support this (Figure 6.21 and Figure 6.23).

Sorting

It has been experimentally proven that well sorted sandstones are less readily compacted
than poorly sorted sandstones (Chuhan et al. 2002, Fawad et al. 2011). The calculated IGV
values from the studied samples increase the more sorted the samples are (Figure 6.17 a).
This is believed to be caused by the rearranging of the grains during mechanical compaction,
where smaller grains may fill the pore-space between the larger grains in the poorly sorted
sands (Fawad et al. 2011). It should be noted that the samples examined in this study only
range from poorly sorted to moderate, and do not include any well sorted samples. This may
have influenced the resulting trend to not be as clear.

Grain size

The calculated IGV values were the highest in the fine-grained sandstone samples (Figure
6.17 b), indicating that the mechanical compaction has been more significant in the coarse
grained sandstones. Similar connections has been reported by Chuhan et al. (2002) and
Fawad et al. (2011), who denotes the difference in compaction to be caused by increased
pressure at grain-contacts and subsequent grain-crushing due to fewer grain-contacts in the
coarser samples (Fawad et al. 2011). Some decrease in fine-grained sandstones IGV in
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relation to coarse-grained, may however also be expected due to the closer grain-packing
associated with decrease in grain-size. An estimation of this effect is however difficult as the
overall trend in the studied samples are decreasing IGV-values with increasing grain-size.

Grain shape

Angular shaped grains are generally associated with high compaction, due to the small
contact area and subsequent grain crushing (Fawad et al. 2011). The largest frequency of the
samples in this study are subrounded, thus grain shape is not expected to have had a large
effect on the variation of IGV values in this study, and angularity did have a noticeable
trend with the IGV values (Figure 6.17 c).

Overpressure

The fluid overpressure in the study area is expected to be high, corresponding with the great
burial depths. In the samples with a limited amount of authigenic quartz cement, such as a
few of the samples from wells 15/3-3 and 15/3-4 (0), the great vertical stress associated with
the burial depth should have caused significant grain crushing (Bjørlykke and Jahren 2010)
and a decrease in IGV corresponding to the lowest qtz cementation. However grain-fractures
were rarely seen in the thin-section analysis and the IGV and quartz cement plot showed no
trend (Figure 6.23). This indicates that in want of frame-enforcing quartz cement a high fluid
overpressure may have reduced the effective vertical stress on the grains, preventing some of
the mechanical compaction.

Influence on reservoir quality

In general the intra-granular space is well preserved in the studied samples, represented by
high IGV values, indicating that the mechanical compaction has not been very significant.
The preserved IGV may have been favored by sorting, grain-roundness and the small grain
size. Sandstone layers that differ from these characteristics occur within the formations,
leading to local variation in IGV. Due to grain stiffening at the onset of quartz cementation,
the effect of mechanical compaction end at approximately 2,5km, except for the sandstones
where quartz cementation has been hindered. In these sandstones the high fluid overpressure
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appears to have prevented further mechanical compaction. These differences in mechanical
compaction are represented by the great variation in the IGV-values (Figure 6.15).

8.2 Chemical compaction
8.2.1 Carbonate cement

Three types of carbonate cement could be observed in the samples during the SEM-analysis;
dolomite, ankerite and calcite, but mainly calcite. The calcite cement is commonly observed
in the samples, but its presence is locally restricted in relation to dissolving carbonate
bioclasts (Figure 6.25c and d). The bioclasts appear as elongated calcite grains, ranging in
size from 1-5 mm. Carbonate cement is typically formed during shallow diagenesis
(Bjørlykke 2010), and in the SEM-analysis the carbonate cement seems to predate the quartz
cement, as little overgrowth is present in carbonate cemented areas. A lambda-mu-rho
(LMR) plot (Figure 5.9) was generated in order to get an approximation of the overall
lithology within the study area. Presence of carbonate cement would have been noticeable in
the diagram as a zone of high rigidity and incompressibility. This could however not be
identified in the plot, in accordance with the small amounts of observed carbonate cement in
both the log response and thin-sections.

Influence on reservoir quality

The occurrence of calcite cement is scattered across both formations and the genetic
sequences, indicating that the prediction potential is low. Although the calcite cementation
observed in the samples was locally ranged, and of little influence to the reservoir quality, it
is possible that layers with a high concentration of bioclasts will represent areas of poor
reservoir quality and fluid flow barriers within the reservoir.
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8.2.2 Authigenic clay

The authigenic clay content was mainly comprised of kaolin, illite and chlorite in all of the
samples. Kaolinite is transformed to dickite during burial (2-3km depth (Ehrenberg et al.
1993)), but differentiation between the two minerals is difficult. Kaolin is therefore used in
this discussion as a term referring to the kaolin-group. Minor amounts of chlorite were
observed as grain coating within the Hugin group, but overall, the amounts present within
the studied sandstones are regarded as negligible. In both the point count results and the
SEM-analysis the observed contents of illite and kaolin varied from sample to sample.
Overall, the mean amounts of illite were approximately the same in both the Draupne and
Hugin formations, while the samples from the Draupne formation contained much lower
amounts of kaolin than the Hugin formation. The content of illite and kaolin was also
variable within the Hugin formation. An increased illite/kaolinite-ratio below 3,7 km as has
been reported in the North Sea basins previously by Bjørlykke and Aagaard (1992 and Giles
et al. (1992), could not be observed in the point count data (Figure 6.12 and Figure 6.13).
Together with the variable content of authigenic clay content this indicates that there is not a
uniform transition of kaolinite to illite in the samples. The differences in authigenic clay
content will be discussed further in the following sections, with emphasis on the differences
between the Draupne and Hugin formations.

Shallow diagenesis

When comparing the results of the point count between the two formations it is apparent that
the Draupne formation in general has a lower content of authigenic kaolin than the Hugin
formation. This can be seen both in the graphs and in the mean values in section 0. The
investigation of the samples in SEM confirmed this result, as little or no pore-filling kaolin
could be identified in the samples from the Draupne formation (7.2.3). This result is most
likely reliable, but it should be noted that several of the thin-sections from the Draupne
formation were badly prepared and thus lacked some of the pore-filling material originally
present in the sample.
Kaolin is mainly formed during early diagenesis by the dissolution of feldspar and mica.
Observations in the SEM-analysis confirmed the early timing of kaolin precipitation, as
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kaolinite could often be seen enclosed within the quartz cement. The precipitation of kaolin
from the dissolution of feldspar or mica cannot take place in a closed system (Bjørlykke
1998), but requires a trough flow of water to remove the excess of cations (K+, Na+) and
silica (Bjørlykke 1994):
2K(Na)AlSi3O8 + 2H+ + 9H2O = Al2SiO5(OH)4 + 2H4SiO4 + 2K(Na+)
K-feldspar
Kaolinite
The highest flux of meteoric water is found in the marginal marine parts of the basin, so the
shallow marine sediments are commonly flushed after deposition, while the distal shelf
facies and turbidites experience much less meteoric water flushing.
The well correlation in (5.2.1) revealed that the Hugin formation is mainly present in thick
packages in the wells situated at the eastern flank of the graben (Figure 5.1). Naturally the
sandstones of the Hugin formation are mainly comprised of shallow marine sandstones as
described in 2.3.2. The marginal marine sandstones of the Hugin formation are therefore
likely to have been subjected to meteoric flushing. The same correlation shows that the
sandstones within the Draupne formation are formed as submarine fans distributed distally in
the deepest parts of the basin (Figure 5.1), and thus would have experienced little or no
meteoric water flushing. This explains the observed difference in authigenic kaolin amount
between the two formations, where the Hugin formation contains the highest amounts of
kaolin both in the results from the point-count and in the SEM-analysis.

Deep diagenesis

During deep diagenesis the kaolin formed during shallow diagenesis, becomes unstable in
the presence of k-feldspar and forms illite (Bjørlykke 1998):
Al2SiO5(OH)4 + KAlSi3O8 = KAl3Si3O10(OH)2 + 2SiO2 + H2O
Kaolinite
K-feldspar
Illite
Quartz
3Al2Si2O5(OH)4 + 2KAlSi3O8 + 2Na+ =2KAl3Si3O10(OH)2 + 2NaAlSi3O8 + 2H+ +3H2O
Kaolinite
K-feldspar
Illite
Albite
Another common precursor mineral for illite is smectite, however primary smectite content
is commonly low in Jurassic sandstones (Bjørlykke et al. 1995), leaving kaolin the main
precursor mineral for illite precipitation in the study area.
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In the North Sea basins, the main phase of illite precipitation normally occurs at
temperatures between 130-140°C (Bjørlykke 1998), and a strong increase in illite content at
the expense of kaolin is commonly observed below 3,7 and 4,0 km in the North Sea
(Bjørlykke and Aagaard 1992, Giles et al. 1992). All the samples of the study are buried
below 3,7 km, except from the samples from well 15/5-1, and most of the bottom hole
temperatures exceeds 130°C (Table 5.1-1) indicating that most of the samples have
experienced temperatures high enough to be within the main phase of illitization.
Temperature data lacks from well 15/3-7 which was one of the wells that contained kaolin in
deep samples. It is however reasonable to assume that the temperature has been similar to the
nearby wells. Due to the continued subsidence of the study area (2.2), the bottom-hole
temperatures are regarded as maximum temperatures. The point count data was displayed
according to depth in Figure 6.2, but no sharp increase can be seen in the illite/kaolinite ratio
below 3,7 km in Figure 6.12 and Figure 6.13. On the contrary several of the deepest samples
contained some of the smallest amounts of illite. Both in the point count and in the SEM
analysis (0 and 7.2.3) it has however been demonstrated that samples buried as deep as
below 4600 m, contain significant amounts of unaltered kaolin. Hence it follows that several
of the samples defies the phase of illitization, the main portion of these samples are within
the Hugin formation.
According to the burial depth and the temperature data, the high amount of kaolin in the
Hugin formation is not only related to good precipitation conditions during the shallow
diagenesis; the kaolin has also been preserved from the illitization process that normally
takes place during the deeper burial. The limiting step in the formation of illite from kaolin is
either temperature (illite requires high temperatures to form) or K+ from dissolving Kfeldspar. Since the temperatures appear to have been high enough to reach the illitization
phase, deficiency of k-feldspar is most likely the cause of the preserved kaolin. This is
supported by the generally low amounts of k-feldspar that has been observed in the SEM and
point count in the Hugin formation. In the SEM large k-feldspar grains where observed in
the Draupne formation, while in the Hugin formation the k-feldspar grains were typically
smaller. The low degree of precipitation of illite, despite the amount of accessible kaolin,
indicates that the lack of k-feldspar has been the limiting factor in the precipitation of illite,
in the Hugin formation. Similar observations have been reported by Bjørlykke and Aagaard
(1992) and Chuhan et al. (2000), where less illitization and unaltered kaolinite has been
observed in sandstones where the k-feldspar content is low.
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Although the Hugin formation generally contains more kaolin and less illite than the
Draupne formation, the content within the formation varies strongly (Figure 6.13). Figure
6.11shows the trend of authigenic clay content within the Hugin formation, and reveals a
correlation in the data between high amounts of kaolin and low amounts of illite. This
indicates that the kaolin has been preserved in some of the samples, but not all. A closer
examination of the point-count results unveil that the content of k-feldspar is slightly higher
in correlation with increase in illite content (Figure 6.14). This indicates that the varying
content of illite and kaolin is caused by local changes in k-feldspar content; as k-feldspar
appears to be the limiting factor in the precipitation of illite from kaolin.
In the Draupne formation the content of k-feldspar grains is higher than in the Hugin
formation. In addition the samples contain extensive type 1 albitization (Saigal et al. 1988),
moldic porosity from dissolution of k-feldspar grains. As defined by Bjørlykke (1984) the
amount of precipitated authigenic clay minerals equals the amount of secondary porosity
caused by k-feldspar grain dissolution. Thus the high amount of secondary porosity observed
in the point count and SEM indicates precipitation of illite from kaolin, this is also supported
by Figure 6.7 showing a close correspondence between amount of secondary porosity and
authigenic clay. According to the equation defined by (Bjørlykke 1998) the amounts of
precipitated illite depend both on the presence of kaolin and k-feldspar. Hence the high
amounts of illite in the pore-space and the dissolution of the k-feldspar in the Draupne
formation (0 and 0), suggests that some amounts of clastic kaolin must have previously been
present in the Draupne formation (although not in the quantities seen in the Hugin
formation). In difference to the Hugin formation the amount of available k-feldspar has been
great enough in the Draupne formation to illitize most of the kaolin, and thereby the kaolin
amount is low.
The mean values of authigenic illite in the point count (Table 6.2-2) reveal that the average
illite content is close to the same in the two formations. This is possibly caused by inaccurate
thin section analysis, as illite may sometimes have been confused with organic matter or
detrital clay. The occasional abnormally high values of illite observed in the point-count data
suggest that this might be the case. Another explanation could be that limited amounts of
illite seen in the Draupne formation are a result of a low precipitation of kaolin in the
shallow diagenesis. Low amounts of authigenic kaolin are expected to form in the distal
depositional setting of the Draupne formation, and this may have acted as a limiting factor in
the precipitation of illite during deeper diagenesis. A similar remark was made by Bjørlykke
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(1998). While the limiting factor of illitization in the Hugin formation appears to have been
the lack of k-feldspar, the limiting factor in the Draupne formation has possibly been a lack
of authigenic kaolin, thus explaining the similar content of illite in the two formations.

Influence on reservoir quality
Abundance of kaolin in the pore-space, as seen in many of the samples from the Hugin
formation, will take up pore-space and thus reduce the porosity in the sandstones. However,
it is not believed that a large amount of kaolin will have a significant impact on the
permeability of the reservoir, as fluids can easily flow around the authigenic morphology of
kaolin. The Draupne formation has only minor amounts of kaolinite, and is therefore not
affected.
A lot of the illite observed in SEM-analysis was of an authigenic character, often with a
porebridging and fibrous morphology. The fibrous appearance of the illite has a negative
influence on the permeability of the reservoir. The amounts of illite are however relatively
low in both the Hugin and Draupne formation, in relation to their burial depth, due to low
amounts of kaolin in the Draupne formation and k-feldspar in the Hugin formation.
The amount of k-feldspar in the samples is most likely dependent on the provenance of the
sandstone, and at similar depth and temperature conditions, the amount of illite may be
predicted if the provenance of the sandstone supply is known (Chuhan et al. 2000). High
amounts of illite are also less expected to be found in closed depositional systems, such as
turbidite deposits, where the conditions of kaolinite precipitation are low.

8.2.3 Authigenic quartz cement

The porosity distribution of the middle and upper Jurassic sandstones, in Figure 5.5, shows
three defined subpopulations; 0-10%, 10-20% and 20-30%. Subpopulations are usually
indicative of a change in lithology or other influence on porosity (Bloch et al. 2002). As clay
was filtered out from the porosity distribution (API>60), and little carbonate could be seen in
the samples, lithology change is not a likely cause of the subpopulation. The highest
porosities (>20%) in the porosity logs were found at 4000-4700m depth, in the following
wells 15/3-3, 15/3-4, 15/3-8, 15/3-7 and 15/3-1S. The examination of the neutron and
density-porosity log crossover in 5.2.2, it is evident that a lot of the highest porosity readings
correspond to gas content in some of the sandstones. This suggests that the population of the
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highest porosities is likely to be related to gas. Sandstones from the same depths, in the same
wells, without gas-content, generally have porosities up to 20% according to the log-values.
Average porosity in the Brent Sandstone is 13% at 4200m depth (Bjørlykke et al. 1989,
Giles et al. 1992), and in the Haltenbanken the average porosity is close to 10% at the same
depth (Bjørlykke et al. 1989, Ehrenberg 1990). (Maast 2008) modeled the expected porosity
for the sandstones in the South Viking Graben to be between 2,5-17% (assumed 30%
starting porosity and no preserving mechanisms) at 4-4,5km depth. When these porosity
values are compared to the values from the Jurassic porosity distribution derived from the
well-logs, it appears that the subpopulation of values (0-10%) may represent the average
porosity of the normal sandstones, while the middle subpopulation (10-20%) may refer to
the sandstones affected by preserving mechanisms.
From the porosity distributions of the Hugin and Draupne formations (Figure 5.6), it became
evident that the sandstones of the Draupne formation had a much higher average porosity
than those of the Hugin formation, ~16% and ~8% respectively. This may be an effect of the
amount of grain coating found in the Draupne formation, where all except one of the samples
examined contained some coating, including illite and micoquartz coating. Illite coating was
also observed within the sandstone of the Hugin formation, however not as often as in the
Draupne formation. The microquartz coating that could be seen in some of samples of the
Draupne formation appeared to have a more complete coverage of the grain than the illite
coating. The contrasting mean porosity values for the two formations may therefore also
reflect the different effectiveness of the two types of coatings observed.
The porosity distribution between the genetic sequences showed that C1 and C2 of the
Draupne formation were the sequences with the highest mean porosities, at respectively 16%
and 17% (Figure 5.6). These two sequences correspond to wells 15/3-3 and 15/3-8, which
contained the samples with the highest observed amounts of coating in SEM-analysis. Both
illite and microcrystalline quartz coatings could be seen in both wells, the samples from well
15/3-3 contained less microquartz coating. The difference in coating content between the
two wells does however not seem to have had a significant effect on the mean porosity, as
the porosity difference between the corresponding sequences is only ~1%.
The results from the point-count show similar trends to those of the porosity-log; Draupne
has a higher mean porosity than the Hugin formation, respectively 8,6% and 6,1%, and
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genetic sequence C1 has the highest porosity; 9,6 %. The porosity of sequence C2 is
however much lower than sequence D in the point count, opposite of what was observed in
the log-results. Sequence C2 was represented by only one sample, and this may be the reason
for the anomalous “mean” porosity result. From the log values, the genetic sequence pre A2
with a mean porosity of ~12,5%, has the highest mean porosity of the three sequences within
the Hugin formation. This is mainly caused by a small subpopulation of higher porosities,
possibly caused by occurrences of grain coating illite, as seen in some of the samples in the
SEM-analysis. The porosity for the same sequence is also the highest of the sequences in the
Hugin formation in the porosities from the point-count.
Figure 6.5 shows the quartz cement and porosity distribution according to depth. No clear
trend of increased content of authigenic quartz cement at the expense of primary porosity
with depth could be observed in the distribution. This indicates that some of the present
porosity in the samples has been preserved by retarding or hindering the development of
quartz cement. The highest cementation and corresponding porosity loss were found in the
samples from sequences A and pre A1 within the Hugin formation (Figure 6.6). The low
porosities seen in the porosity distributions from these genetic sequences are therefore most
likely porosity loss caused by advanced quartz cementation, and indicate a limited presence
of porosity preserving mechanisms in these intervals. The samples from sequences C1 in the
Draupne formation and pre A2 in the Hugin formation have the highest porosities in relation
to quartz cement. These values correlate very well with the porosity distributions from the
porosity-logs, and the presence of grain coatings observed in the SEM-analysis (7.2.1). This
indicates that the highest porosities are most likely a consequence of the presence of grain
coatings, efficiently retarding the authigenic quartz precipitation.
Comparison of IGV and the content of quartz cement (Figure 6.23), showed no trend
between the amount of quartz cement and change in IGV, indicating that precipitation of
quartz cement is the main porosity reducing agent in the deeply buried sandstones. The lack
of trend within the IGV values when plotted against increasing depth and quartz
cementation, may indicate that quartz dissolution occur mainly along stylolites (Oelkers et
al. 1996) and not by grain-to-grain pressure dissolution (Sheldon et al. 2003). This is
supported by observations of stylolites within the samples (Figure 6.25). The temperature
sensitive chemical compaction should be separated from the stress sensitive mechanical
compaction at the onset of grain framework stiffening quartz cementation (Bjørlykke and
Jahren 2010). The minimum values from the IGV-calculations, show a stabilization of IGV123
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values at around 25% (Figure 6.15), and the samples with lack of quartz cement showed
little evidence of continued mechanical compaction after the onset of quartz cement (no
further decrease in IGV values (Figure 6.15) or grain fractures). This indicates that after the
onset of quartz cement the continued precipitation of quartz is mainly related to a function of
temperature integrated over time and grain surface area (Walderhaug 1994b) and not to
pressure or grain to grain pressure solution.

The porosity values from the point count are consequently too low in comparison to the log
derived porosity values, from the same locations. This could be an expression of inaccuracy
in the point count method. This is most likely the case for the thin-sections impregnated with
clear epoxy, the very fine grained samples, and for the samples that have been damaged
during preparation (grains has been pulled out). In some cases the porosity values seen in the
porosity logs, are erroneously high due to gas-content in the sandstone.

Porosity preserving mechanisms

The IGV values are relatively high in the studied samples, and thus the chemical
cementation, by authigenic clay or quartz cement, is the main porosity reducing mechanism
in the study area. Although some of the samples have a high content of quartz cementation
according to the point count, the overall porosity in the samples is still high considering the
deep burial depth. The porosity distribution derived from the well-logs showed that one of
the porosity subpopulations may have been caused by anomalous porosity. The lack of
quartz cement observed in some of the samples, suggests that this is caused by retardation of
the precipitation of authigenic quartz cement. The following section will discuss the most
commonly observed porosity preserving mechanisms in the studied samples.
Micro-quartz coating

Three of the samples investigated from the Draupne formation contained microcrystalline
quartz coatings, respectively in well 15/3-8 and 15/3-3 (Figure 7.4 and Figure 7.5). The same
samples also contained sponge spicules considered to be from the silica sponge Rhaxella
Perforata. It should however be noted that both the highest amount of micro quartz coating
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and number of spicules were observed in the two samples of well 15/3-8. None of the other
investigated samples from the Draupne formation included any micro quartz coating or
sponge spicules. These findings clearly show that there is a strong correlation between
observed content of spicules and the presence of micro quartz. Several authors have
described a similar relationship in quartz coated samples e.g. Jahren and Ramm (2000) and
Taylor et al. (2010).
Except from some small quartz crystals in well 15/3-7; regarded as microcrystalline
precursors of synaxial overgrowths (Pittman 1972); nothing that could resemble
microcrystalline quartz coating was observed in the samples from the Hugin formation
(7.2.1). There were correspondingly no sponge spicules present in the samples, supporting
that the existence of micro crystalline quartz coating is mainly sourced from the dissolution
of spicules (Vagle et al. 1994). Other sources of microcrystalline quartz are also possible,
such as amorphous volcanic glass and other small silica fossils (Taylor et al. 2010). If the
small quartz crystals seen in the sample from well 15/3-7 prove to be microcrystalline
quartz, it may have been sourced from these less abundant sources, thereby explaining the
small amount of micro quartz when sponge spicules are lacking. The Witch Ground basin
was the site for volcanism in the Middle Jurassic (Cockings et al. 1992), and could be a
potential source of volcanic sedimentation during deposition of the Hugin formation. The
small amount of microcrystalline quartz found in the formation (Table 7.2-1), suggests that
any microquartz coating related to volcanism or other silica sources would have been of
negligible significance to the reservoir quality in the Hugin formation.

The Draupne Formation was deposited as a deep marine succession consisting mainly of
organic rich shales, and the sandstones within the formation are considered to be of turbiditic
origin (Vollset and Dore 1984), often referred to as the intra-Draupne sandstones. The Hugin
formation is mainly made up of near shore, shallow marine sandstones (Vollset and Dore
1984). As the presence of Rhaxella spicules has been previously recorded from both shallow
marine sediments and in turbidites, it follows that the sedimentary environments of both the
Hugin and Draupne formations are within the reworking paths of sponge spicules. Due to the
vast variation in depositional environments prone to sponge spicules, it is difficult to
correlate the presence of Rhaxella Perforata sponge spicules to either of the two facies. A

125
125
127
viii

more thorough examination of the facies present within the samples is beyond the scope of
this study, and is recommended for further studies.
In addition to different sedimentary settings, the two formations are of different ages.
Whereas the Hugin formation was deposited in the time from Early Bathonian to Early
Oxfordian, the Draupne formation ranges from Oxfordian to Ryazanian in age
(www.npd.no). The literature study in 0.0.0 brings forward that the prediction of sponge
spicules may be related to the geographical migration and timing of the Rhaxella Perforata.
This theory makes any presence of spicules in the late Callovian Hugin formation unlikely,
and is supported by the lack of both spicules and microcrystalline quartz in the samples from
the formation.
Illite coating

Illite coating was identified in most of the samples in both the Hugin formation (Table 7.2-1)
and the Draupne formation during the SEM-analysis, but more frequently in the Draupne
formation. It is difficult to quantify the amounts of grain coating illite, but it did not appear
to be abundant or well developed in any of the samples.
In the SEM-analysis it appears from the thin-sections and stubs that when present, the illitecoating has been thick enough to successfully hinder or retard the development of quartz
overgrowth (Figure 7.1). Thus the coating must have been present on the grain prior to the
onset of quartz cementation at 2,5-3km depth (90-100°C). Illite precipitated from kaolinite
normally occurs at 3,5-4km depth (120-140°C) in the North Sea basin (Ehrenberg 1990).
The coating predates the normal illite precipitation, suggesting that the grain coating illite is
precipitated from a precursor mineral, or possibly a detrital clay rim (Aagaard et al. 2000).
Clay rims may inhibit precipitation of quartz cement in the same way a coating would , and
are formed during the sediment deposition (Storvoll et al. 2002) or biologically via worm’s
sediment digestion (Worden et al. 2006). Previously proposed precursor minerals are
kaolinite and smectite (Storvoll et al. 2002). Storvoll et al. (2002) have suggested that the
smectite precursor may have precipitated from the dissolution of volcanoclastic material.
This may very well explain the illite coating observed in the Hugin formation, as a volcanic
eruption took place south of the study area, in Witch Ground basin, during the time of
deposition. Illite has been reported to precipitate at the expense of smectite at temperatures
ranging between 60-100°C (Hoffman and Hower 1979), indicating that illite coating may
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form from a smectite precursor prior to the onset of authigenic quartz cementation.
Illitization of kaolinite is not significant until temperatures reach 120-140°C, thus illite
coating precipitated from a kaolinite precursor may develop too late to significantly retard
quartz cementation.
Analysis of the stubs from the Hugin formation revealed that a lot of the grain coating illite
has a honeycomb morphology (Figure 7.1a), interpreted by Pollastro (1985) to indicate a
smectite precursor. Other grains were covered by illite with a flaky appearance, possibly
related to a kaolinite precursor (Pollastro 1985). No apparent pattern is seen between the
different morphologies and their distribution, and the two morphologies are often observed
in the same samples. A lot of the illite coating has the fibrous morphology of pore-bridging
and filling illite, suggesting a progressed illitization (Pollastro 1985). The morphology of the
illite coating in the Draupne formation is unknown as there are no stub-mounted samples
from this formation.
Chlorite coating

Similar to the illite-coating; chlorite-coating is believed to have formed from a clay
precursor, most likely iron or magnesium-rich, and may be linked to facies (Bjørlykke and
Jahren 2010). Ehrenberg (1993) and Bjørlykke and Jahren (2010) has reported a possible
link between presence of grain-coating chlorite and an abundance of chlorite rich grains,
further establishing a relationship between chlorite coating and depositional environment. In
all of the samples investigated in this study, only one occurrence of chlorite coating was
observed (Figure 7.3), coherent with the low presence of chlorite rich grains, such as oolids,
pellets and expanded mica. Low amounts of chlorite may also be attended with the low
amount of smectite in Jurassic sandstones (Bjørlykke et al. 1995) which was also seen in
relation to the low amounts of illite observed.
HC emplacement

An examination of the hydrocarbon content in the wells (5.2.2) revealed that most of the
hydrocarbon content in the wells appear to be gas. Over the reservoir intervals investigated
in well 15/3-8 and 15/3-4, no apparent change could be seen in the porosity log in relation to
the hydrocarbon content other than increase over the intervals containing gas. As most of
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the sampled sandstones were classified as quartz arkoses in section 4.6.2, and quartz is
known to be mainly water-wet. The effect of hydrocarbon emplacement is dependent on oilwet rocks, in order to retard nucleation of quartz cement. The sandstones in this study are
regarded as water-wet, and the influence of hydro carbon emplacement on the amount of
quartz precipitation is therefore expected to be insignificant. This is supported by the lack of
change in the porosity log across the oil water contact.

Influence on reservoir quality

The porosity distribution of the studied wells shows that anomalously high porosity is
preserved in the study area, despite burial depths exceeding 4km and temperatures above
120°C. The SEM-analysis showed that both illite and microquartz grain coatings has
actively hindered/retarded quartz overgrowths and thus preserved porosity within the studied
samples.
The Draupne formation contained both illite and microcrystalline quartz coating, and it is
therefore difficult to assess the effectiveness of each coating in this formation. The graincoverage of the microquartz coating appeared more complete than the illite coats, suggesting
that the microcrystalline quartz coating are the main contributor to the preserved porosity
seen in the Draupne formation. In the Hugin formation only illite coating could be observed,
however some preserved porosity could be observed also for this formation. Both the
porosity distributions derived from the porosity log and the point count analysis indicated
that more porosity has been preserved in the Draupne formation than in Hugin formation,
supporting that microquartz is the main porosity preserving mechanism in the samples. Only
one occurrence of chlorite coating was observed. The contribution from chlorite coating is
therefore considered to be negligible in this study.
The effect of hydrocarbon emplacement is regarded as insignificant in this study, due to the
water-wet properties of quartz rich sand, as has been previously concluded by several
authors such as Walderhaug (1990) and Aase and Walderhaug (2005). An additional factor is
the low oil to gas ratio observed in the studied wells. Residual bitumen may still have coated
some grains, as a lot of opaques could be seen in some of the samples during the thin section
analysis. No change in porosity could be seen across the reservoir intervals to suggest any
hydrocarbon effect on the reservoir quality.
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9.

Conclusion
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The variation in the intergranular volume (IGV) reflects different amounts of
mechanical compaction. The mechanical compaction has been the greatest in the
coarse-grained samples and samples with a lack of sorting. Grain shape has not lead
to differences in the IGV-values, as the majority of the samples have a similar
angularity and effect on IGV.



IGV-values stabilize at ~25%, indicating that the porosity loss is mainly dependent
on the precipitation of authigenic quartz cement from grain dissolution at stylolites.



Carbonate cement, mainly calcite cement, is local ranged in association with
carbonate bioclasts, and does not influence the reservoir quality. Layers with a higher
concentration of bioclasts may exist and cause more cemented intervals.



The Hugin formation contains more authigenic kaolin than the Draupne formation
due to better conditions for authigenic kaolin precipitation. The lack of k-feldspar in
the Hugin formation has preserved significant amounts of the precipitated kaolin, and
the amount of precipitated illite is subsequently low. The variation in kaolin and illite
content within the formation is dependent on the presence of k-feldspar.



The Draupne formation was deposited in a system isolated with respect to meteoric
flushing, thereby reducing the possibility for kaolin precipitation. The low amount of
kaolin is reflected by low amounts of illite, despite presence of k-feldspar.



Pore-filling kaolin is not believed to heavily influence permeability. Combined with
the low amounts of illite, the authigenic clay content should have little influence on
the reservoir permeability of either formation. Generally the net gain or loss in
porosity by authigenic clay precipitation and k-feldspar dissolution is insignificant.



The point count showed a connection between authigenic quartz cementation and
porosity, leaving quartz precipitation the main porosity reducing factor in the
samples. However both samples and well-logs show that anomalous porosity exists
in both of the two formations. The porosity is most likely preserved by inhibition of
quartz precipitation due to presence of grain coating illite and microquartz,
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microquartz coating having the greatest effect. In the water-wet reservoirs of the
study area the porosity preserving effect of hydrocarbon emplacement is negligible.


The microquartz coating related to the dissolution of sponge spicules is only present
in the Draupne formation, and the same formation contains the highest porosities.
The observed distribution of sponge spicules from Rhaxella Perforata and
microquartz coating supports the geographic and stratigraphic constraints defined in
Maast (2011, in press).
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Appendix A: Abbrevations
Abbrevations used for minerals in the petrographic results
Alb
Albite
Ank
Ankerite
Ap
Apatite
Ca
Calcite
Do
Dolomite
Ill
Illite
Kao
Kaolinite
K-fs
K-feldspar
Na-K-fs
Na-K-Feldspar
Ru
Rutile
Py
Pyrite
Zr
Zircon
Qtz
Quartz
Sm
Smectite
Qtz og
Quartz overgrowth
Musc
Muscovite
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Appendix B: Table of textural analysis
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Appendix C: Biostratigraphic reports
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