%! | %

#$% % |



UMI Number: U567215

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Dissertation Publishing

UMI U567215
Published by ProQuest LLC 2013. Copyright in the Dissertation held by the Author.
Microform Edition © ProQuest LLC.
All rights reserved. This work is protected against
unauthorized copying under Title 17, United States Code.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



DECLARATION

This work has not previously been accepted in substance for any degree and is not
concurrently submitted in candidature for any degree.

STATEMENT 1:

This thesis is being submitted in partial fulfilment of the requirements for the degree
of PhD.

Signed f‘/x}“ }.....(candidate) Date.:%..’...,f’...fl.f
STATEMENT 2:

This thesis is the result of my own independent work/investigation, except where
otherwise stated. Other sources are acknowledged by explicit references.

STATEMENT 3:

I hereby give consent for my thesis, if accepted, to be available for photocopying and
for inter-library loan, and for the title and summary to be made available to outside

organisations.

Signed ./ /V \( “r(candidate) Date. oLV RS eY)



Mamei mele

To my mother



Acknowledgements

Acknowledgements

I would like thank my supervisors, Joe Cartwright and Richard Davies, for their
guidance over the lifetime of this project. Statoil is acknowledged for providing
seismic data and for the permission to use it in publications. In addition, this study

has much benefited from the extensive Ocean Drilling Program database.

BP and Cardiff University are acknowledged for the funding and AAPG is
acknowledged for The Institut Frangais du Pétrole named grant 2010. Cardiff
University staff members, especially Gwen Pettigrew, are thanked for their support.
All my colleagues from the 3-D Lab are thanked for many interesting discussions.

Julia F. W. Gale, Tom G. Blenkinsop, Rick Murray and an anonymous reviewer are
gratefully acknowledged for their constructive comments that improved the quality
of my published papers. Richard Behl is thanked for being an enthusiastic guide of
the Monterey Formation field trip.

Thanks to my friends for their moral support and precious advice. Finally and most
of all, I am grateful to my family for always encouraging me and for helping me

maintain an optimistic attitude.



Table of contents

TABLE OF CONTENTS

ABSTRACT

1. INTRODUCTION
1.1. RATIONALE

1.2. OVERVIEW

1.2.1. Biogenic silica diagenesis
1.2.1.1. The controlling factors of silica diagenesis reaction
1.2.1.2. Silica diagenesis transition zone
1.2.1.3. Seismic expression of silica diagenesis
1.2.1.4. Fossilisation of silica diagenesis reaction fronts
1.2.2. Polygonal faulting
1.2.2.1. Definition and structural analysis

1.2.2.2. Genetic mechanisms

S Vv wn W W

10
12
13
15
15
16

1.2.2.3. The relationship between biogenic silica diagenesis and

polygonal faulting
1.3. AIMS OF STUDY

1.4. THESIS STRUCTURE

2. DATA AND METHODOLOGY
2.1. SEISMIC REFLECTION DATA

2.1.1. Overview
2.1.2. Seismic data interpretation
2.1.2.1. Quantitative measurements based on seismic data

2.1.2.2. Sources of error and limitations

2.2. WELL DATA

3. GEOLOGICAL SETTING

3.1. INTRODUCTION

3.2. REGIONAL GEOLOGY AND TECTONIC SETTING
3.3. SEISMIC STRATIGRAPHY

18
19
21

23

23

23
30
31
32

32

35
35
35
40



Table of contents

4. BIOGENIC SILICA DIAGENESIS TRANSITION ZONES - A PHYSICAL
AND CHEMICAL CHARACTERISATION USING OCEAN DRILLING

PROGRAM DATA 43
4.1. ABSTRACT 43
4.2. INTRODUCTION 43
4.3. SPECIFIC DATA AND METHODOLOGY 46
4.4. OBSERVATIONS AND RESULTS 49
4.4.1. Identification of the TZ y,cr 49
4.4.2. The TZcr 59
4.4.2.1. Overview 59
4.4.2.2. Physical properties of the TZ 4, sediments 60
4.4.2.3. Temperature at the depth of the TZ 68

4.4.2.4. Chemical signature of the interstitial water from the TZ,,r
sediments 68
4.5. DISCUSSION 74
4.5.1. Criteria for identifying the TZy,cr 74
4.5.2. What controls the thickness of the TZ \.cr? 75
4.6. CONCLUSIONS 83

5. MEASUREMENT OF DIAGENETIC COMPACTION
STRAIN FROM QUANTITATIVE ANALYSIS OF FAULT PLANE DIP 86

5.1. ABSTRACT 86
5.2. INTRODUCTION 86
5.3. SPECIFIC DATA AND METHODOLOGY 89
5.4. STRUCTURAL ANALYSIS 99
5.4.1. Gjallar Ridge 99
5.4.2. Ormen Lange 102
5.4.3. Grip High 104
5.4.4. Vertical variation in throw on the polygonal faults 107
5.4.5. Fault plane dip 109
5.5. DISCUSSION 114
5.5.1. Fault plane dip reduction and diagenesis 114
5.5.2. Compaction strain from fault plane flattening 120
5.5.3. Fault growth during silica diagenesis 126

5.6. CONCLUSIONS 130

ii



Table of contents

6. FOSSILISATION OF A SILICA DIAGENESIS REACTION FRONT ON

THE MID - NORWEGIAN MARGIN 133
6.1. ABSTRACT 133
6.2. INTRODUCTION 133
6.3. SPECIFIC DATA AND METHODOLOGY 135
6.4. RELATIONSHIP OF THE A/CT REFLECTION WITH THE HOST
STRATIGRAPHY AND LOCAL STRUCTURES 147
6.4.1. Northern region 148
6.4.2. Central region 150
6.4.3. Southern region 155
6.5. DISCUSSION 160
6.5.1. Controls on the reaction front geometry 160
6.5.2. Temperature as the controlling factor of silica diagenesis? 162
6.5.3. Structural deformation of the reaction front 164
6.5.3.1. Polygonal Faulting 164
6.5.3.2. Anticlines and synclines 167
6.5.3.3. Differential Compaction Folds 167
6.5.4. The timing of the ‘fossilisation’ event 168
6.5.5. Wider recognition of ‘fossilisation’ and possible causes 169
6.6. CONCLUSIONS 171
7. SUMMARY AND DISCUSSION 173
7.1. INTRODUCTION 173
7.2. SUMMARY OF RESULTS 173

7.2.1. Results from ‘Biogenic silica diagenesis transition zones — a physical and
chemical characterisation using Ocean Drilling Program data’ (Chapter 4) 173
7.2.2. Results from ‘Measurement of diagenetic compaction strain from
quantitative analysis of fault plane dip’ (Chapter 5) 174
7.2.3. Results from ‘Fossilisation of a silica diagenesis reaction front on
the mid — Norwegian margin’ (Chapter 6) 175
7.3. IMPLICATIONS OF THE RESEARCH 175

iii



Table of contents

7.3.1. Silica diagenesis and overpressure
7.3.1.1. Overpressure in the Cenozoic sediments of the Norwegian Sea
7.3.1.2. Effect of overpressure on the fault plane dips
7.3.1.3. Overpressure and the' fossilisation’ of the silica reaction
on the mid — Norwegian continental margin
7.3.2. Silica diagenesis transition zones and sediment compaction
7.3.3. The relationship between silica diagenesis and the thermal evolution of
sedimentary basins
7.4. Limitations of the research

7.5. Suggestions for further work
7.5.1. Opal —~ CT to quartz transformation
7.5.2. The relationship between silica diagenesis and overpressure

7.5.3. The relationship between silica diagenesis and polygonal faults

8. CONCLUSIONS

8.1. CONCLUSIONS OF CHAPTER 4
8.2. CONCLUSIONS OF CHAPTER 5
8.3. CONCLUSIONS OF CHAPTER 6
8.4. GENERAL APPLICABILITY

REFERENCES

APPENDICES

APPENDIX Al (ADDITIONAL DATA — CHAPTER 4)
APPENDIX Al DIGITAL FILES

APPENDIX A2 (ADDITIONAL DATA - CHAPTER 5)
APPENDIX A2 DIGITAL FILES

APPENDIX A3 (ADDITIONAL DATA — CHAPTER 6)
APPENDIX A3 DIGITAL FILES

APPENDIX A4 (ADDITIONAL DATA — CHAPTER 7)
APPENDIX A5

APPENDIX A6

176
176
180

181
184

187
188
189

190
191
191

194
194
195
195
196

198

221
222
223
224
237
238
257
260
263
263

iv



List of figures

LIST OF FIGURES

Fig. 1.1. Distribution of dominant sediment types on the present — day
deep — sea floor
Fig. 1.2. Scanning Electron Microscope images of biogenic silica diagenesis
Fig. 1.3. Diagram showing the relative timing and temperatures of
silica phase changes
Fig. 1.4. The global distribution of the seismic reflectors associated with the
opal — A to opal — CT diagenesis
Fig. 1.5. The global distribution of polygonal fault systems
Fig. 2.1. Location map of the seismic data
Fig. 2.2. The zero — phase nature of the data
Fig. 2.3. Typical minimum — phase and zero — phase wavelets
Fig. 2.4. Vertical and horizontal resolution
Fig. 3.1. Structural map of the Norwegian Sea continental margin
Fig. 3.2. Regional 2 — D seismic profile crossing Mere and Vering Basins
Fig. 4.1. Location map of the Ocean Drilling Program (ODP) sites analysed
Fig. 4.2. Example of a representative ODP drill site (ODP site 1172/Leg 189)
Fig. 4.3. Histograms showing the variation of the mean values of physical
properties in the opal — A and opal — CT sediments
Fig. 4.4. Comparison of the thickness of the TZ st determined using
different methods
Fig. 4.5. Histogram showing the distribution of the TZ,cr depth
Fig. 4.6. Histograms showing the distribution of the TZ o/cr thickness and
biogenic silica content
Fig. 4.7. Cross — plots of the biogenic silica content and present — day
temperature at the depth of the TZA/CT versus the thickness of
the TZa/cr
Fig. 4.8. Histograms showing the distribution of the mean bulk density;
porosity; P — wave velocity; resistivity differences of the opal — A
and opal — CT sediments
Fig. 4.9. Cross — plots of the mean bulk density; porosity;
P — wave velocity; resistivity differences of the opal — A and
opal — CT sediments versus the biogenic silica content
Fig. 4.10. Cross — plots of the mean bulk density; porosity; P — wave
velocity; resistivity differences of the opal — A and opal — CT
sediments versus the thickness of the TZ 5/ct
Fig. 4.11. Histogram illustrating the distribution of the present — day
temperature at the depth of the TZ a/cr
Fig. 4.12. Relationship between present — day temperatures at the
depth of the TZ s/cr and age of the corresponding sediments
Fig. 4.13. Cross — plots of the overburden pressure and present — day
heat flow versus the thickness of the TZ o/t
Fig. 4.14. Histogram of the present — day temperature differences
between the top and the base of the TZ/cr
Fig. 4.15. Relationship between age and approximate thermal history
for opal — CT sediments at the analysed ODP sites compared
to the DSDP siliceous rocks analysed by Pisciotto (1981)
Fig. 5.1. Map showing the location of the three study areas

N N

14
17
24
26
28
29
39
41
47
48
50

57
62

63

65

66

67

70

71

76

79

82
91



List of figures

Fig. 5.2. Representative examples of attribute maps of the A/CT reflection
Fig. 5.3. Seismic cross — section from the Gjallar Ridge
Fig. 5.4. Vertical throw distribution plots for 15 selected faults from
the three case study areas
Fig. 5.5. Seismic cross — section and interpretation showing the A/CT
reflection discordant to the host stratigraphy
Fig. 5.6. Seismic cross — section from the Ormen Lange survey
Fig. 5.7. Seismic cross — section from the Grip High survey
Fig. 5.8. (a) The dip angles of the selected faults in the three surveys;
(b) Histogram of the ‘A’ dip angles and ‘CT’ dip angles.
(c) Cross — plot of dip ‘CT’ versus dip ‘A’ values for the three
surveys; (d) Dip angles of the faults in the Gjallar survey
Fig. 5.9. Cross — plot of strike versus dip ‘A’ for all the measured faults 7
Fig. 5.10. Cross — plot of porosity difference versus density difference
across the A/CT boundaries for the ODP sites listed in Tab. 5.4.
Fig. 5.11. Schematic representation of the flattening of a fault plane with
compaction
Fig. 5.12. Dip variation with normalised depth for a selection of faults
that occur in the interval above the A/CT reflection in the
Gjallar Ridge study area
Fig. 5.13. (a) Histogram of the compaction strain values for the three
surveys. (b) Compaction strain values versus dip ‘A’ values for
the faults in the three survey
Fig. 5.14. Mohr — Coulomb failure envelopes
Fig. 6.1. Location map of the study area
Fig. 6.2. Contour maps of the A/CT reflection
Fig. 6.3. Seismic cross — section from the northern study area
Fig. 6.4 Seismic cross — section intersecting well 6405/7 — 1
Fig. 6.5. Seismic cross — section from the northern study area
Fig. 6.6. Contour maps of the Top Kai horizon within the northern area
Fig. 6.7. Example of a regional seismic profile oriented S — N and its
interpretation
Fig. 6.8. Seismic profile from the central study area
Fig. 6.9. Contour maps of the Horizon ‘N’ within the central study area
Fig. 6.10. Contour maps of the Horizon ‘R’ within the central study area
Fig. 6.11. Seismic profile from the southern study area
Fig. 6.12. Contour maps of the Top Kai reflection within the southern
study area
Fig. 6.13. (a) Seismic cross — section from the southern study area;
(b) Seismic amplitude map of the A/CT reflection,;
(c) Line drawing based on the profile in Fig. 6.11
Fig. 6.14. (a) Temperatures at the depth of the A/CT reflector;
(b) Temperatures versus depth
Fig. 6.15. (a) Burial history plots based on the interpretation of the
seismic profile in Fig. 6.7; (b) representative seismic profile
oriented W — E within the central study area
Fig. 7.1. Scheme illustrating the connections between the main topics
of Chapters 4 - 6
A2.1. Two — way travel time map of the opal — A to opal — CT horizon
in the Gjallar 3 — D survey

94
95

98
100

103
105

110
113

117

121

122

124
129
136
138
140
141
142
143

144
145
153
154
156

157

159

163

166

178

224

vi



List of figures

A2.2. Acoustic amplitude map of the opal — A to opal — CT horizon in
the Gjallar 3 — D survey
A2.3. Dip map of the opal — A to opal — CT horizon in the Gjallar
3 — D survey
A2.4. Amplitude map of the opal — A to opal — CT horizon in the
Gjallar 3 — D survey with the location of faults
1 to 387
A2.5. Two — way travel time map of the opal — A to opal — CT horizon
in the Ormen Lange 3 — D survey
A2.6. Amplitude map of the opal — A to opal — CT horizon in the Ormen
Lange 3 — D survey
A2.7. Dip map of the opal — A to opal — CT horizon in the Ormen
Lange 3 — D survey
A2.8. Dip map of the opal — A to opal — CT horizon in the Ormen
Lange 3 — D survey with the location of faults 1 to 100
A2.9. Two — way travel time map of the opal — A to opal — CT horizon
in the Grip High 3 — D survey
A2.10. Amplitude map of the opal — A to opal — CT horizon in the Grip
High 3 — D survey
A2.11. Dip map of the opal — A to opal — CT horizon in the Grip High
3 — D survey
A2.12. Dip map of the opal — A to opal — CT horizon in the Grip High
3 — D survey with the location of faults 1 to 205
A3.4. Map of the two — way travel time of the seafloor reflection over
the study area in Fig. 6.1.
A3.5. Surface map of the two — way travel time of the Top Kai reflection
A3.6. Surface map of the two — way travel time of the Top Kai reflection
in province P3 of Fig. 6.1.
A3.7. Surface map of the two — way travel time of the Top Brygge reflection
A3.8. Surface map of the two — way travel time of the reflection from
Horizon ‘M’
A3.9. Surface map of the two — way travel time of the reflection from
Horizon ‘N’
A3.10. Surface map of the two — way travel time (ms) of the reflection
from Horizon ‘O’
A3.11. Seismic profile from the northern study area (P1 on Fig. 6.1)
A3.12. Surface map of the two — way travel time of the reflection
from Horizon ‘P’
A3.13. Surface map of the two — way travel time of the reflection from
Horizon ‘Q’
A3.14. Seismic profile from the northern study area (P1 on Fig. 6.1)
A3.15. Surface map of the two — way travel time of the reflection from
Horizon ‘R’
A3.16. Surface map of the two — way travel time of the reflection from
Horizon ‘X’
A3.17. Seismic profile from the central study area (P2.1 on Fig. 6.1)
A3.18. Surface map of the two — way travel time of the reflection from
Horizon ‘Y’
A3.19. Seismic profile from the northern study area (P1 on Fig. 6.1)
Ad4.1. Surface map of the TWT of the A/CT reflection in the pl251

225

226

227

228

229

230

231

232

233

234

235

241
242

243
244

245

246

247
248

249

250
251

252

253
254

255
256

vii



List of figures

seismic survey 260
A4.2. Dip map of the A/CT reflection from the pl251 seismic survey 261
A4.3. Seismic profile from the pl251 seismic survey 262

viii



List of tables

LIST OF TABLES

Tab. 2.1. Parameters of the seismic surveys 25

Tab. 4.1. Parameters of the opal-A and opal-CT sediments at the analysed ODP
sites 51

Tab. 4.2. Parameters of the opal — A to opal — CT transition zone (TZa/cT1) 54
Tab. 4.3. Summary of the advantages and drawbacks of the different methods used to
identify the presence and thickness of the TZa/cr 56
Tab. 4.4. Variation of different interstitial water elements molar concentration across
the transition from opal — A to opal — CT sediments 72
Tab. 5.1. Interval velocities used for the conversion of the two — way travel time into
depth for the three study areas 93
Tab. 5.2. Interval velocities from Tab. 5.1 varied by + 10 % 97
Tab. 5.3. Summary statistics for the calculated dip angles of the fault segments in the
opal — A and opal — CT sediment 112

Tab. 5.4. Variation of the porosity and bulk density of the opal — A and opal — CT
sediment for several ODP/DSDP sites that have drilled the A/CT diagenetic

boundary 118
Tab. 5.5. The parameters of the regression lines in Fig. 5.13 125
Tab. 6.1. The exploration wells in the study area 137
Tab. 6.2. Interval velocities within the interval of interest for several wells in the
study area 146
Al.l. Summary statistics for the data presented in Fig. 4.3. 222
A2.13. Estimated percentage of throw accumulated on the adjacent stratigraphic
markers after the diagenesis ceased for selected faults 236
A3.1. Interpolation parameters used for creating the grids on which the contour maps
in Figs. 6.2, 6.6, 6.9, 6.10 and 6.13 are based on 238

A3.2. The values of the thickness of the Naust, Kai and Brygge formations at
different common deep points along the seismic line presented in Fig. 6.7, used to
build the burial history plot in Fig. 6.15a 239
A3.3. The values of the thickness of several selected markers at different common
deep points along the seismic line kfw98 — 127 used to build the burial history plot
in Fig. 6.15b 240

ix



Abstract

ABSTRACT

By integrating seismic and well data, two major aspects of biogenic silica diagenesis
are investigated: its role on the evolution of the physical properties of the sediments
during burial and deformation and the temperature as a controlling factor of

diagenesis, with implications on the ‘fossilisation’ of reaction fronts.

Selected scientific drill sites are examined in order to identify the silica diagenesis
transition zones, characterised by important changes of the physical properties of the
sediments. The criteria for the identification of these zones are proposed and the
factors controlling their thickness are analysed. It is argued that some diagenetic

transition zones are presently ‘fossilised’.

The quantification of the magnitude of the porosity loss during silica diagenesis is
done by using a novel technique based on 3 — D seismic data. It is demonstrated that
the fault planes were passively rotated into shallower dips due to diagenesis,
allowing the quantification of the vertical compaction strain. In addition, the impact
of silica diagenesis on the fault growth is considered. Deviations from classical Mohr
— Coulomb behaviour may be expected during diagenesis and associated porosity
collapse, possibly sufficient to promote continued fault growth.

Three styles of deformation demonstrate that the opal —A to opal — CT reaction front
in Norwegian Sea is ‘fossilised’. The identification of the ‘fossilisation’ time is
attempted by recognising the stratal surface concordant to the opal —A to opal — CT
reflection, presumably the paleo — seabed when the reaction became inactive. The

proposed causes are the change in the geothermal gradient or the presence of

overpressure.
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1. Introduction

1. INTRODUCTION

1.1. Rationale

Biogenic silica diagenesis represents the mineralogical alteration of biogenic opal —
A to opal — CT (cristobalite and tridymite) and quartz, the stable mineralogical

phase.

Biosiliceous sediments are a significant constituent of Neogene sediments around the
world, therefore investigating the role of silica diagenesis on the evolution of
sediment physical properties during burial and deformation is important for basin
analysis. This is mainly because of the implications on fluid overpressure, fluid flow,
and thermal evolution of sedimentary basins. From an economic perspective, the
study of biogenic silica diagenesis is relevant because biosiliceous mudstones,
porcelanites and cherts can represent significant hydrocarbon reservoirs (e.g.
Monterey Formation, California) or shale — gas systems (e.g. Bamnett Formation,

Texas).

Silica diagenesis has been widely researched during the past four decades, largely
stimulated by the Deep Sea Drilling Project (DSDP) (e.g. Pisciotto, 1981) and the
Monterey Formation (e.g. Bramlette, 1946). The motivation for these studies was
related to different aspects: on the one hand, the hard chert layers were an important
drilling hazard for DSDP; on the other hand, the Monterey Formation presented an
economic importance, its biosiliceous rocks representing the source rock and
reservoir for almost all the oil in California. These studies have been mainly based
on core, field or experimental data (e.g. Murata and Larson, 1975; Isaacs, 1981;
Williams and Crerar, 1985; Williams et al., 1985; Hinman, 1990; Compton, 1991;
Eichhubl and Boles, 2000). Less attention has been paid to the seismic expression of
silica diagenesis, even though the remarkable changes in physical properties of the
biosiliceous sediments during the diagenetic pathways commonly result in a
prominent seismic reflection marking the silica diagenetic boundary (e.g. Lonsdale,

1990; Bohrmann et al., 1992; 1994; Davies and Cartwright, 2002; 2007).



1. Introduction

More than 100 Ocean Drilling Program (ODP) and Deep Sea Drilling Project
(DSDP) sites have drilled silica diagenesis boundaries around the globe. Since an
inventory of these sites is not available, one of the aims of this thesis is to compile
such a database, with the purpose of analysing the physical and chemical properties
of the silica diagenesis transition zones. This is important because of the implications
that the remarkable changes in physical properties over a narrow depth range have

on sediment shear strength, compaction and fluid flow.

Of particular importance is the porosity contrast resulting from diagenesis, because it
allows the quantification of compaction strain, which is an essential element in basin
analysis. So far, small — scale methods have been employed to estimate compaction
strains, e.g. from the deformation of bedding around nodules (Craig, 1987), or from
ptygmatic folding of sandstone dykes (Parize and Beaudoin, 1988). On a slightly
larger scale, differential compaction of isolated channel sand bodies encased in a
muddier host lithology has also been used to infer vertical flattening strains (Hillier
and Cosgrove, 2002). One of the aims of this research is to estimate the compaction
strain due to diagenesis using a large — scale method based on the flattening of fault

planes identified on 3 — D seismic data.

One of the most important outstanding questions in silica diagenesis research is the
identification of ‘active’ and ‘fossilised’ diagenetic fronts. Due to the potential
significance of recognising a ‘fossilised’ diagenetic front for a better understanding
of the silica diagenetic process and thermal evolution of basins in which the opal — A
to opal — CT reaction front is developed, it is important to develop a set of
interpretational criteria to allow the distinction of a ‘fossilised’ reaction front from an

active front.

The present study integrates seismic and well data to investigate two principal
aspects of biogenic silica diagenesis: the physical properties changes across the
diagenetic transition zone and the temperature as a controlling factor of diagenesis

with implications on the ‘fossilisation’ of a reaction front.

The next section presents the overview of the literature covering the topics presented

this thesis, followed by the statement of the aims of this study.
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1.2. Overview

1.2.1. Biogenic silica diagenesis

Diagenesis is defined as all the chemical, physical and biological processes operating

on a sediment from the time of its deposition until it enters the realm of

metamorphism (Giles, 1997).

Biosiliceous sediment is an important constituent of Neogene sediments of high —
latitude and equatorial regions (Fig. 1.1). It is the dominant sediment type where
surface plankton productivity is high and the seafloor lies below the carbonate
compensation depth. Biosiliceous sediments are mainly composed of diatom

frustules and radiolarian tests.

Radiolarians and diatoms are common in coastal upwelling zones, while radiolarians
dominate equatorial belts in the Pacific and Indian Oceans (Kastner, 1981). High
diatom productivity results in a belt of siliceous sediments at approximately 60° S
(Kastner, 1981). The shape of the Atlantic Ocean prohibits the development of
equatorial current divergence, thus biogenic silica production is relatively low and
there is no Atlantic equatorial belt of siliceous sediments (Spinelli et al., 2004).
Biosiliceous sediments represent approximately 6% of the mass of the pelagic

sediments, and 3% of the mass of all seafloor sediments (Hay et al., 1988).

Diatom frustules and radiolarian tests consist of biologically precipitated opal — A, or
hydrous silica that is crystallographically amorphous to X — ray diffraction. This is
an unstable silica polymorph, and, during the first kilometre of sediment burial,
dissolves and reprecipitates as opal — CT (hydrous silica composed of interlayered
cristobalite and tridymite) and then to the stable phase, quartz (generally
cryptocrystalline, microcrystalline, or chalcedonic quartz) (Behl, 1999) (Fig. 1.2).
The diagenetic transformations consist of two dissolution and reprecipitation

reactions (Murata and Larson, 1975; Kastner et al., 1977; Isaacs, 1981; Williams and
Crerar, 1985; Williams et al., 1985; Tada, 1991).
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1. Introduction

1.2.1.1. The controlling factors of silica diagenesis reaction

The key concepts of silica diagenesis were developed by the research done in the
1970’s and 1980’s on the Monterey Formation (e.g. Kastner et al., 1977; Murata and
Larson, 1975; Isaacs 1981; 1982; Isaacs et al., 1983; Williams and Crerar, 1985;
Williams et al., 1985) and NE Pacific sites (e.g. Mizutani, 1977; Hein et al., 1978).
These studies concluded that the two dissolution — reprecipitation reactions (opal — A
to opal — CT and opal — CT to quartz) are controlled by temperature, time, sediment

surface area, host sediment composition and pore water chemistry.

A reaction rate depends exponentially on temperature, as expressed by the Arrhenius
equation (e.g. Atkins and de Paola, 2006), and as demonstrated by Williams and
Crerar (1985). The temperature required for opal — A to opal — CT transformation
varies from 2 to 56 °C (Hein et al., 1978; Keller & Isaacs, 1985; Nobes et al., 1992;
Bohrmann et al., 1994; Behl, 1999), and the temperature for the opal — CT to quartz
transformation ranges from 46 to 56 °C (Hesse 1988; Nobes et al., 1992) (Fig. 1.3).
Based on downhole temperature measurements, Hein et al. (1978) concluded that the
temperature of opal — A to opal — CT conversion is 35 — 50 °C. Using oxygen
isotopic compositions, Murata et al. (1977) and Pisciotto (1981) determined that the
precipitation of opal — CT takes place at 37 — 51 °C and that of quartz at 44 — 77 °C.
These results were later argued by Matheney and Knauth (1993) who found that the
precipitation of opal — CT takes place at much lower temperatures, between 17 — 21
°C. Moreover, the purest diatomaceous ooze converts into hard, brittle opal — CT and
quartz cherts at temperatures as low as 2 — 33 °C and 36 — 76 °C, respectively (Behl
and Garrison, 1994; Bohrmann et al., 1994).

In conclusion, given these wide temperature ranges, it is likely that the exact
temperature value for each reaction depends on other factors, such as host sediment
lithology, pore water chemistry, surface area, sediment permeability and sediment
age, as discussed in various studies (e.g. Kastner et al., 1977; Hein et al., 1978;

Keller and Isaacs, 1985; Williams et al., 1985; Pisciotto et al., 1992).
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1. Introduction

Mizutani (1977) was the first to discuss the dependence of the silica diagenetic
reaction on the thermal history of the sediments, rather than temperature alone. He
proposed that the isopleths (lines of equally diagenetic maturation of cristobalite)
cross the stratigraphic boundaries where deformation occurred shortly after
sedimentation, since the parts of the deformed strata experienced different thermal

histories.

The current view is that opal — A to opal — CT reaction occurs at lower temperatures
in older successions (e.g. Tada, 1991); conversely, the reaction requires higher
temperatures in younger sediments. Hein et al. (1978) proposed that the formation of
opal — CT for highly to moderately siliceous deep sea deposits takes place within 10
million years at moderate temperatures (35 — 55 °C) and within 30 million years or

more at low temperatures (< 30 °C).

The rate of transformation of opal — A to opal — CT depends also on geochemical
factors such as the solution chemistry or the mineralogy of the host sediments
(Kastner et al., 1977). The transformation of opal — A to opal — CT is greatly
enhanced in carbonate sediments compared with pure siliceous oozes; in contrast, the

presence of reactive clay minerals retards the transformation (Kastner et al., 1977).

1.2.1.2. Silica diagenesis transition zone

The research based on ODP data highlighted an important aspect of silica diagenesis:
the physical properties contrast resulting from the conversion of opal — A into opal —
CT (e.g. O’Brien et al., 1989; Compton, 1991; Nobes et al., 1992; Guerin and
Goldberg, 1996; Gerland et al., 1997; Chaika and Dvorkin, 2000; Chaika and
Williams, 2001).

The two silica phase transitions (opal — A to opal — CT and opal — CT to quartz)
result in important changes of the physical properties of the sediments. The present
research focuses on the transformation of opal — A to opal — CT, which results in a
dramatic reduction in porosity (e.g. Chaika and Dvorkin, 2000). Typical ODP

boreholes calibrating this diagenetic transformation show ranges from 5 — 40 %
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1. Introduction

reduction in porosity values, with the lower values relating to lesser proportions of
opaline silica in the bulk sediment. It was demonstrated that this porosity reduction
results from diagenesis and not from gradual mechanical compaction due to
increasing sediment load (e.g. Isaacs, 1981). In other words, the biosiliceous
sediments are resistant to mechanical compaction, showing a remarkably retention of
high porosity during burial (Hamilton, 1976). The rigid framework created by the
interweaving of the diatom tests collapses as a result of the diagenetic dissolution —

reprecipitation reactions, allowing sediment consolidation.

The decrease in porosity is correlated to an increase in bulk density and
compressional velocity of the sediments (e.g. Nobes et al., 1992; Chaika and
Dvorkin, 2000). Most of the ODP reports of the sites where the silica boundary was
drilled highlighted the physical properties change due to biogenic silica diagenesis
(e.g. Mayer et al., 1992; Mountain et al., 1994; D’Hondt et al., 2003). In addition,
several studies have analysed in detail the impact of silica diagenesis on the physical
properties of the sediments for specific sites (O’Brien et al., 1989; Littke et al., 1991;
Nobes et al., 1992; Guerin and Goldberg, 1996; Gerland et al., 1997; Kim et al.,
2007).

The change of physical properties due to opal — A to opal — CT transformation
usually takes place over a narrow depth interval. This does not have a consistent
name in the existing literature; it was called a ‘diagenetic front’ (Thein and von Rad,
1987); a ‘phase transition zone’ (Keller and Isaacs, 1985) and represents the zone in
which interbedded strata have different silica phases. The stratigraphic co —
occurrence of silica phases is explained by compositionally controlled variation in
the kinetics of the phase transformations (Behl, 1999). Two of the aims of this thesis
are to determine the typical thickness of these transition zones and to establish their

physical and chemical properties, by integrating the data from different sites.
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1. Introduction

1.2.1.3. Seismic expression of silica diagenesis

The increase in bulk density and compressional velocity of the sediments associated
with the two diagenetic reactions (opal — A to opal — CT and opal — CT to quartz)
results in acoustic impedance contrasts, allowing these reaction fronts to be imaged
as reflectors on seismic reflection data (Hein et al., 1978; Bohrmann et al., 1992;
Brekke, 2000; Davies and Cartwright, 2002). Generally, the opal — A to opal — CT
transformation is imaged on seismic data as a high — amplitude reflector that

crosscuts stratigraphy.

The opal — CT to quartz diagenetic transformation results in less significant changes
of the physical properties, but can also create a seismic reflection from the phase
boundary, as demonstrated by Mayerson and Crouch (1994), Pegrum et al. (2001)
and, more recently, by Meadows and Davies (2008). The importance of the study of
these seismic reflections arises from the fact that the diagenetic zones are associated
with the expulsion of fluids (Volpi et al., 2003; Davies et al., 2008), trapping of
hydrocarbons (McGuire et al., 1983) and the potential for forming fractured

petroleum reservoirs (Mayerson et al., 1995).

The reflection associated with the opal — A to opal — CT diagenetic reaction front
(referred to here as the A/CT reflection) has been recognised in various basins
worldwide (e.g. Hein et al., 1978; Hammond and Gaither, 1983; Lonsdale, 1990;
Bohrmann et al., 1992; Kuramoto et al., 1992; Nobes et al. 1992; Brekke 2000;
Davies and Cartwright 2002; Volpi et al., 2003; Berndt et al., 2004; Nouzé et al.
2009; Ireland et al., 2010a; Meadows and Davies, 2010b) (Fig. 1.4). Most of these
studies have characterised the A/CT reflection as being generally parallel to the
present — day seafloor, i.e. a sea bottom — simulating reflector (BSR). Consequently,
criteria for distinguishing a BSR related to silica diagenesis from the more common
gas hydrates BSR have been discussed (Berndt et al., 2004; Nouzé et al., 2009).

One of the aims of the present study is to re — evaluate the relationship of the opal —
A to opal — CT reflection to the present — day seafloor in order to demonstrate the

reflection is not a typical BSR.
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One of the most profound implications is that diagenetic processes can be studied on
a basinal scale, with all the constraints that result from high precision mapping of the
boundary in three dimensions, without the lack of continuity that hinders comparable
efforts based on outcrop data. The combination of seismic and well data provides
constraints on the geometry of the diagenetic boundary in the context of local
stratigraphy and structure. In the last decade, the high — resolution of 3 — D reflection
data allowed the study of silica diagenesis over the scale of sedimentary basins (e.g.
Davies and Cartwright, 2002; 2007).

1.2.1.4. Fossilisation of diagenetic reaction fronts

Several studies in the past two decades have suggested that the A/CT reflection is not
related to an active diagenetic reaction front, but is in fact ‘fossilised’ in its current
position. The first to propose this hypothesis were Rundberg (1989) and Roaldset
and He (1995) who suggested that the opal — A to opal — CT reaction fronts in the
North Sea and Barents Sea, respectively are ‘fossilised’, based on disequilibrium
with present day temperature relationships. The idea of ‘fossil’ or ‘relict’ chert layers
was also proposed by Mayer et al. (1992) and Littke et al. (1991), based on ODP
data. Brekke (2000) observed that the opal — A to opal — CT reaction front in the
Norwegian Sea is not parallel to the sea floor, but is generally concordant to the units
occurring just below the Late Pliocene unconformity. He also noted that the opal — A
to opal — CT reaction front was deformed by the latest phase of Late Miocene
flexuring along this continental margin. From this, Brekke (2000) argues that the
diagenesis took place in the Late Miocene to Early Pliocene and has been inactive
thereafter. Importantly, he concluded that the ‘fossilised’ opal — A to opal — CT
reaction front records a higher temperature gradient in Late Miocene — Early
Pliocene than at present, possibly due to an event of increased heat flow in Mid —

Miocene times caused by an unknown mechanism.
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1. Introduction

Davies and Cartwright (2002) proposed that the A/CT transformation within the
Faeroe — Shetland Basin is ‘fossilised’ based on discordant structural and
stratigraphic relationships between the A/CT reflection and its host sediments. They
followed Brekke (2000) in linking the cause of the arrested diagenesis to changes in
thermal regime, either resulting from heating from below or cooling from the water

column.

The significance of discordant geometry has recently been challenged by Meadows
and Davies (2008; 2010b) who suggested that the A/CT reflection within the Sea of
Okhotsk, although generally discordant to the present seabed, is not ‘fossilised’, and
has instead been subject to a significant decrease in the rate of conversion in the

latest phase of basin evolution.

Recognising ‘fossilised’ diagenetic fronts and identifying the reasons for their
‘arrest’ is important for a better understanding of the silica diagenetic process and
thermal evolution of sedimentary basins since they could be used to help constrain

paleo — geothermal events.

1.2.2. Polygonal faulting

1.2.2.1. Definition and structural analysis

Polygonal fault systems are laterally extensive arrays of normal faults arranged in
polygonal patterns in map view and confined to a specific stratigraphic interval
(Cartwright and Dewhurst, 1998). They have been recognised in more than 50 basins
worldwide (Cartwright et al., 2003) (Fig. 1.5).

Polygonal faults have been extensively studied in recent years based mainly on
reflection seismic data (e. g. Henriet et al., 1991; Cartwright, 1994, 1996; Cartwright
and Dewhurst, 1998; Dewhurst et al., 1999; Watterson et al., 2000; Goulty, 2001,
2002; Stuevold et al., 2003; Goulty and Swarbrick, 2005; Ireland et al., 2010b;
2010c), but there has been only limited investigation of the relationship between
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polygonal faulting and silica diagenesis (Davies et al., 1999; Davies, 2005; Davies et
al., 2008).

There is evidence that polygonal faults develop at shallow burial depth (Cartwright
and Lonergan, 1996; Cartwright et al., 2004), in fine — grained sediments, commonly
smectite — rich claystones or biogenic mudstones, however they have also been
recognised in sandstones (Cartwright, 2007). The characteristic of this type of faults
is that they develop in sediments that have been subjected to passive subsidence and

burial in passive deposition settings, with no tectonic extension.

1.2.2.2. Genetic mechanisms

The genesis of polygonal fault is a matter of active debate (for reviews see
Cartwright et al., 2003; Goulty, 2008). Several mechanisms have been proposed:
gravity sliding (Clausen et al., 1999), density inversion (Henriet et al., 1989;
Watterson et al., 2000), syneresis (Dewhurst et al., 1999) and low coefficients of
residual friction in fine — grained lithologies (Goulty, 2001, 2002; Goulty &
Swarbrick, 2005).

Gravity sliding would produce faults with strikes oriented orthogonal to the direction
of sliding, and the characteristic of polygonal faults is that there is no preferential
orientation of their strikes. Consequently, this hypothesis is not considered viable
(e.g. Cartwright et al., 2003; Goulty, 2008).

In the density inversion hypothesis, faults would result from overpressured sediment
layers overlain by normal compacted layers. The density inversion would cause the
folding of the sediments and, subsequently, the development of fractures of the
folded regions. This hypothesis was rejected on mechanical basis (Goulty, 2002) and
because of the mismatch of strain and the absence of a universal correlation between
folds and faults (Cartwright et al., 2003).

Syneresis is the spontaneous contraction of the solid network in a gel, with expulsion

of liquid when internal forces of attraction are greater than the internal forces of
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1. Introduction

Fig. 1.5. The global distribution of polygonal fault systems as recognized from seismic data
or field evidence (from Cartwright et al, 2003).
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repulsion between the solid particles. It was proposed as a genetic mechanism
because the fine — grained sediments in which the polygonal faults develop fall into
the range of colloidal material (e.g. Dewhurst et al., 1999, Cartwright et al., 2003).
According to Goulty (2008), this hypothesis has two weaknesses: the variety of
lithofacies in which polygonal faults develop and the development of faults in

sequences of hundreds of metres in thickness.

Another hypothesis proposed as responsible for the propagation of these faults is
based on the low coefficients of friction of the sediments. However, this only applies
to faults already generated. Once faults have nucleated, they can grow with
increasing overburden stress, under laterally confined conditions, provided the
coefficient of earth pressure at rest is less than the function of the residual coefficient
of friction (Goulty, 2008).

1.2.2.3. The relationship between biogenic silica diagenesis and polygonal faulting

Polygonal faults systems are interesting features because they develop in sediments
in the absence of tectonic stresses. Their existence seems paradoxical because shear
failure is not considered possible under normal geomechanical burial conditions,
unless the state of stress is modified by the presence of tectonic stresses. However, a
recent study (Shin et al., 2008) has shown that particle — scale volume contraction
associated with mineral dissolution and precipitation (e.g. silica diagenesis reactions)
is a potential cause of shear failure in uncemented particulate materials. This could
explain natural fracture systems (e.g. polygonal faults systems) without invoking

regional tectonics.

Recent work by Davies et al. (2009) has shown that polygonal faults could be
initiated as a result of silica diagenesis. However, as recognised by the authors, this
genetic mechanism is applicable only in some biosiliceous sediments, due to the
particular morphology of the A/CT diagenetic boundary necessary for the
development of differential subsidence and growth of polygonal faults.

18
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The genetic mechanism of polygonal faults will not be discussed further in this
thesis, as it does not constitute one of its aims. However, the relationship between
polygonal faults and biogenic silica diagenesis will be analysed in Chapter 5, with
special emphasis on the impact that silica diagenesis has on the shear strength of the
sediments and polygonal fault growth. In addition, in Chapter 6, polygonal faults
will be analysed as one of the three styles of deformation associated with the A/CT

reflection that argue for the ‘fossilisation’ of silica diagenesis in the Norwegian Sea.

1.3. Aims of study

The research presented in this thesis is aimed at analysing two important, and yet
poorly understood aspects of silica diagenesis: (a) the physical properties contrast
across the diagenetic transition zone, with a special focus on the porosity change and
compaction, and (b) the temperature as a controlling factor of diagenesis and the
implications on the ‘fossilisation’ of a reaction front and the thermal evolution of

sedimentary basins. The specific aims of this thesis are:

= the compilation of a database of scientific drill sites that have penetrated the
opal — A to opal — CT diagenetic boundary (Chapter 4);

» the definition of the criteria that could be used to infer the presence of a silica
diagenesis front where only limited data are available (Chapter 4);

= the physical and chemical characterisation of the opal — A to opal — CT
transition zones (Chapter 4);

= the development of a novel method to quantify the compaction strain due to
diagenesis based on 3 — D seismic data (Chapter 5);

= the evaluation of the impact that silica diagenesis has on the shear strength of
the sediments and the growth of polygonal faults (Chapter 5);

= the evaluation of the temperature as the dominant control of silica diagenesis
(Chapters 4 and 6);

* the examination of the evidence for a ‘fossilised’ opal — A to opal — CT
reaction front on the mid — Norwegian margin (Chapter 6);

= the development of a set of interpretational criteria to allow the identification

of a “fossilised’ silica diagenetic front (Chapter 6);
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s the investigation of the causes of the ‘fossilisation’ of a silica diagenetic front

(Chapter 6).

A combination of seismic data (2 — D and 3 — D) and well data (exploration and
scientific boreholes) was selected as the most adequate methodology to fulfil the
scientific aims of this thesis. The main aim of Chapter 4 was to define and
characterise the diagenetic transition zones from different locations around the globe.
Therefore, the methodology of this chapter was based on ODP data, making use of
the information available from numerous scientific boreholes that have penetrated

the silica diagenetic boundaries in all of the world’s oceans.

In Chapter 5, a combination of 3 — D seismic, exploration and scientific wells was
used to develop a new method to estimate the compaction strain associated with the
conversion of opal — A to opal — CT. The main observations (i.e. the systematic
change of the fault plane dips across the diagenetic front) were made based on the
seismic data; the sonic logs from the exploration wells were used for the crucial time
to depth conversion of the quantitative data extracted from the seismic; finally,
scientific drilling data were used for the validation of the method.

For answering the interesting question of the ‘fossilisation’ of the diagenetic
boundary (Chapter 6), 3 — D and 2 — D seismic data allowed the identification and
analysis of the regional structural criteria used to demonstrate the hypothesis that the
boundary is a ‘fossilised’ feature. Geothermal data derived from the exploration
wells in the study area were used to constrain the thermal history and provided

further testing of the work hypothesis.

In summary, a combination of several data types allows the integration of different

scales of resolution and areal extensions needed to approach the aims of this thesis.
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1.4. Thesis structure

In this chapter, a summary of the literature covering the topics of this thesis was
presented, followed by a statement of the aims of this research. Chapter 2 gives an
overview of the data and methods used and Chapter 3 presents the geological setting.
The results of this research project are presented in Chapters 4 — 6. Chapter 7 is an
integrated discussion of the main scientific results of this thesis. Chapter 8 presents
the conclusions of this research. Appendices A1 — A3 include additional data to

support the conclusions of Chapters 4 — 6.

Two of the results chapters of this thesis have been published as scientific papers in

international journals. The current status of each publication is:

® Chapter 5 has been published as ‘Measurement of diagenetic compaction
strain from quantitative analysis of fault plane dip’. Raluca Cristina Neagu,
Joe Cartwright, Richard Davies. Journal of Structural Geology 32 (2010),
641 — 655. (Appendix AS5)

= Chapter 6 has been published as ‘Fossilisation of a silica diagenesis reaction
front on the mid — Norwegian margin’. Raluca Cristina Neagu, Joe
Cartwright, Richard Davies, Lars Jensen. Marine and Petroleum Geology 27
(2010), 2141 — 2155. (Appendix A6)

Although each article is jointly authored with the project supervisors, they are the
work of the lead author (R.C.N). Project supervisors provided editorial support in
accordance with a normal thesis chapter. Lars Jensen from Statoil is acknowledged
in his position as a fourth author for providing permission to use the seismic data,

and discussions at a preliminary stage of the project with the supervisors.
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2. Data and methodology

2. DATA AND METHODOLOGY

The data used for this project consist of industry multichannel reflection seismic (2 —
D and 3 - D), exploration wells and scientific (ODP and DSDP) boreholes. An
overview of the dataset and methodology is given in this chapter, while the details on
the specific methodologies employed for every chapter is presented in the relevant

section (i.e. Chapters 4 — 6).

2.1. Seismic reflection data

2.1.1. Overview

The 2 — D seismic data set used in this study is composed of a regional grid of 214
profiles covering an area of approximately 66 x 10% km? of the Mere and Vering
Basins, on the mid — Norwegian continental margin (Fig. 2.1). The 3 — D seismic
data consist of seven surveys (Tab. 2.1), covering a total area of 13 x 10° km?.
However, over three of the surveys, the sediments containing the opal — A to opal —
CT diagenetic boundary have been eroded by the numerous slope failures of the Late
Pleistocene to Holocene (Bryn et al., 2005). Consequently, only the other four 3 — D
seismic surveys were analysed in this thesis (i.e. Gjallar, Ormen Lange, Grip High
and pl251). The data are time migrated, and, since they are industry data,
unfortunately no details on processing were available. The zero — phase nature of the
data was determined by examining the seabed reflection (e.g. Ormen Lange and
pl251 surveys) (Fig. 2.2a; b), the reflections associated with igneous intrusions (e.g.
Gjallar survey) (Fig. 2.2¢) or the reflection from the top of the basement (e.g. Grip
High survey) (Fig. 2.2d). In all the cases, the reflections have a clear symmetrical
waveform, consisting of a peak with side lobes that are low and symmetrical
(Brown, 2004). In other words, the maximum amplitude of the wavelet coincides
with the water — sediment, sediment — igneous intrusions or sediment — basement
interfaces. The data are displayed with either a positive Society of Exploration

Geophysicists (SEG) polarity, or a reverse SEG polarity (Tab. 2.1).
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2. Data and methodology

Tab. 2.1. Parameters of the seismic surveys.

*The vertical resolution is estimated based on an average velocity of 1800 m -

horizontal resolution is equal to the CDP bin size.

** In case of the 2 — D surveys, the lateral resolution was calculated using Eq. 2.1, where ty=

lsandV=1800m - s™.

s the

Survey 2D/ | Area | Line Sampling | Polarity | Dominant | Resolution
name 3D | (km®) | spacing, rate Sﬁfmon) frequency | vertical*
CDP (ms) (Hz) /horizontal
spacing (m)
(m)
Gjallar 3D | 1900 | 18.75/18.7 | 4 + 50 9/18.75
5
Grip 3D | 2500 | 25/25 4 - 45 10/25
High
Ormen 3D | 1500 | 22.79/12.5 | 4 - 36 13/12.50
Lange 0
pl251 3D | 2000 | 12.50/12.5 |4 + 36 13/12.50
0
Havsule | 3D | 1300 | 24.98/25 4 + 40 11725
Solsikke | 3D | 1300 | 25/25 4 - 50 9/25
mgs2002 | 3D | 2600 | 25/25 4 + 45 10/25
e2das7 | 2D | ~5700 | - 4 + 36 13/150**
lines) 0
g2d (57 2D | ~9300 | - 4 + 36 13/150**
lines)
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2. Data and methodology

The SEG polarity convention specifies that an increase in acoustic impedance
represents a positive polarity and is displayed as a peak in the seismic wavelet, while
a decrease in acoustic impedance represents a negative polarity and is displayed as a

trough (Fig. 2.3).

The resolution of the data refers to how close two points can be, yet be distinguished
(Yilmaz, 2001). The vertical resolution (Fig. 2.4a) is a quarter of the dominant
wavelength (1), defined by:

(Eq. 2.1)

where v is the velocity and f the dominant frequency. Seismic wave velocities
generally increase with depth, while the dominant frequencies decrease with depth
(Yilmaz, 2001). However, the thickness and areal extent of beds below the resolution
limit and the sub — seismic faults can be mapped based on the amplitude changes.
Lateral or horizontal resolution (Fig. 2.4b) refers to how close two reflecting points
can be, yet be recognised as distinct points (Yilmaz, 2001). It is represented by the
Fresnel zone (Fig. 2.4c), which is the part of the reflector that contributes to a
constructive interference of the total energy arriving at a detector. The radius of the

Fresnel zone is:

1/2 1/2
r=(—1--/1-h0) =—;—-v~(—t—) (Eq.2.2)

where 4 is the dominant wavelength, A is the depth, ¢ the arrival time, v the average
velocity and fthe frequency (Sheriff and Geldart, 1995). Migration tends to collapse
the Fresnel zone to approximately the dominant wavelength (Yilmaz, 2001). When
the reflector dimensions are smaller than the Fresnel zone, the response is that of a
diffracting point (Fig. 2.4b) (Sheriff and Geldart, 1995).

The parameters (area covered, bin size, polarity, phase, dominant frequency, vertical

and lateral resolutions) of all the surveys are presented in Tab. 2.1.
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2. Data and methodology

2.1.2. Seismic data interpretation

Geoframe software (Schlumberger) was used for the interpretation of the 2 — D
seismic lines and of the 3 — D seismic volumes. Only the main steps of the
interpretation are summarised next, a detailed explanation of the specific
methodology employed being presented in the subsequent chapters (i.e. Chapters 5
and 6).

Firstly, a regional analysis was made using all the available seismic and well data.
Major structural elements, such as anticlines and faults, and the silica diagenesis
reflection were identified. The reflection corresponding to opal — A to opal — CT
transformation (abbreviated A/CT reflection) is easily identified on the seismic data
due to its high amplitude, high lateral continuity and commonly crosscutting
relationship with the host stratigraphy. Subsequently, using the available well data,
the regional correlation of the key stratigraphic markers was undertaken. Using the
available sonic logs from the commercial wells in the area, the interval velocities for
the stratigraphic interval of interest were extracted; these were used for the

conversion from time to depth.

Mapping the seismic reflections was done by manual picking of a horizon on inlines
and crosslines, using a regular grid, and on random lines, where necessary. The seed
points created in this way were used as a basis for the autotracking operation, which
was completed after specifying the criteria to control the picking (e.g. time window).
The resulting time structure map was edited manually to correct the automatic
mispicks. Generally, these were related to the opal — A/CT horizon, because it is

typically discordant to the stratigraphy, and to the presence of faults.

Subsequently, the extraction of seismic attributes (e.g. reflection time, amplitude, dip
magnitude, dip azimuth) was performed. A seismic attribute is a quantitative
measure of a seismic characteristic of interest (Chopra and Marfurt, 2005). The next
step in the interpretation was the manipulation of the seismic attribute maps (time,

amplitude, dip etc) and the generation of isochron and isochore maps.
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2. Data and methodology

The faults present in the interval of interest (i.e. the polygonal faults of Kai and
Brygge Formation) were identified on seismic attribute maps (mainly dip magnitude,
azimuth, amplitude and coherence maps). The dip and azimuth attributes represent
the magnitude and, respectively, the direction of the time gradient vector computed
at each trace of the picked horizon (c.f. Neves et al., 2004). In general, a fault is
visible on the dip attribute map when the dip direction of the fault plane differs from
the dip of the horizon. On coherence maps, the discontinuities in the data are
enhanced, allowing their identification. These discontinuities are characterised by
low — coherence values and they can be related to geological (e.g. faults) or

geophysical (e.g. low signal — to — noise areas) features.

Once identified on the attribute maps, the faults were interpreted on seismic cross —
section with confidence to a positioning accuracy equivalent to the lateral resolution,
from a series of stacked cutoffs of stratal reflections in both the hangingwall and the
footwall (Chapter 5). Imaging of the fault cutoffs was consistently excellent
throughout the survey areas, and there were no problems with imaging artefacts

beneath the fault planes, such as fault shadows.

2.1.2.1. Quantitative measurements based on seismic data

Based on seismic cross sections, two types of measurements (i.e. dip angle of the

fault planes and the throw values for selected horizons) were extracted.

The dip angle of the fault planes was measured on seismic cross — sections
orthogonal to fault strikes as identified on the attribute maps of the A/CT reflection
(details in Chapter 5). The interval velocities derived from the available sonic logs
from the commercial wells in the area, were used for the time to depth conversion of
the measurements, which allowed the calculation of the true dip angle of the faults.
Throw values of selected faults were measured on seismic profiles by taking the two
— way travel time of reflections from the footwall and hangingwall cutoffs of
selected horizons (details in Chapter 5).
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2. Data and methodology

2.1.2.2. Sources of error and limitations

There are several limitations in the interpretation of the seismic data. The data
quality in some areas (e.g. Ormen Lange 3 — D survey) is affected by the presence of
gas anomalies. Both the signal — to — noise ratio and the frequency content are

reduced over these areas, hindering the seismic interpretation.

Several potential sources of error are associated with the velocity values used for the
time to depth conversion of the measurements (i.e. fault dips and throws in Chapter
5, the thickness of sediments within a stratigraphic interval in Chapter 6) based on
seismic data. Firstly, a limited number of wells were available for the study area
(Fig. 2.1). Consequently, the interval velocities derived from the sonic logs had to be
extrapolated to the area where no well data were available. Secondly, the interval
velocities represent simplified values, in reality both vertical and lateral velocity
variations being present. This can be related to the variation of a range of parameters,
such as lithology, density, porosity etc. The pressure due to burial depth is another
source of vertical velocity variations, together with the effects of age, frequency and

temperature (Sheriff and Geldart, 1995).

An important limitation for the interpretation of the data and the extraction of
quantitative measurements is the resolution (vertical and lateral) of the seismic data
(Tab. 2.1). However, the resolution limit for detecting the fault offsets is better than
the vertical resolution because the identification of fault offsets depends on the
sampling frequency and the quality of the migration, and not on the dominant
wavelength, which determines the stratigraphic resolution (Stuevold et al., 2003).
Other possible limitations and sources of error related to specific methodologies are

discussed in the relevant chapters.

2.2. Well data

The exploration wells available from the Norwegian Petroleum Directorate
(http://www.npd.no) or from confidential industry reports have provided lithological

and chronostratigraphic calibration for this study (Chapters 5 and 6). Where
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available, the sonic logs from these wells have allowed the extraction of interval
velocities used for the time to depth conversion (Chapters 5 and 6). In addition, the
sonic and the density log from well 6407/7 — 1 were used for computing a synthetic
seismogram needed to illustrate the detailed acoustic response of the opal — A to opal
— CT reaction front (Chapter 6).

The scientific boreholes (ODP and DSDP) available from http://www-odp.tamu.edw/
and http://www.deepseadrilling.org/ were used for regional correlation of some key
stratigraphic markers (Chapters 5 and 6), estimation of the physical properties of the
sediments (Chapters 4 and 5), the physical and chemical characterisation of the silica
diagenesis transition zone and the compilation of a database of the silica diagenesis
boundaries that were drilled worldwide (Chapter 4). The details of the specific
methodologies employed in each of these applications are presented in the

subsequent chapters.
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3. GEOLOGICAL SETTING

3.1. Introduction

This research focuses on the More and Vering Basins, part of the Norwegian passive
continental margin. This area has been considerably studied in the last decades due
to its hydrocarbon prospectivity (e.g. Spencer et al., 1999), submarine sliding
(Hjelstuen et al., 2004; Mienert et al., 2005), gas hydrate accumulations (Biinz et al.,
2005; Mienert et al., 2005; 2010) and fluid migration processes (Berndt et al., 2003;
Gay and Berndt, 2007; Hustoft et al., 2007). Less attention has been paid to the
study of biogenic silica diagenesis (Brekke, 2000; Berndt et al., 2004; Davies and
Cartwright, 2007; Ireland et al., 2010a; 2010b).

3.2. Regional geology and tectonic setting

The Mere and Vering Basins (Fig. 3.1) are oriented NE — SW and are flanked by
paleo — highs and platforms (e.g. Mere and Vering Marginal highs). The basins are
separated by the Jan Mayen Fracture Zone, which represents a major offset in the
Mid — Atlantic Ridge and has been active since the early Tertiary continental
breakup (Berndt et al., 2001). To the north, Vering Basin is delimited by the Bivrost
Lineament. To the southeast, More Basin is delimited by the Mere — Trondelag Fault
Complex, to the west by the Faeroe — Shetland Escarpment, to the south by the
northern termination of Tampen Spur in the North Sea and to the east by the

mainland.

The Voring Basin is bisected by the Fles Fault Complex that runs along the basin
axis between Bivrost and Jan Mayen Lineaments (Brekke et al., 1999). Gjallar
Ridge, located in the west of the Vering Basin, is an elevated complex of rotated
fault blocks formed in the Late Cretaceous that runs parallel to the continent — ocean
boundary for about 250 km. It trends N — S in its southern part and NE — SW in its
central and northern parts (Corfield et al., 2004). The Vering and Mere basins are
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controlled by NE — SW master normal faults that dip towards the oceanic domain
located to the northwest (Gomez and Vergés, 2005).

The present structural configuration of the Norwegian margin is the result of several
rifting episodes that started in the Permian — Early Triassic (e.g. Brekke and Riis,
1987; Skogseid and Eldholm, 1989; Doré and Lundin, 1996). Three main rifting
episodes were identified: Carboniferous to Permian, late Mid — Jurassic to Early
Cretaceous and Late Cretaceous to Early Eocene (Brekke et al., 2000 and references
therein). In Carboniferous to Early Cretaceous extensional tectonics were related to

continental rifting.

The rifting terminated in the Late Paleocene — Early Eocene (~55 Ma) with the onset
of seafloor spreading in the North Atlantic (Skogseid et al., 1992; Blystad et al.,
1995). The final continental break — up and subsequent thermal subsidence led to the
development of the Vering and Mere sedimentary basins (Brekke and Riis, 1987;
Skogseid et al., 1992; Brekke, 2000). The basins are filled with more than 10 km of
Cretaceous and Cenozoic sediments (Scheck — Wenderoth et al., 2007). The volcanic
— related Voring and Mere marginal highs were also created during continental
break — up (Hjelstuen et al., 2004).

Mere Basin has been a major depocentre since the Late Jurassic, the main phase of
basin subsidence having been initiated in the Middle Cretaceous, with more than 10
km of post — Jurassic sediments (Eldholm et al., 1987). The Vering Basin developed
as a depocentre in the Late Triassic — Early Jurassic time, however, except in local
sub — basins, the younger sedimentary cover is relatively thin. The total Cenozoic
sediment sequence shows a maximum thickness of about 3.5 km in the More Basin,
while in the Vering Margin the sediment cover rapidly thickens away from the coast,
approaching an average value of about 2 — 2.5 km. The variation in thickness is
often associated with the underlying structures. The marginal highs are covered by

much thinner sediment sections than the landward basins.

Norwegian Margin was subjected to inversion tectonics during the Neogene,

expressed by large — scale domes and elongated anticlines, such as Ormen Lange
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Dome, the Helland Hansen Arch, Vema Dome etc (Blystad et al., 1995; Doré and
Lundin, 1996). The compressional deformation may have begun in the Eocene, but
maximum growth of the large inversion anticlines occurred during the Middle —
Miocene (Brekke et al., 2000; Loseth and Henriksen, 2005). In the Veoring Basin,
there is seismic and biostratigraphical evidence for regional uplift and intrabasinal
erosion prior to this Middle — Miocene compression (Brekke et al., 1999). The
Miocene compressional phase had important consequences for the hydrocarbon
systems along the Norwegian margin (Leseth and Henriksen, 2005). In the context
of the research presented in this thesis, this episode of regional compression is
important because the latest stages of folding deformed both the basin fill and the

regionally extensive A/CT reflection.

Throughout the Miocene, the sedimentation was characterised by the deposition of
fine — grained material under a current influenced regime, creating contourite
deposits (Hjelstuen et al., 2005). In the Late Miocene, important deposits of muds
and siliceous oozes filled the depressions created by the Middle Miocene folding,
onlapping and burying the tectonically created topography, such as Helland —
Hansen Arch (Brekke et al., 1999). Silica was probably supplied to the ocean from
land due to an enhanced chemical weathering during a warm and humid climate
(Laberg et al., 2005).

The Late Miocene to early Pliocene period was characterised by important shifts
between opal — and carbonate — dominated accumulations, indicating alternating
periods of decreased surface water circulation with a relative isolation of deep water
(opal — dominated), and periods of increased surface and deep — water circulation
(carbonate — dominated) (Laberg et al., 2005). The Miocene — Late Pliocene
boundary coincides with an important change in the depositional regime, as the post
— Miocene sediments mainly have been transported to the continental slope from an
easterly source area, as revealed by the westward prograding wedges on the Vering
margin (Hjelstuen et al., 2004).

Over large parts of the Norwegian continental shelf, there was a period of non —

deposition or erosion during the Early to Late Pliocene. This was probably related to
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the onset of glaciations and uplift of the continent (Brekke et al., 1999; Eidvin et al.,
2000; Brekke, 2000). On the mainland and in shallow parts of the continental
margin, the Late Pliocene unconformity is related to uplift and erosion. In the deeper
parts of the continental margin, this unconformity corresponds to a period of non —

deposition (Brekke et al., 1999).

During Late Pliocene a thick prograding sediment wedge was built out westward
from the mainland across the entire shelf (Brekke, 2000). This unit occupies the
Trendelag Platform region in the Vering Margin and is much narrower in the More
Margin (Gémez and Vergés, 2005). The sediment wedge can be up to 1.75 km thick
and is limited at its base by the Late Pliocene unconformity (Gémez and Vergés,
2005).

The rapid deposition of the prograding wedge produced differential compaction in
the underlying Tertiary and Mesozoic sediments, resulting in lateral flow, mud
diapirism and fracturing in the underlying sediments in front of the wedge (Gémez

and Vergés, 2005 and references therein).
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3. Geological setting

3.3. Seismic stratigraphy

The research in this thesis focuses on Brygge and Kai Formations, both of which
contain a significant fraction of biogenic silica and have been affected by diagenesis

(Brekke, 2000; Berndt et al. 2004).

The Brygge Formation is Early Eocene to Early Miocene in age and is part of the
Hordaland Group. It consists of biosiliceous mudstones, claystones and minor

sandstones (Dalland et al., 1988; Brekke, 2000).

The Kai Formation is Early Miocene to Early Pliocene in age and is part of the
Nordland Group. It is composed of fine — grained hemipelagic sediments, which are
part of contourite sediment drifts that developed free from the interaction with
downslope processes (Rokoengen, 1995; Hjelstuen, 1997; Bryn et al., 2005). The
Kai Formation represents mostly deep — water basinal sedimentation, onlapping the

continental slope and the Mid — Miocene domes (Bryn et al., 2005).

Both Brygge and Kai Formations are extensively deformed by a system of polygonal
faults (Fig. 3.2.). In addition, several huge crater structures have been identified in
the ooze sediments of the Kai and Brygge Formations (Riis et al., 2005).

The uppermost stratigraphic unit is Naust Formation (Late Pliocene — Pleistocene),
which comprises glacial sediments (tills and debris flows) and slide deposits (e.g.
Berg et al., 2005). These form thick prograding packages of sediment, as a result of
the considerable erosion caused by Neogene uplift of the Norwegian mainland and
continental shelf (Hovland et al., 1998).

Current — controlled fine — grained sediments deposited along the slope during
deglaciation are interbedded with glacigenic downslope — transported debris flow
deposits (Biinz et al., 2005). The slide units, comprising Storegga Slide, have been
the focus of numerous studies (e.g. Evans et al., 1996; Riis et al., 2005; Bryn et al.,
2005; Biinz et al., 2005; Bull et al., 2009; Lawrence and Cartwright, 2009).
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4. BIOGENIC SILICA DIAGENESIS TRANSITION ZONES - A
PHYSICAL AND CHEMICAL CHARACTERISATION USING
OCEAN DRILLING PROGRAM DATA

4.1. Abstract

A total of 33 ODP sites from various global locations are examined in order to
identify silica diagenesis transition zones. These zones represent narrow depth
ranges where the physical properties of the sediments change sharply as a result of
opal — A to opal — CT diagenesis. Based on physical and chemical properties, the
criteria for the identification of a silica diagenesis transition zone are proposed.
Moreover, the factors that control the thickness of these zones are analysed.
Evidence is shown that some of the diagenetic transition zones were formed as a
response to higher paleo — geothermal gradients, supporting the view that they are
presently ‘fossil’ or ‘relict’. Due to the implications that the physical properties
contrast has on compaction in sedimentary basins and overpressure, a summary of
the physical properties of these diagenetic zones should prove useful for any future

study investigating the diagenesis of biosiliceous sediments.

Keywords: opal — A, opal — CT, silica diagenesis, physical properties, Ocean
Drilling Program

4.2. Introduction

The opal — A to opal — CT transformation results in significant changes to the
physical properties of sediments (e.g. Nobes et al., 1992; Chaika and Dvorkin,
2000), while the opal — CT to quartz transformation does not create such a sharp
physical property contrast (Isaacs et al., 1983; Nobes et al., 1992). The change of
physical properties due to opal — A to opal — CT transformation usually takes place
over a narrow depth interval. This does not have a consistent name in the existing

literature; it was called a ‘diagenetic front’ by Thein and von Rad (1987); a ‘phase
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transition zone’ by Keller and Isaacs (1985); a ‘transition zone’ by Littke et al.
(1991); Nobes et al. (1992); Rice et al. (1995); a ‘reaction zone’ by Davies and
Cartwright (2007); Davies et al. (2008), or a ‘transformation zone’ by Ireland et al.
(2010a). There is also an inconsistency regarding the definition and, consequently,

the thickness of the opal — A to opal — CT transition zone.

Silica diagenesis transition zones have been recognised and analysed from
microscopic level (X — Ray diffraction or XRD analyses) (e.g. von Rad et al., 1978),
core samples (e.g. Nobes et al., 1992), to outcrop (e.g. Isaacs, 1982) and seismic data
(e.g. Davies et al., 2008). In general, the opal — A to opal — CT transition zones are
narrow depth intervals, tens of meters thick (e.g. Murata and Larson, 1975; Hein et
al., 1978; Littke et al., 1991; Nobes et al., 1992; Rice et al., 1995). However, some
authors (e.g. Keller and Isaacs, 1985; Ireland et al., 2010a) have reported silica

diagenesis transition zones of hundreds of meters in thickness.

The authors who have reported thin opal — A to opal — CT transition zones defined
them as the interval over which opal — A and opal — CT coexist (Nobes et al., 1992);
the interval separating the sediments containing only opal — A as the silica phase
from sediments where opal — CT predominates (Littke et al., 1991); or as the
transitional beds between the base of the zone of diatomaceous mudstones and the

top of the diatom — free porcelanites (Murata and Larson, 1975).

Keller and Isaacs (1985) identified the phase — transition zones as ‘zones in which
interbedded strata have different silica phases’. Based on outcrop data, they
estimated the thickness of the opal — A to opal — CT transition zone in the
compositionally heterogeneous sequences of the Monterey Formation, California, as
being 200 m thick. Ireland et al. (2010a) suggested that the silica diagenetic
transformation zone on the Gjallar Ridge (Norwegian Sea) is hundreds of meters
thick, based on seismic data interpretation. The authors define the transformation
zone as ‘the volume of sediment in which silica diagenetic reactions occur’,
referring to the entire sequence of transformation from opal — A to quartz, so strictly

this definition does not equate to the opal — A to opal — CT transition.
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It is important to understand what controls the thickness of the opal — A to opal — CT
transition zone because the temperature ranges of the opal — A/CT transformation
can be inferred based on the depth and thickness of the transition zone. A thin
transition zone means temperature is the dominant control of diagenesis. Conversely,
for a thicker transition zone, the temperature is probably less important than other
controls, for example lithology (Keller and Isaacs, 1985), surface area (Williams et

al., 1985) or age (e.g. Hein et al., 1978).

The opal — A to opal — CT boundary is sampled by more than 100 Ocean Drilling
Program (ODP) and Deep Sea Drilling Project (DSDP) boreholes worldwide. For
most of the sites, physical properties measurements on core samples and/or
downhole measurements are available for the intervals of interest. In addition, some
of the sites also have XRD analyses or Scanning Electron Microscope (SEM) images
from the transition zone and pore water chemistry analyses. It is, therefore, possible
to use this extensive database to make a physical and chemical characterisation of

the diagenetic transition zones (Appendices A1.2 and A1.3).

Most of the ODP reports of the sites where the silica boundary was drilled
mentioned the physical properties changes due to biogenic silica diagenesis (e.g.
Mayer et al., 1992; Mountain et al., 1994; D’Hondt et al., 2003). Several studies
have analysed in detail the impact of silica diagenesis on the physical properties of
the sediments for specific ODP sites (O’Brien et al., 1989; Littke et al., 1991; Nobes
et al., 1992; Guerin and Goldberg, 1996; Gerland et al., 1997; Kim et al., 2007).
Other studies have focused on the chemical characterisation of the silica diagenesis
transition zone (Kastner et al., 1977; Henrich et al., 1989; Hinman, 1990; Murray et
al., 1992a; b; Murray, 1994) or the seismic expression of the diagenetic boundary
(Hammond and Gaither, 1983; Larue et al., 1987; Bohrmann and Stein, 1989;
Bohrmann et al., 1992; Lee et al., 2003; Volpi et al., 2003). A study of the physical
and chemical properties of the opal — A to opal — CT transition zones has not been
done so far, despite the silica diagenetic boundaries being present worldwide.

The main aims of the research presented in this chapter are:

» to define the opal — A to opal — CT transition zone;
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*= to make a characterisation of the transition zones from a physical and
chemical point of view.

Establishing what a transition zone represents is imperative because the physical and
chemical characterisation of the sediments undergoing silica diagenesis depends on
how the transition zone is defined. The physical and chemical characterisation of the
transition zones will provide the criteria that could be used to infer the presence of a
silica diagenesis front where only limited data are available. This is important
because of the implications that the remarkable change in physical properties over a
narrow depth range has on sediment compaction, fluid flow in sedimentary basins

and overpressure studies.

4.3. Specific data and methodology

Based on the ODP Initial Reports, 33 sites where the silica diagenetic fronts were
drilled in Pliocene to Eocene sediments, were selected (Fig. 4.1). A database
containing information regarding lithology, physical properties, interstitial water
chemistry etc for the interval of interest was compiled. The methodology used for
every type of measurement was presented in the ODP technical notes (Fisher and
Becker, 1988; Mazzullo and Graham, 1988; Gieskes et al., 1991 and Blum, 1997).

In this study, the transition zone from opal — A to opal — CT (TZa/ct) refers to the
depth interval where opal — A and opal — CT silica phases coexist, following the
definition of Nobes et al. (1992). This interval is associated with sharp physical
properties changes. Qualitatively, the top and base of the TZ,ct were defined by the
depth where there is a great deflection of the curve indicating the variation of a
certain physical property. In the case of the porosity curve, for example, the top of
the TZa/cr is defined by a deflection to lower values (a negative deflection), while
the base of the TZ,cr is defined by a subsequent deflection to higher values (a
positive deflection) (Fig. 4.2). Quantitatively, the TZ/cr is defined by the highest
gradient between two adjacent values within a specific lithostratigraphic interval,

with the exception of isolated peaks.
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4. Silica diagenesis transition zones

4.4. Observations and results

4.4.1. Identification of the TZA/CT

As mentioned in the previous section, the changes in the physical properties of the
sediments were used to define the TZa/cr for the ODP sites in the database. For
every borehole, one or more data types can be used to identify the TZ/ct, every one
having its advantages and limitations, which are summarised in Tab. 4.3. It should
be noted that every method gives different TZ,cr thicknesses. This is related to the
sampling rate (e.g. chemical analyses of interstitial water), data resolution (e.g.
seismic reflection data) or to the limited accuracy of a method (e.g. smear slides
analyses). A comparison of the TZs,cr as identified by different methods is

illustrated in Fig. 4.4. The methods are presented in detail in the next section.

(a) X — Ray diffraction (XRD) analyses of opal — A and opal — CT mixtures result in
the separation of opal — A and opal — CT peak areas (e.g. von Rad et al., 1978).
Where these data are available, they can be used to identify the top of TZa,ct, which
is given by the first occurrence of opal — CT in the sediments. However, the changes
in physical properties of the sediments do not always coincide with the first
occurrence of opal — CT, a fact that was also noted by Nobes et al. (1992) and Rice
et al. (1995). In other words, the porosity and density records the abrupt transition in
the physical state of the rocks, but not the onset or end point of the chemical
reactions (Rice et al., 1995). Nobes et al. (1992) suggested that is because the
diagenetic process is not uniform. Consequently, the TZa/,cr identified based on
XRD data is usually larger, the first occurrence of opal — CT being shallower than
the changes in physical properties used to define the TZ a/cr.

(b) Physical properties measurements on discrete core samples, as well as downhole
measurements allow a very good identification of the TZ,ct (e.g. Compton, 1991;
O’Brien et al., 1989; Littke et al., 1991; Nobes et al., 1992; Chaika and Williams,
2001; Kim et al., 2007). This is due to their high sampling intervals, 0.75 to 1.5 m
for the Moisture and Density Station, usually 2 to 4 cm for the Multisensor Track

Station and about 30 cm for the downhole logging tools (Blum, 1997).
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4. Silica diagenesis transition zones

Tab. 4.1. (shown on the next two pages) Parameters (opal — A to opal- CT depth, age, heat
flow, physical properties etc) of the opal-A and opal-CT sediments at the analysed ODP
sites. The values were extracted from or computed based on data from the ODP Initial
Reports. Mean bio. si. ( %) = mean biogenic silica content (wt % — percent of total weight);
Por. A or CT ( %) = mean porosity of the opal — A or opal — CT rich sediments; Dens. A or
CT (g - cm™) = mean bulk density of the opal — A or opal — CT rich sediments; Vel. A or CT
(km - s) = mean velocity of the opal — A or opal — CT rich sediments; Res. A or CT (Q * m)
= mean resistivity of the opal — A or opal — CT rich sediments; Dens./Por./Vel./Res. diff. (g
cm) = difference between the density / porosity /velocity/ resistivity of the opal — CT and
opal — A rich sediments; Temp. TZ,,cr (°C) = present — day temperature of the opal — A to
opal — CT diagenetic boundary; Thickness TZ,cr (m) = thickness of the opal — A to opal —
CT transition zone; Geoth. Grad (°C - km™) = present — day geothermal gradient; Temp. diff.
TZact (°C) = difference of temperature between the top and the base of the opal — A to opal
— CT transition zone; Sed. Rate (m - M.y.'l) = mean sedimentation rate for the period
following the deposition of biogenic silica; Approx th. history (°C - M. y.") = approximate
thermal history representing the product between the present thermal gradient and the
average sedimentation rate for the period following the deposition of biogenic silica
(according to Mizutani, 1970 and Pisciotto, 1981). Digital data are presented in Appendices
Al.2.and Al3.
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1 12085 | clay | 450 | 85 (60 |77 {57 |20 15 ] 1.8 ] 03 - - - - - - 46 | 40 98 77 394§ 70 6.86
2 | 2822 | clay [ 290 | 85 |60 | 85 |70 | 15127 1.7 |043]| 16| 1.7 | 01 | 04 | 06 [ 02 | 37| 40 | 125 98 |5.0139.5]4.9375
3 | 3310 | clay | 325 S 140 [ 80 ]55]25/[1.7511.85] 0.1 - - - - - - 43 1 40 | 133 | 113 | 53| 56 | 7.448
4 12596 | clay [ 224 | 55 |40 | 70 [ 55| 15}155] 19 |035| 1719|0206 |08 0240 |30 178 | 156153 | 62 | 11.036
5 | 2876 | clay | 300 8 [50|8 |65[20| 14|18 |04 {175 2 (02504 | 06| 02|36 30| 121 | 101 | 3.6 | 49.5 | 5.9895
6 | 911 | clay | 450 | 34 | 35165 |55{10] 1.7 [1.85]0.15] 2 231030171017 0 |37} 35 83 98 | 2.9 ] 121 | 10.043
7 | 661 | clay | 520 | 11 | 60 { 70 | 45|25 (145 2 [0.55]1.65]1.85] 0.2 - - - 27 | 25 52 63 | 13| 38 | 1976
8 [ 3869 (clay | 240 {285 |50 (75|63 |12 ({145) 1.8 |035]| 1.6 |1.65/0.05] - - - 8 |20 35 - 1071} 20 0.7
9 |3297 | carb. | 370 | 13 - |8 (65|15 (155 1.7 |0.15]1.75] 1.8 |0.05]055(075) 02 | 25| 15 67 48 | 1.0 | 15 | 1.005
10 | 3772 | carb. | 275 | 13 [ 50| 8 {70 10 (145|155} 0.1 |1.52]|155}0.03[0.55|065]| 0.1 | 8 | 15 30 155105 | 43 1.29
11 {3112 | carb. | 160 | 16.5)20 | 60 | 55| 5 | 1.9 |2.18)028 | 1.5 | 1.7 | 0.2 | 0.45] 0.5 | 0.05 20 - - - 5 -
12 | 2716 | carb. | 500 | 375120 | 62 |50 |12 {165| 1.8 |0.15] 1.7 | 1.9 { 0.2 - - - 28 | 40 52 56 |21 10 0.52
13 | 3549 | carb. | 600 | 195/ 20| 55|45 10 |175| 2 |025| 1.7 {185(0.15[ 07 [ 09 |02 ]32]15 32 (514105135 0432
14 | 5829 | clay | 180 | 14 - |170(20]50]| 1.5 2 0.5 - - - 09118109 7 |28 33 - 109( 10 0.33
15 | 4432 | clay | 585 | 15 - 140 - - | 1.851205]02]23|25]02 - - - - |20 - - - 20 -
16 | 3863 | clay | 490 { 6.5 |20 |57 145 (12 (17519 |015| 1.7 {19 {02 065 0.7 [0.05] 15| 20 30 - 106|110 33
17 | 3710 | carb. | 290 | 35 | 40 | 83 {77 | 6 | 125]135] 0.1 - - - - - - 2 |15 8 - 014 30 0.24
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18 [ 2159 [carb. | 340 |24.5] 30 | 75 | 55 |20 | 14 | 17 [ 03 | 16 | 19 |03 |06 | 2 | 14 |21 [35] 62 | 68 |22] 8 | 049
19 | 2633 | carb. | 500 | 44 | 30 | 65 | 53 | 12 | 1.55 | 1.75| 02 | 1.85| 1.9 [0.05| 1 |1.15]0.15] 23 | 35 | 466 | 55 | 1.6 | 18 | 0.8388
20 | 703 |carb. | 1050 | 25.5| 25 | 65 |45 [20 | 1.6 | 19 | 03 | 18 | 19 |01 | - | - | - |42 |40 | 40 | - |[16]125] 05
21| 577 | clay | 525 |42.5]20 | 60 | 50 | 10 | 1.7 |1.95|025|185] 22 |035| 1 | 1.5 | 05 |21 | 10| 40 | - |04 |125| 05
22 | 3387 [carb. | 370 | 13.5] 40 | 70 | 60 | 10 | 1.55| 1.7 | 0.15 | 1.75 | 1.85| 0.1 |0.55| 0.8 |025| 14 | 20 | 39 | - |0.8| 15 | 0.585
23| 1292 | clay | 275 |285]40 | 80 |60 |20 | 14 | 18 | 04 | 17 | 17| 0 | - | - | - |11 |22| 40 | - |0o] 18 | 0.712
24 | 2768 | clay | 270 | 19 | 60 | 80 | 60 | 20 | 1.4 | 1.65 | 0.25 | 1.5 05| - | - | - |[11]12] 40 | - |05] 30| 12
25 | 2692 | clay | 1050 | 8.3 | 35 | 70 | 60 | 10 | 1.55| 1.7 | 0.15 | 1.8 02| 1 | 1404 |25]|25] 25 | 20 06| 70 | 1.75
26 | 808 | clay | 680 | 28.5] 30 | 60 | 45 | 15 | 1.85 ]| 2.05| 02 | 1.9 01 ] - | - | - |27]25] 40 | - |10] 13 | 052
27 4802 | clay | 350 | 3.5 | - | 6550 | 15| 16 | 1.8 | 02 | 1.7 | 1.8 | 0.1 | 0.3 | 0.55]025] 60 | 50 | 170 | 180 | 8.5| 52 | 8.84
28 | 2325 | clay | 360 | 8 | 10| - | - | - |155|175] 02| - | - | - |055]| 08 |025| 12| - | - |8 | - | - -
29 | 4162 | clay | 300 | 72 | - | 75|65 |10 | 14 |165]025] - | - | - |05 |06 01| 7| -1 - |8 -1]30] -
30 | 3690 | clay | 180 |13.1] 70 |77 |67 |10 | 15 | 17 |02 | - | - | - | - | - | - |22] - | 122 |18 | - | 15 | 1.83
31 | 4838 | carb. | 140 |37.5| - |60 |40 |20 | 13 | 1.5 | 02 [1.55[155] O | - | - | - | - | S| 113 | - | -] 5 | 0.865
32 | 2102 | carb. | 430 | 31.5| 20 | 60 | 30 | 30 | 1.5 | 19 | 04 | 1.5 |1.75|025| 0.8 | 0.9 | 0.1 | 22 | 25| 48 | 56 |12 - :
33 | 3346 |carb. | 233 | 85 | 30| - | - | - J145| - | - | - | - | -] -1 -1-1-1-1 - -1 - -
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4, Silica diagenesis transition zones

Tab. 4.2. Parameters of the opal — A to opal — CT transition zone (TZ,,ct). The abbreviation
used represent: No. = the identification number of the ODP site presented in Tab. 4.1, Temp.
(°C) = present — day temperature at the depth of the TZ,,cr; Thick. TZ,,cr = thickness of the
transition zone measured in metres; C = core data; DM = downhole measurements. The last
column describes the type of data used to calculate the present — day temperature at the
TZ pcr- G.G. = geothermal gradient; Temp. = temperature.

No. | TZacr | Temp. | Thick. | Method used | Estimation of temp. of the TZ,/cr
depth | (°C) TZyer | for  TZacr
(mbsf) (m) identification

1 |450 46 40 C G.G.95°C - km™

2 |290 37 40 C G.G. 125°C - km™

3 325 43 40 C G.G.132°C - km™

4 224 40 30 C G.G.171°C - km™

5 300 36 30 C G.G. 121 °C - km™

6 |450 37 35 C G.G. 138°C - km™

7 520 27 25 C G.G.53°C - km™

8 |240 8 20 C G.G.35°C *km™

9 370 25 15 C 14 °C (based on the temp. log) — 25
C (estimated). G.G. 67 °C - km™

10 | 275 8 15 C Measured by the temp. probe G.G.
30 °C - km

11 | 160 — 20 DM No data

12 | 500 28 40 C G.G. of 52°C - km™

13 | 600 32 15 DM Measured by the temp. probe G.G.
32°C - km’

14 | 180 31 28 DM Measured by the temp. probe G.G.
33°C - km

15 | 585 - 20 DM No data

16 [ 490 15 20 C Measured by the temp. probe. G.G.
30°C - km?

17 | 290 2 15 C G.G. 8 °C - km 'at nearby Site 1094

18 | 340 21 35 C G.G.62°C - km™

19 | 500 23 35 C G.G. 46.6°C - km™

20 [1050 |15 40 C G.G.of 14°C - km™

21 | 525 21 10 DM G.G. of 40°C - km™

22 1370 14 20 DM G.G. 0of 39°C - km™

23 |275 11 22 C G.G. of 40 °C - km™

24 [270 11 12 C G.G. of 40°C - km’

25 | 1050 25 25 DM Measured by the temp. probe. G.G.
25°C - km'!

26 | 680 27 25 C G.G. of 39°C - km™

27 | 345 60 50 C Extrapolated @ from  shallower
measured temp. G.G. 170 °C - km™

28 | 360 12 - - Measured by the temperature probe

29 1300 7 - - Measured by the temperature probe

30 | 180 22 - - G.G.of 122°C - km

31 | 140 5 G.G.173°C - km™
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32

430

16

25

G.G.of 51°C ‘ km™

33

233

No data
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4. Silica diagenesis transition zones

Tab. 4.3. Summary of the advantages and drawbacks of the different methods used to
identify the presence and thickness of the TZ/cr.

Data type

Advantages

Disadvantages

XRD analyses

Are relatively accurate indicators
of opal — CT occurrence.

Do not represent an exact opal —
A indicator (c.f. von Rad et al.,
1978).

XRD analyses are only
available for a limited number
of ODP sites.

Physical properties
measurements

Have a high sampling rate,
allowing an accurate
identification of the TZ zct.

Combinations of measurements
can be very good indicators of
silica diagenesis, especially the
resistivity and magnetic
susceptibility (e.g. Kim et al.,
2007) and resistivity and gamma
ray (e.g. Nobes et al., 1992).

Are available for most ODP
sites.

In some cases, sampling interval
problems can arise from poor
core recovery.

Sediments are not in their in situ
conditions for the measurements
on core samples.

Downhole measurements record
the response of an area around
the borehole, which is affected
by drill — created disturbances.

Every downhole logging tool has
a  characteristic  depth of
investigation.

Smear slides

analyses

Are rough indicators of opal — A
presence in the sediments.

If no lithological changes are
present, the disappearance of
opal — A marks the base of the
TZ arcr-

Are qualitative rather than
quantitative data, so opal — A
percentages do not represent
absolute values.

of
water

Analyses
interstitial
chemistry

The silica concentration in pore
waters is a very good indicator
of the onset of opal — CT
precipitation, marking the top of
the TZA/CT.

Other elements like Sr**, Li", can
indicate the presence of silica
diagenesis.

Changes in pore water chemistry
are not a good proxy for the
TZ /cr thickness, usually because
of the large sampling interval.

Cannot accurately define the
base of the TZ 5.cr-

Are not available for all the sites.

Lithological
description
cores

of

The presence of a first
porcelanite or chert layer in
diatomaceous sediments roughly
indicates the top of the TZcr.

Do not allow an exact
identification of the TZ 5,cr.

Seismic reflection
data

Can be used, in some cases, to
identify the presence of silica
diagenesis, especially if the
reflection from the diagenetic
front crosscuts stratigraphy (e.g.
Volpi et al., 2003).

The TZcr is usually below the
resolution of the data.
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4. Silica diagenesis transition zones

The ODP sites where the onset of silica diagenesis coincides with unconformities or
lithological boundaries were not included in the analysis. This is because the
physical properties variations at these depths are not exclusively related to the opal —
A to opal — CT transition.

(c) Smear slides analyses allow a qualitative estimation of the relative percentage of
diatoms, radiolarians and sponge spicules, which are a proxy for opal — A content of
the sediments. Smear slide values do not represent absolute percentages, so they can
only be used as a rough indicator of the TZ,cT where no changes from siliceous to
carbonate — rich facies are present. The top of the TZacr can be roughly
approximated to the depth where the proportion of diatoms and/or radiolarians or
sponge spicules in the sediments decreases abruptly. The base of the TZa/cr
coincides with the disappearance of the siliceous microfossils in the sediments. The
thickness of the TZa/cr identified based on smear slide data is, in general, larger
compared to the TZ,cr identified based on physical properties measurements. This
is because of the limited accuracy of the smear slide measurements (e.g. Kinoshita et
al., 2009) and also because opal — A can still be present below the base of the
TZasct. Nobes et al. (1992) suggested that this can arise from lithological variations
and also from the fact that opal — CT precipitation does not occur uniformly.

(d) Interstitial water analyses allow the identification of the TZa/ct, a key indicator
being the concentration of silica (e.g. Murray et al., 1992). High concentration of
dissolved silica of the interstitial water reflects the dissolution of the siliceous
microfossils (opal — A). A sharp decrease in the silica concentration marks the onset
of opal — CT precipitation and the top of the TZ4,cr. The disappearance of silica
from the pore waters usually coincides with the precipitation of quartz and the end of
the silica diagenesis process. Due to the porosity and permeability changes
associated with opal — CT precipitation, other interstitial — water chemical profiles
may be affected (Murray et al., 1992). These profiles include Sr**, Li*, Cl ~etc. (e.g.
Gieskes et al., 1991). Interstitial water analyses are available for a limited number of
boreholes of the database. Where available, the thickness of the TZa/ct identified
based on these data is larger compared to the TZ4/cr identified based on physical
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4. Silica diagenesis transition zones

properties measurements (Fig. 4.4). This could be due to the large sampling interval

that does not allow an accurate identification of the TZ 5/cr.

(e) Lithological description of cores can offer a rough estimate for the top of the
TZacr- The appearance of the first porcelanite or chert layer in diatomaceous
sediments usually coincides with the onset of silica diagenesis and the top of the
TZacr (e.g. Behl and Garrison, 1994). These data were only used as a first
indication of the presence of silica diagenesis, and are not sufficient to accurately
define the TZ s ct.

(f) On seismic reflection data, the transition from opal — A to opal — CT is usually
marked by a reflection, due to the bulk density and acoustic velocity contrast
between the two opal phases (e.g. Hammond and Gaither, 1983; Bohrmann et al.,
1992). However, due to its thin thickness, the TZs/cr is, in general, below the

resolution of the seismic data.

4.4.2. The TZA/CT

4.4.2.1. Overview

The depth of the TZa,cr is within the range of 90 to 1050 metres below seafloor
(mbsf). At most drill sites, the TZa/cr are located at a depth between 200 and 600
mbsf (Fig. 4.5 and Tab. 4.1). It should be noted that this is the present — day burial
depth, and, in the cases where erosion and/or uplift is part of the burial history, it is
plausible that this is not the maximum burial depth attained by the sediments.

The thickness of the TZa/cr varies between 5 and 50 m, the mean value being 26 m
(Fig. 4.6a). Remarkably, it was found that all values are less than 40 m, only Site
1173/Leg 190 having a TZact of about 50 m thick. The sediments in which the
TZascr is embedded have biogenic silica contents between 10 and 60 %, with the
exception of site 1010/Leg 167 where it reaches 70 % (Fig. 4.6b). An important
observation is that the thickness of the TZa/ct in boreholes with different dominant
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4. Silica diagenesis transition zones

lithology (clay — or carbonate — rich) or with different age falls within the same
range of values (Fig. 4.6a). No correlation was found between the biogenic silica
content of the sediments and the thickness of the TZs/cr (Fig. 4.7a).

However, when the TZ/cr thickness was compared with the temperature values, a
very good correlation between the two datasets was found (Correlation coefficient =
0.75 for all sites; 0.83 for the sites with clay — dominated lithology and 0.48 for sites
with carbonate — dominated lithology), the thicker TZa/cr corresponding to higher
temperature values (Fig. 4.7b).

4.4.2.2. Physical properties of the TZ4.cr sediments

(a) The bulk density contrast across the transition zone varies between 0.05and 1 g -
cm™, the mean value being 0.29 g - cm™ (Tab. 4.1 and Fig. 4.8a). The values are
higher for the sites with carbonate — dominated lithologies than for clay — dominated
lithologies (Tab. 4.1).

The bulk density values of the opal — A sediments are within the range 1.25t01.9 g -
cm’, with a mean value of 1.5 g cm?, while those of the opal — CT sediment are
between 1.35 and 2.3 g - cm™, with a mean value of 1.8 g - cm™. A weak correlation
was found between the density difference across the TZa,cr and the biogenic silica
content of the sediments (correlation coefficient = 0.27 for all sites, 0.5 for sites with
clay — dominated lithology, however, no correlation for sites with carbonate —
dominated lithology): the higher biogenic silica contents of the sediments, the higher
the density difference across the TZa/cr (Fig. 4.9a). In addition, a correlation exists
between the density contrast across the TZa/cr and the TZ/ct thickness (correlation
coefficient = 0.34 for all sites, 0.24 for sites with clay — dominated lithology and 0.4
for sites with carbonate — dominated lithology). The higher density contrast across
the TZ s/ct corresponds to thicker TZa/cr (Fig. 4.10a).

(b) The porosity contrast across the transition zone varies between 5 and 40 %, the
mean value being 15 % (Tab. 4.1 and Fig. 4.8b). The difference has higher values
for clay — dominated lithologies than for carbonate — dominated lithologies. The

60



4. Silica diagenesis transition zones

porosities of the opal — A sediments are within the range 40 and 85 % and those of
the opal — CT sediment within the range 30 to 77 %. A good positive correlation
between the biogenic silica content of the sediments and the porosity difference from
opal — A to opal — CT only for the sites with a clay — dominated lithology
(correlation coefficient = 0.6) (Fig. 4.9b). A weak correlation (correlation coefficient
0.34) exists between the porosity difference across the TZ,cr and its thickness (Fig.
4.10b).

(c) The difference in the P — wave velocity across the TZ,cr varies from 0 to 0.5 km
- 5’1, the mean value being 0.17 km * s™ (Tab. 4.1 and Fig. 4.8c). The velocity
contrast falls within similar ranges of values for both clay — and carbonate —
dominated lithologies. The typical velocity values in the opal — A sediments are 1.5
t0 2.3 km - s, with a mean of 1.7 km * s and, in the opal — CT sediment, 1.55 to 2.5
km - s, with a mean of 1.9 km * s”. No correlations were found between the
velocity contrast across the TZ,,ct and its thickness or the biogenic content of the
sediments (Figs. 4.10c and 4.9c).

(d) The resistivity contrast across the TZ/ct is between 0 and 1.4 Q - m, with the
mean value of 0.27 Q - m (Tab. 4.1 and Fig. 4.8d). Similar to the porosity values, the
resistivity difference has higher values for clay — dominated lithologies than for
carbonate — dominated lithologies. The opal — A sediment resistivity is between 0.17
and 1 Q * m, the mean value being 0.61 Q - m. The opal — CT sediment resistivity is
between 0.17 and 2 Q - m, with a mean value of 0.88 Q - m. No correlation was
found between the resistivity contrast across the TZ,cr and its thickness or the opal
— A content of the sediments (Figs. 4.10d and 4.9d).
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