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Abstract

This study examines the diagenesis and reservoir quality of Triassic sandstones in the Central
Graben, Norwegian sector. Cored reservoir intervals from four wells (6/3-1, 7/8-4, 7/11-8,
7/11-9) have been examined by petrophysical- (wire line logs, cross plots), petrographical-

(SEM-BSE, SEM-SEI) and mineralogical analysis (XRD, modal analysis).

The sandstones are fine grained moderately sorted subrounded to subangular with an average
subarkosic composition (QgsFj1R4). A wide range of diagenetic minerals has been identified:

quartz, chlorite, smectite, kaolin, illite, dolomite, calcite, ankerite and pyrite.

Intergranular volume — quartz cement relationships have been used to predict the effect of
grain size, grain shape, compaction (mechanical and chemical) and grain coating on
compaction. An increase of 7% average quartz cement in sandstones between well 6/3-1 (2,9
— 3.1 km) and 7/8-4 (4,1 km) is caused by the temperature difference of about 40°C. Kaolin
is found in the shallow well (6/3-1). Kaolin could also have been present in the deeper wells
(7/8-4, 7/11-9, 7/11-8) but may have been dissolved and replaced by illite. More quartz
cement is found in very fine grained sandstones than in medium grained sandstones, which is

related to higher surface area for quartz cementation.

Early carbonate cement common and may be an important fluid flow barrier. Mapping the
distribution of carbonate cement was done by comparing XRD data together with
petrophysical data and interpreting log responses. The distribution of carbonate cement is
facies dependant within floodplain associated facies with most likely pedogenic origin.
Authigenic iron rich chlorite occurs as both pore-filling and grain coats. High porosities are
found in sandstone with minor amount of chlorite typical of grain coating chlorite, thus grain
coating chlorite has most likely prevented precipitation of quartz overgrowths. Authigenicg
illite reduces the permeability by pore-bridging. Morphological evidence suggests smectite to
the precursor of both chlorite and illite. Authigenic kaolin in the Upper Triassic channel
assicated facies indicates leaching due to meteoric water flow in permeable rocks. Presence
of detrital kaolin in combination with authigenic kaolin suggests a more humid climate

towards the end of Triassic and into the Jurassic.
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1.1 Introduction

This thesis will investigate reservoir quality and diagenesis ultimately linked to facies and
provenance (Bjgrlykke 2010) and physical properties related to Triassic sandstones within
the Central Graben in the North Sea. Special emphasis will be on mineralogical composition
in the Skagerrak Formation. Skagerrak Formation is a proven reservoir with abnormal high

porosities (e.g Beryl/Nevis and Judy fields (Goldsmith et al. 2003)).

The Reservoir quality for reservoir rocks changes all the time during diagenesis and
predictions regarding reservoir quality are needed prior to drilling (Bjgrlykke 1998).
Predictions for the effect of mechanical compaction can be based on experiments, but the
chemical processes influencing diagenesis are harder to predict (Bjgrlykke et al. 1989, Bloch
and Helmold 1995, Lander and Walderhaug 1999).The present day subsiding basins can be
seen upon as a laboratory and data can be provided by core material and mineralogical
analysis of the rock. Changes in porosity and permeability can only be predicted if the

processes that influence these parameters are understood (Bjgrlykke 1999).

1.2 Purpose and methods

The main purpose of this thesis is to characterize the cored reservoir interval in well 6/3-1,
7/8-4, 7/11-9 and 7/11-8 in the Central Graben. Most of the attention will be given to well
6/3-1 due to the higher amount of data available. The focus of this work is to understand the
controlling factors for reservoir development and mineralogical composition distribution and
understand how compaction affects rocks physical properties in natural occurring sediments.
Distribution and the source of clay minerals will be investigated and related to facies and
palaeoclimate. The thesis will also investigate the variation of the intergranular volume
(IGV) and relate it to clastic diageneis and reservoir quality.

Following methods will be used:

e Mineralogical and petrographical analysis (thin sections, SEM, XRD)
e Petrophysical evaluation (wire-line logs)

11
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1.3 Study area

The study area is located in the Central Graben within the North Sea in block 6/3, 7/8 and
7/11 (Figure 1-1). Both block 6/3 and 7/8 are part of Jaren High, that is situated in the
complex area where the Central Graben, the Ling Depression, The South Viking Graben and
the Witch Ground Graben converge (Figure 1-1). The Jeren High is a eastward-tilted fault
block at base Zechstein level (Hgiland et al. 1993). Block 7/11 is located in the Cod Terrace

(Figure 1-1), that has been heavily affected by the Triassic salt tectonics (Gowers et al.
1993).

http:/iwww.npd.no/factmaps For map as WMS check http:/npdwms.npd.no
100E X 2°300°E 3°00°E 3300E

NORDSJOEN

Figure 1-1. Structural element map of the study area (Block 6/3, 7/8 and 7-11). Black dots indicate well
locations. Map modified from (NPD 2010)
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2. Geological framework
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2.1 Introduction

This chapter will focus on the geological framework regarding the Central Graben that is

located in the middle and southern part of the North Sea (Figure 2-1).

The Norwegian Central Trough was first defined as a structural element by Rgnnevik et al.
(1975). The official nomenclature used to describe the study area is ‘Central Trough’,
although ‘Central Graben’ has become more accepted as a loosely defined area of
extensional faulting (Gowers et al. 1993). In this thesis the expression ‘Central Graben’ will

be used to describe the study area.

The North Sea basin has a prolonged extensional history that began in the Devonian with
extension of the Caledonian crust. Later Permo-Triassic and Jurassic — Early Cretaceous
rifting events together with thermal subsidence contributed to the generation of the
sedimentary basins seen in the North Sea (Ziegler 1975, Sclater and Christie 1980, Ziegler
1980, Ziegler and Van Hoorn 1989, Ziegler 1990, Bartholomew et al. 1993, Glennie 1998,
Erratt et al. 1999, Zanella and Coward 2003). The structures seen in the North Sea basin is
mainly a function of the Jurassic — Early Cretaceous rifting event. Deformation of the North
Sea basin continued in Late Cretaceous — Cenozoic due to tectonic inversion and a period of

uplift in the Cenozoic (Zanella and Coward 2003).

For an extensive review regarding petroleum geology of the North Sea the author
recommend the Millennium Atlas (Evans et al. (2003) and references therein) and the

Petroleum geology of the North Sea (Glennie (1998) and references therein).

14
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2.2 Structural setting

The Central Graben belongs to the southern arm of the triple junction Viking Graben, the
Central Graben and the Moray Firth basins (Figure 2-1). In contrast to the Viking Graben and
the Moray Firth basins the Central Graben is more symmetrical in character (Zanella and
Coward 2003). The symmetrical character of the basin was used to describe a pure shear

model by Mckenzie (1978).

The NW-SE graben system, belonging to the Central Graben, was active during the
Mesozoic rifting and subsidence. Several narrow discontinuous structural highs and lows can
be seen within the Graben and are characteristic for the UK and the Norwegian sector
(Skjerven et al. 1983). Even though the Central Graben is symmetrical it has a complicated
tectonic history that involves polyphase tectonics and oblique/strike slip movements and
structural inversion (Sears et al. 1993). The reason for its complexity is believed to be caused
by interplay of changing extensional kinematic regimes and Palaeozoic structural grain
(Erratt et al. 1999). Several models have been made trying to explain the structural
framework of the basin with little consensus. This thesis will base the structural framework

on work done by Gowers et al. (1993).

According to Gowers et al. (1993) the structural development of the Central Graben

(Norwegian sector) can be divided into three main stages:
1) Late Turassic to middle Jurassic flexural uplift
2) Late Jurassic to early Cretaceous fragmentation
3) Late Cretaceous to Tertiary flexural subsidence

Prior to these stages the Central Graben was a part of the Norwegian-Danish basin during the

deposition of the Zechstein and the Triassic succession.

The first stage is heavily affected by extensive halokinetic deformation that took place during
the Triassic. The halokinetic movements created salt highs/ridges with intervening blocks of

Triassic sediments resting on thin salt or on Permian pre-salt sediments (Gowers et al. 1993).

16
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Movement of the salt has been a major factor influencing the distribution of the reservoirs
within the Central Graben (Smith et al. 1993). In both Breiflagg basin and the Feda Graben
(Figure 1-1) there seem to be less Triassic remaining than in the surrounding area due to
erosion related to gentle basin-wide flexuring (Gowers et al. 1993). The Triassic depocentres
had been eroded by the middle Jurassic which represents an episode of thermal doming and
erosion of the central North Sea area (McKie et al. 2010). The doming was in response of a

mantle plume-induced thermal uplift (McKie et al. 2010).

The second stage involves initiation of tectonics specific to the Central Graben. Geometrical
analysis of sequences within the Central Graben of Oxfordian to early Volgian age indicate
symmetrical subsidence of individual fault blocks with minimal rotation and salt movement.
By the beginning of the Volgian faulting became more dominant and individual fault blocks
rotated. The rotated fault blocks got eroded on the footwall and deposited on the
hangingwall. The rotational tectonics ended in the late Volgian and the following regional
subsidence caused drowning of the rotated fault blocks. Renewed subsidence is indicated by
the distribution of Lower Cretaceous sediments. It is believed that the subsidence is of syn-
depositional age and that the Lower Cretaceous sediments were deposited in a series of
basins created by the end of Jurassic. The basins created by early Cretaceous subsidence are
partially fault bounded; flexure bounded and has an undisturbed internal configuration. The
geometry of the inversion-related structures is related to previously established normal

faulting.

The third stage is related to the thermal subsidence (after McKenzie(1978)) in the late
Cretaceous due to thermal cooling of the crust. The thermal subsidence is centered in

Breiflabb basin but cannot be seen in either Sggne Basin or Tail End Graben (Figure 2-1).

17
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Figure 2-2. Structural evolution describing different tectonic phases observed in the Central Graben
(modified from Gowers et al. 1993)
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2.3 Lithostratigraphic setting

The Central North Sea has been divided into an informal Triassic group comprising of the

Skagerrak Formation and Smith Bank Formation (Deegan and Scull 1977)(Figure 2-3).

The Smith Bank Formation (Figure 2-3) was deposited during Early Triassic to late Triassic
and represents a range of distal continental environments where fine grained predominantly
fine grained clastics were deposited (Deegan and Scull 1977). The Smith Bank Formation

comprises of thick red sequences with a wide density-neutron log (Goldsmith et al. 1995).

The Skagerrak Formation (Figure 2-3) represents thick sandy sequence of fluvial origin
deposited in middle to late Triassic (Deegan and Scull 1977). The depositional model for
Skagerrak Formation has evolved from braidplain model (Hodgson et al. 1992) to a more
diverse type of dryland depositional styles with some cases being wetland environment. The
palaeogeographic reconstructions indicate that the fluvial system of the Skagerrak Formation

is terminal in character (McKie et al. 2010).
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Figure 2-3. Stratigraphic overview of the Triassic in the Central North Sea. The precise
chronostratigraphic overview of the formation is uncertain. Modified after Goldsmith et al.(2003)
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2.3.1 Sequence stratigraphic setting

A Triassic sequence stratigraphic subdivision for the Central North Sea was proposed by
Smith (1993) based on variations in gross depositional setting through time. It was later
modified by Goldsmith et al. (2003) which presented a more detailed sequence stratigraphic
subdivision. The sequence stratigraphic framework consists of six sequences termed Tr00-
Tr50 (Figure 2-4) based on wireline log and lithosgratigraphic correlation (Goldsmith et al.
2003).
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Figure 2-4. Proposed sequence stratigraphy of the Central North Sea by Goldsmith (2003) based on work
done by Smith et al.(1993) and Goldsmith et al.(1995) and references therein
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2.4 Triassic depositional system

Thick alluvial successions with no apparent marine penetration from the southern North Sea
dominate the Triassic deposition in the central North Sea (Goldsmith et al. 2003). The
lacking evidence for aeolian activity or evaporite deposition and palynological evidence from
shales within Skagerrak Formation indicate episodic wetland conditions (Goldsmith et al.
2003, McKie et al. 2010). Presence of redbeds, calcic and vertic palaeosols, aeolian deposits

and evaporaties in the surrounding area suggest semi-arid conditions.

The Triassic deposition was controlled by the halokinetic generation of accommodation
space initiated by salt movements and salt reduction through surface dissolution. The
sediment packages deposited in the synforms is termed pods (Smith et al. 1993). Hodgson et
al. (1992) suggest that the Smith Bank Formation was deposited in the topographic lows
(within the synforms) and that Skagerrak Formation sheet floods were deposited over and
between these salt pods. Reduction of water volume-down fan by evaporation and infiltration
and weaker flow strength formed proximal-to-distal facies belts. The proximal facies are
associated with the Skagerrak Formation and the distal facies are associated with the Smith

Bank Formation (Goldsmith et al. 2003).

Palaeocurrent data in combination with provenance information indicate axial flow to the
south east and transverse flow, from Fennoscandian towards the south west probably
reflecting the source area to be a combination of both Scottish Highland and Fennoscandian

derived streams (McKie and Williams 2009, McKie et al. 2010).

The depositional setting is interpreted by McKie et al. (2010) in the central North Sea area to
comprise of ephemeral to intermittent streams in relatively dry climatic setting which formed
an endoheric drainage into basinal playa and marshes (Figure 2-5). Individual drainage

systems cannot be identified due to insufficient stratigraphic resolution.
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Figure 2-5. Simplified depositional system of Early Triassic (Pers. Comm. Johan Petter Nystuen, March
2010) (Marshall and Hewett 2003)

2.5 Palaeogeography

During the Triassic all land masses were gathered into the supercontinent called Pangea with
the surrounding Indo-Pacific Ocean extending from 85°N to 90°S, symmetrical from the
equator (Ziegler 1990). Palacomagnetic data suggested that the European plate drifted
northwards where the central part moved from a subtropical to moderate palaeolatitudes.
Rough estimates suggest movement of 25° to the north and anticlockwise rotation of 30°

during the Triassic (Feist-Burkhardt et al. 2008).

Systematic trends in the dispersal of sandy fluvial detritus across NW Europe has been
mapped as broad facies belts and represented as regional trends (Figure 2-6). Notice that

there is no marine influence in the study area.
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Figure 2-6. Palaeogeographical reconstruction of the Triassic over NW Europe adapted from McKie and

Williams (2009). a) Early Triassic (Olenekian), b) Middle Triassic (Anisian), ¢) Middle Triassic
(Ladinian), d) Late Triassic (Carnian) and e) Late Triassic (Norian)

2.5.1 Palaeoclimate in the Triassic

In most sedimentary basins the climate is the primary allogenic control on sedimentation.

Palaeoclimate is therefore reflected in the stratigraphic succession of both chemical and

siliciclastic sedimentary rocks. Indications for dry periods are presence of

carbonate,evaporite, vertisols and aridisols while coal beds or leached paleosols indicate a

wetter climate (Cecil 1990). The Triassic sandstones in the North Sea were deposited in an
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arid to semiarid climate (Figure 2-7) and contain mostly illite/smectite with subordinate

kaolinite (Bjorlykke and Aagaard 1992).

The formation of Pangea had a strong influence on the climate and the zonal circulation
pattern would be disrupted(Parrish 1993). The large area of exposed land with symmetry
around the equator and relative position to the Tethys is thought to have favored formation of

the megamonsoon that was optimal in the Triassic (Parrish 1993).

Winter run-off from Fennoscandia
and Greenland sustains high
sediment yield

Winter anticyclonic aeolian reworking ol
fluvial sands in distal reaches,
ephemeral lacustrine flooding

Summer monsoon flooding of Variscan
catchments, with local supply from
more distant headwaters

Enhanced run-off from
Fennoscandia, fluvial systems
expand into Central North Sea and
terminate in marshes and playa.
High yield from Greenland, but less
s0il moisture

Muschelkalk flooding suppresses
Tethyian monsoon, increases humidity
over Fennoscandia

Sediment yield from Fennoscandia
and Greenland reduces, but
maintains high soil moisture

Widespread saline lakes

Weakened summer monsoon sheds
sediment off Variscan mountains

Figure 2-7. Main conceptual model of climatic changes in NW Europe(McKie and Williams 2009). a)
Early Triassic, b) Middle Triassic, ¢) Late Triassic
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3. Methods and materials
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3.1 Well information and data set

Well information is gathered from The Norwegian Petroleum Directorate Fact Pages (NPD
2010) and Petrobank. Samples from well 6/3-1, 7/8-4, 7/11-9 and 7/11-8 have been
investigated. Two burial history plots have been made for two wells (6/3-1 and 7/8-4).

Well 6/3-1 will be given the most attention because it has the biggest data set with a total of
91 samples investigated, while well 7/8-4 has the second biggest with 28 samples (Table
3-1). The small data set in well 7/11-9 (10 samples) and 7/11-8 (11 samples) will be briefly

discussed.

3.1.1 Well 6/3-1

Well 6/3-1 was a wildcat well drilled in the Pi-structure in the north-western part of block 6
in the Jeeren high (Figure 1-1). The well is close by the UK-Norwegian median line and the
UK Drake field (block 22/5 UK sector). The main objective was the Jurassic and Triassic
sandstones (Skagerrak Formation) with Paleocene sandstones and Upper Cretaceous as
secondary objectives. It was drilled 2" November 1984 and discovered oil and

gas/condensate at 2965m (mRKB) with oil/water contact at 3037m (mRKB).

Burial history with isotherm graphs has been made with the purpose of identifying areas of
diagenetic alteration of minerals due to a change in thermodynamic state. Figure 3-1 has
been made with information gathered from the NPD website (NPD 2010). The burial history
of this figure is made to illustrate the rapid subsidence that happened in recent time
(Cenozoic), as the burial during Mesozoic is stable and mainly a function of the Triassic
succession. Most of the Early Jurassic deposition was probally eroded by the Mid-Jurassic
uplift (Hgiland et al. 1993), however erosional events have been excluded in the model
because of uncertinaties with the amount being eroded thus making the burial history very

simplistic.

The cored reservoir interval of well 6/3-1 is between 2967-3116mRKB which according to

the burial history is between approximately 120-130°C (Figure 3-1).
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Figure 3-1 Simplified burial and temperature history of well 6/3-1 showing high burial rates in the
Cenozoic compared to the Mesozoic. Erosional events are excluded in the model and temperature
gradient is based on the bottom hole temperature of 148°C at 3560TD and a geothermal gradient of 40
°C/km (assuming seafloor temperature of 4°C)

3.1.2 Well 7/8-4

Well 7/8-4 is a wildcat well drilled in the northern flank of the Central Graben (Figure 1-1).
The main objective was sandstone in Late Jurassic sand at 3840m (mRKB) and secondary
target in isolated sands in the Triassic. The prospect was within a structural/stratigraphic trap
on the north flank of a Triassic fault block. The well was drilled 20™ February 1985 and
turned out to be dry. Figure 3-2 is a more complex burial/temperature history with multiple
erosional events. The temperature history has been calibrated against vitrinite reflectance.
The burial history in the Mesozoic is dominated by the Triassic succession with an initial fast
burial to 4km until the end of Triassic, thereby continued by a slow burial rate until the

Cenozoic. As more sediments were deposited in the Cenozoic the Triassic succession got
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more deeply buried, with a top Triassic around 3.8km depth. The cored reservoir interval lies

around 3.8km corresponding to a temperature of 150-165°C.
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Figure 3-2. Burial and temperature history of well 7/8-4. (Data given by Tom Erik Maast)

3.1.3 Well 7/11-8

Wildcat well 7/11-was drilled in the Cod Terrace in Central Graben. The well had a primary

objective in Late Jurassic sandstones and secondary objective in Triassic sandstones. The

well was planned to penetrate a strong intra Triassic reflector at 4550+100m (mRKB). The

Well ended up dry 12" December 1983.

3.1.4 Well 7/11-9

The 7/11-9 well is located in the Cod Terrace and designed to test sedimentary sequences

that was thought to be related to the Upper Jurassic sandstones in the 7/11-5 Mime

Discovery. The main objective was the Upper Jurassic sandstone. The well ended up

abandoned on 9™ March 1986.
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Table 3-1. Well overview showing the sample distribution. *Data provided by Tom Erik Maast.

XRD (bulk) XRD(clay fraction) Thin section

6/3-1 36 18 31 10
7/8-4 17 6 5% 0
7/11-8 4 2 5% 0
7/11-9 3 3 4% 0
Samples investigated 60 29 45 10

3.2 Wire line logging

Wire line logging measures physical properties of the rock penetrated by a well. Modern
logging tool measures several different properties at the same time and most of them require
direct contact with the rock. The logs can therefore be quality controlled by the use of a
caliper log that measures the borehole diameter, in case the logging tool loses its contact with

the rock.

All information regarding wire line logs has been gathered from Asquith and Krygowski

(2004) unless stated otherwise. Following logs have been used in this thesis:

e Electric logs
o Resistivity log (R) measures resistance between electrodes that are in contact
with the rock in the well
e Radioactivity logs
o Gamma log (GR) is the result of the naturally occurring gamma radiation in
the rock (potassium, thorium and uranium)
o Neutron Porosity log (NPHI) measures hydrogen content in the rock (related
to porosity)
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o Density log (RHOB) records the electron density of the rock that is related to
the true bulk density

e Acoustic logs
o Sonic transit time log (DT) records the time to send a P-wave from one end of
the logging tool to the other end. High transit time is related to slow velocity
of the rock

e Caliper log
o Measure width of the borehole and can identify loosely consolidated areas and
can be used for QC (quality control) of the measurements requiring direct
contact with the rock in the borehole.
Combinations of logs are called composite logs where data from the same depths from one
log on one axis is plotted next to data from another log on another axis. In this thesis the
NPHI — RHOB cross plot have been used to identify shale and sand dominating areas. The
NPHI is calibrated to a water saturated limestone. Increasing NPHI with no change in RHOB
is interpreted as an increase in shale content. Another cross plotused to identify lithologies is

the LMR cross plot(Anderson et al. 2001).

Porosity can be estimated from wire line bulk density.

pp = 0pt+ (1 — ®)Pma

where:

Pb is the measured bulk density,

Pt is the matrix density,

Prma is the density of the fluid filling the pores (usually mud filtrate),

The equation can be rearranged to.

o= (pma - pb) / (pma - Pf)

If pma and prare known the total formation porosity from the measured bulk density py, can be
estimated. For this thesis the matrix density is assumed to be 2,65 g/cm’ and fluid density of

1.02g/cm’.
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3.3 XRD

X-ray diffraction (XRD) analyses are used for detailed mineralogical screening. A
monochromatic X-ray is transmitted on a crystal lattice and the diffraction depends on the
crystal lattice structure. In the lab the angle of incidence from the X-ray will vary and
reflections will be registered according to the incidence angle. The angles correspond to
lattice distances related to different planes and are registered in a diffractogram. Each
mineral will give its own unique pattern, however, some may overlap. The theory behind this
method is based on Bragg’s Law (equation 4-1). For a more thorough review of the basics

and history behind XRD see Moore and Reynolds (Moore and Reynolds 1997).

ni = 2dsin8 equation 4-1 (after Bragg and Bragg (1913))

The relationship among the wavelength of the radiation A, angle 0 between the incident beam
of radiation and the parallel planes of atoms causing the diffraction, and the spacing d
between these planes is called Bragg’s law (Bragg and Bragg 1913, Moore and Reynolds
1997).

Both semi quantitative XRD analysis and qualitative XRD analysis was carried out in this
thesis. An overview of the samples can be found in Table 3-2.The qualitative identification
procedure begins by identifying the mineral that explains the highest peak, then confirming it
by finding the positions of the weaker peaks for the same mineral. When all peaks associated
with the mineral is found, they can be excluded and the procedure repeats itself until all
peaks can be explained. Error in peak position might occur, thus requires an internal
standard. For this thesis Corundum has been added as an internal standard in order to identify
and calibrate possible phase shifts or intensity differences. The output of the qualitative
analysis is a glance of which reflections are due to clay minerals and which can be explained
by other minerals. Reynolds and Moore (1997) suggested using integrated intensities for

semi-quantification. In MacDiff the Pseudo Voigt function has been used for this purpose.

The integrated intensities were multiplied by in house weight factor standards based on the
work done by Ramm (1991) (Table 3-3). The output of this method is used to identify semi-

quantitative trends in the mineralogical composition with respect to depth. For more detailed
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information regarding quantitative analysis see Hillier (2003). Moore and Reynolds (1997)
and Snyder and Bish (1989).

It important to note that a there is a single procedure for preparing the XRD bulk analysis
(section 4.3.1) and the XRD clay fraction analysis (section 4.3.2). By following a specific
procedure for each method comparisons within the set can be made easier. This is especially
important for semi-quantitative analysis where phase shifts and intensities have to be

corrected.

All samples were processed at the University of Oslo, Department of Geology by using a
Philips X’Pert MPD diffractometer with Cu-Ka radiation. The diffractometer was set to

40kV/50mA. The MacDiff software program was used to analyze the data.

Table 3-2 Overview of all the core samples in this thesis sorted by XRD number. Notice that well 7/8-4
has two XRD number intervals due to different sample takers. All the samples presented in this table has
been analyzed for whole rock (bulk) composition, additional clay fraction analysis are bolded. *Samples
from Tom Erik Maast. mRKB = meter relative to Kelly bushin.

| Well | mRKB | XRDnr | Well | mRKB | XRDnr | Well | mRKB | XRD nr
7/11-8 | 3728,36 | 6440* | 6/3-1 | 2967,7 6487 6/3-1 | 3069,1 6511
3735,7 | 6441* 2972,85 | 6488 3074 6512
3736,7 | 6442* 2977,65 | 6489 3079,05 6513
3743,95 | 6443* 2979,65 | 6490 3080,15 6514
7/8-4 | 3825,6 | 6444* 2982,65 | 6491 3085 6515
3831,25 | 6445%* 29874 6492 3090,46 6516
3831,6 | 6446* 2992,65 | 6493 3095,38 6517
3832 | 6447* 2996,65 | 6494 3100,65 6518
3845,65 | 6448* 3002,32 | 6495 3105,65 6519
7/11-9 | 4183,66 | 6449* 3005,35 | 6496 3109,65 6520
4186,7 | 6450* 3011,35 | 6497 3113,63 6521
4191,85 | 6451* 3016,77 | 6498 3115,65 6522
7/8-4 | 3825,68 | 6475 3020,72 | 6499
3826,35 | 6476 3022,65 | 6500
3830 6477 3023,42 | 6501
3832 6478 3028,77 | 6502
3834 6479 3033,65 | 6503
3837 6480 3039,72 | 6504
3840,15 | 6481 3042,65 | 6505
3843,15 | 6482 3047,65 | 6506
3845,05 | 6483 3052,66 | 6507
3850,2 | 6484 3055,3 6508
3855,05 | 6485 3060,65 | 6509
3858 6486 3064 6510
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Table 3-3. XRD identification scheme with weight factors (WF) for semi quantitative representation
after Ramm (1991) and Peltonen et al. (2008).

Mineral d-spacing WF
Bulk
"Total clay 4,5 20
Quartz 3,34 1
Plagioclase 3,19 4,2
K-feldspar 3,24 3,7
Calcite 3,04 1,6
Dolomite/ankerit 2,89-2.90 1,2
e
Siderite 2,79 4
Pyrite 2,71 2
Clay fraction (EG)

Smectite/ IS 17 0,5
Illite 10 1
Kaolinite 7 1
Chlorite 7 1

Kaolinite and Chlorite overlap at 7A and the relative percentage of each clay mineral has to
be semi quantified. This is done by looking at the slow scan in XRD,. run 2 where peaks at
3,54/54A (chlorite (004)) and 3,57/58A (kaolinite 002) are present. A straight baseline is
drawn and the intensity peaks are measured. If both kaolinite and chlorite is present peak
decomposition is required. The relative abundance of both kaolinite and chlorite is
determined and can be calculated from the integrated area of 7A that represents both

minerals.

3.3.1 XRD Bulk analysis

XRD Bulk analysis was carried out on 60 samples from three different wells (Table 3-2).

The XRD Bulk analysis was carried out as follows:

e Samples are crushed in a pestle or a mortar to a size of < 2mm
e Samples are put into a grinder where the sample is mechanically crushed, by both
impact and friction, into a homogenous material
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¢ 20% Corundum was added to the sample (preferable 2 gram of sample size was
added 0,5 gram of Corundum)

e The crushed sampled was then pulverized for 3-5 minute (depending on sample size)
in a McCrone micronizing mill. Distilled water was added in the mill (1gram = 7-10
milliliter, 2,5gram = 20 milliliter). For more information regarding use of micronizer
see O’Connor and Chang (1986) and Moore and Reynolds (1997)

e The pulverized wet material was filtered by a vacuum filter apparatus provided by the
Millipore” Corporation (see Moore and Reynolds (1997) for more information). The
filter used is a cellulose nitrate filter with a pore size of 0.45um

e The filter with the sample was air dried for at least 24 hours

e The dried sample is disaggregated in an agate mortar and pressure packed into an
aluminum sample holder to produce random whole rock mounts

The sample is now ready to be analyzed by the diffractometer.

The scanning program set for the XRD bulk analysis is as following:

Bulk FORCE: 2-65 °20  Step: 0,02 °20 3 seconds per step.

3.3.2 XRD Clay fraction analysis

XRD clay fraction analysis was carried out on 25 samples (Table 3-2).

¢ Crushed sample material (without any Corundum) is put into a small beaker glass

¢ 300 ml of distilled water was added in the beaker glass with the sample and stirred
for one minute

e Each sample was given 10 minutes of ultrasound treatment in a Bandelin Sonorex
RK102 transistor in order to disperse the clay particles. Samples with high clay
content was left overnight

e 100 ml of distilled water and 10-15 ml of Calgon was added to the sample

e Samples were stirred for one minute and left in suspension for 3 %2 hour (theory based
on falling velocity being the result of the particle diameter (see Stoke’s Law (Stokes
1851))

¢ Everything above roughly 175 ml mark on the beaker glass was siphoned into a small
plastic container

e The wet material was filtered by a vacuum filter apparatus provided by the
Millipore " Corporation (see above for reference)

e The filtered samples were treated with 0,1 M MgCl, and distilled water

e Samples were then air dried and placed on silica glass slides with the aid of a small
aluminum cylinder making the sample oriented
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The sample is now ready to be analyzed in the diffractometer.
The samples underwent three treatments and four different XRD runs.
Treatment 1: Air dried
XRD, run 1: Fast scan 2 - 45 °26, step 0,06 °26, 3 seconds per step

XRD, run 2: Slow scan across 3,53/54A (Chlorite) — 3,57/58A (Kaolinite)
reflection 24 - 26 °26, step 0,01 °26, 4 seconds per step

Treatment 2: Ethylene glycol vapor. Sample was left in an exsiccator overnight
XRDe run 3: 2 - 35 °26
Treatment 3: Heating (550°C).

XRDy run 4: 2 — 30 °26

3.3.3 Volume percentage or XRD percentage

In this thesis the mineral abundance will be presented as XRD percentage. The XRD
percentage is only a relative amount that may vary but still will give mineralogical trends. A
more time consuming method based on full pattern matching has not been done due to time

restrictions.

35

——
| —



3.4 SEM

Secondary electron microscopy (SEM) is method images the sample surface in very high
resolution. A SEM-JEOL JSM 6460LV equipped with a Link eXL energy dispersive
spectrometer (EDS) was used for petrographical examination by both BSE (backscattered
electrons) and SEI (secondary electrons) on selected sandstone samples. The identification
was done by using a combination of EDS and SEM atlas (Welton 1984). Three main types of
samples were examined by SEM: gold coated stubs, carbon coated thin sections and carbon

coated carbon bricks.

3.4.1 Elemental analysis on pore-coating clay material

Bulk samples of sandstone with high amount of pore-coating clay are gently rolled around
into a mortar with ethanol. The ethanol containing the clay minerals are then transferred by
pipette onto a polished carbon brick and later carbon coated. The pore-coating material is
now coated by carbon and can be investigated by SEM with minimum background noise. An
elemental analyzes are carried out the software INCA and atomic% are used to calculate the
chemical formulae of the respective pore-coating material.

In this thesis two chlorite coated sandstone samples were examined by elemental analyzes in

SEM (3065,65mRKB and 3115,65mRKB).
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3.5 Thin section

Thin sections are about 30 um thin consisting of epoxy impregnated sediments (rock). They
provide detailed information about rock texture and mineralogy, however they cannot
provide us with information of grains smaller than about 5 pm. A general description of all
the thin sections used in this thesis can be found in Appendix II. This description is based on:
lithology, average grain size, most common grain shape, sorting, framework connection and
other remarks of interest. An overview of which samples that was examined can be seen in
Table 3-4. The degree of sorting is divided into good- (well-) ,moderate- and poorly sorted
which are modified after Longiaru (1987) (Figure 3-3). For grain sizes the common

Wentworth scale is used.

2.00: Poorly/¥ery Poorly Sorted  1.00 Moderately/Poorly Sorted 0.35 Very WellfWell Sorted

Figure 3-3. Degree of sorting taken from Choh et al. (2003) that is modified after Longiaru (1987)

Table 3-4. Thin sections for the study area. All depths are in mRKB. Bolded samples have been point
counted. *Data given by Tom Erik Maast

Well Depth Well Depth Well Depth
6/3-1 2967,7 6/3-1 3042,65 7/11-8 3726,08*
2972,85 3047,65 3728,36*
2977,65 3052,66 3735,7*
2979,65 3055,3 3736,7*
2982,65 3060,65 3743,95*
29874 3069,1
2992,65 3074 7/8-4 3825,6*
2996,65 3079,05 3831,25%
3002,32 3080,15 3831,6*
3005,35 3085 3832*
3016,77 3090,16 3845,65*
3020,72 3095,38
3023,42 3100,65 7/11-9 4183,66*
3028,77 3105,65 4186,7*
3033,65 3109,65 4191,85*
3039,72 3115,65 4192,6*
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3.5.1 Point counting

Point counting has been performed on a Nikon Optiphot-Pol petrographic microscope with
both plain polarized light (PPL) and cross polarized light (XPL). Exactly 200 points have

been counted with the aid of a Swift automatic counter in 31 thin sections (Table 3-4).

Eight different parameters were counted for:

1) Quartz, 2) Feldspar, 3) Rock Fragments, 4) Matrix, 5) Carbonate cement, 6) Primary
porosity, 7) Quartz cement and 8) Secondary porosity. Adams et al.(1986) have been used
excessively for identification of the different parameters. For more information regarding

point counting see Galehouse (1971) and Weltje (2002).

3.5.2 Intergranular Volume

From the information gathered in Point counting (see above) we can calculate the
IGV(InterGranular Volume). IGV is an important parameter for measuring compaction in
sandstone. It is equivalent to intergranular primary porosity (measure of the space between
framework grains) and averages around 40-45 volume percent. IGV varies to a limited
degree with sorting and does not vary with particle size. It should be noted that the 2D
representation through a thin section gives an apparent variation in grain size. Grain contacts

may also be out of the plane of the thin section (Lundegard 1992, Ehrenberg 1995).

IGV (%) = Vintergranular porosity + Vintergranular cement T Vdetrital matrix
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3.6 Uncertainties

Uncertainties regarding different methods are just as important as the method itself.

3.6.1 XRD uncertainties

XRD intensities can be influenced by differences in particle size, orientation and multiple

reflections for each mineral.

The use of Corundum as an internal standard is new for this department, however it is not a
new method (Snyder and Bish 1989). The purpose of using an internal standard is to detect

and calibrate possible shifts in phases and correction of intensities.

The use of a dry grinder (such as the one used in this thesis) should be avoided according to
Hillier (2003) due to the risk of damaging the clay minerals. Prolonged grinding might also
create new clay-sized-minerals. An alternative method would be the freeze-thaw method, this
however takes too much time to be applied in this thesis (see Hillier (2003) and references

therein).

The cellulose nitrate filter used for both clay fraction analysis and bulk analysis had expired
over eight years ago (October 2002). The effect of using an expired filter did not seem to

affect the result and is considered to have a negligible impact.

3.6.2 Thin section uncertainties

Interpretation of the thin sections is in a strong degree dependant of experience. Due to
limited experience by the author in sandstone petrology the results should be looked upon as
indications and rough trends only. It should also be noted that some thin sections were of
poor quality. Both extensive quartz fractures and yellowish color of the quartz (due to too
thick thin section) were present in some samples (Appendix IIc). Some samples also had an

increase in pore space towards the thin section edges, implying artificial porosity.
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Uncertainty arise when conventional microscopy is used for quantification of quartz cement
instead of SEM/CL as studies show that percentages of quartz cement determined by
conventional methods are overestimated where quartz cement is present in high proportions

and underestimated where quartz cement is less abundant (Evans et al. 1994).

3.6.3 Petrophysics

The assumption of a standard bulk density of 2,65 g/cm3 and fluid density of 1.02g/cm3 is
very simplified since the bulk composition from the cored interval in well 6/3-1 and 7/8-4 is
subarkosic, meaning the bulk density should be adjusted for every 5 meter (common cutting
sampling interval). The fluid density of well 6/3-1 is highly variable as the well is defined as
oil find with an oil/water contact at 3037mRKB.
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4. Mineralogical and Petrographical description
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4.1 Introduction

This chapter will present the results and observations done by XRD, SEM and Thin section
analysis by methods described in Chapter 4.

4.2 Thin section analysis

A general description of 31 thin sections from well 6/3-1 has been made (Appendix II).

Intra Draupne Formation

The upper three samples (Intra Draupne Formation) consist of matrix dominated framework
with varying grain sizes from silt to fine sand. The sorting is generally poor and grain shape
range between subangular and subrounded. Presence of polycrystalline sutured quartz and
undulose extinction have been interpreted to suggest both metamorphic and magmatic source

(Adams et al. 1986).

Skagerrak Formation

The remaining 28 samples belong to the Triassic Skagerrak Formation. The samples are poor
to well sorted with varying lithology from shale to sandstone. Generally they are grain
dominated framework with moderately sorted subrounded-subangular fine sandstone. A
wide range of feldspars have been identified (perthite, albite, microcline and orthoclase).
Both polycrystalline quartz and undulose extinction are present indicating a source area of
both magmatic and metamorphic origin (Adams et al. 1986). Good porosity occurs in thin
sections where a black rim, hematite or chlorite, coating is visible around the grains (2992,65
mRKB and 3105,65 mRKB). Local occurrence of pressure solution between quartz and mica
is present (3039,72 mRKB). Abundance of fine grained rhombic dolomite cement is
observed in 3042,85 mRKB indicating cementation of shallow origin. The cemented thin
section also has an abnormal high IGV, indicating dissolution of grains and precipitation of
cement. A mosaic texture of pore-filling calcite can be seen at 3039,72 mRKB where

available porosity has been filled by calcite and dolomite crystals increase in size away from
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the grains. Figure 4-1 illustrate two samples with low porosity where the sample from
3028,77 mRKB is a well sorted siltstone with parallel mica bonds and 3023,42 mRKB
having local calcite cemented areas and polymodal grain size. Presences of sutured
boundaries in detrital quartz indicate presence of the diagenetic effect have been interpreted

to be caused by pressure-solution along grain-to-grain contacts.

Some enlarged pictures have been taken of selected thin section samples with 10X
magnification (Figure 4-2). Both PPL (Plane Polarized Light) and XPL (Cross Polarized
Light) images have been taken of 2992,65 mRKB and 3039,72 mRKB while only PPL has
been taken of 3039,72 mRKB and 3052,66 mRKB. Several compaction related deformation
structures are visible such as sutured quartz along grain-to-grain contact areas and ductile
deformation of mica. Porosity reducing effects such as carbonate cementation and quartz
overgrowth severely reduce the reservoir quality. Some minor provenance features can also
be interpreted such as quartz with an abnormal notch in the structure perhaps caused by
dissolution of quartz and replacement of calcite cement or corrosion in humid soil. Another
provenance identified features are recrystallized metamorphic quartz that’s been identified by

having equant and relatively straight boarders and extinction.
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Figure 4-1. Scanned thin sections with white bar for scale. a) Siltstone with laminated mica (3028,77
mRKB PPL), b) Same as a) but in XPL. Notice presence of parallel oriented mica (white arrow), ¢) Grain
supported poor sorted fine sandstone from 3023,42 mRKB (PPL) with local areas of cementation, d)
Same as c¢) but in XPL. White arrow points toward calcite cemented area while the black arrow points
towards sutured quartz
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Figure 4-2. Microscope images taken from a 10x thin section (same scale for all images). a) Quartz
overgrowth (white arrow) and stylolite (pressure solution)(black arrow), b) XPL of a) Polycrystalline
quartz (chert?, black arrow) and recrystallized metamorphic quartz (polycrystalline quartz with equant
boarders and relatively straight boarders and extinction, white arrow), ¢) Extensive dolomite
cementation filling surrounding a quartz grain with an anomalous notch in the grain surface due to
partial replacement of quartz by dolomite cement (alternatively corrosion in humid soil) at 3039,72
mRKB depth, d) XPL of ¢) Microcline with its characteristic twinning (uppermost left) and
polycrystalline quartz (far right), e) 3052,66 mRKB depth with poorly sorted very fine sandstone with
high content of matrix (mica). Ductile deformation is evident by bending mica (white arrow), f) 3069,10
mRKB depth with localized carbonate cement (upper left) and open pore space (lower right). Black line
is 10pm
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4.2.2 Point counting

Modal analysis (200 points per section) has been performed on 30 samples belonging to 6/3-
1, 7/8-4,7/11-9 and 7/11-8 (See appendix IIb). Both wackes and arenites are present in the
study area (Figure 4-3 and Figure 4-4). Within the wackes the most abundant composition is
feldspathic wackes, while among the arenites the feldspathic arenites and quartz arenite are
the most abundant. It should be noted that a great number of untwinned albite in well 6/3-1
might have been misinterpreted as quartz, making the true composition more likely to be
feldspathic arenites. Both the matrix content and the Jurassic samples have been excluded in
the average composition calculation where average value of each well and average value of
all the wells have been plotted (Figure 4-5). The dominantly petrographic classifications of

all the sandstones are subarkosic.

Legend Quartz
Well 6/3-1

[} Well 7/11-9

Quartz wackes

Feldspathic wackes Lithic wackes

Feldspar URF

Figure 4-3. Petrographic classification of wackes (matrix >10%) in the study area. Wackes are only
present in well 6/3-1 and 7/11-9
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Legend
Well 6/3-1

Well 7111-9
Well 7/8-4
Well 7/111-8

Quartz arenites

S <4+

Feldspathic arenites Lithic arenites

Feldspar URF

Figure 4-4. Petrographic classification of arenites (matrix < 10%) in the study area.

Quartz

gen
Average Well 7/11-9
Average Well 7118
Average Well 7/8-4
Average (Triassic) Well 6131
Average of all wells

o+

Feldspar URF

Figure 4-5. Petrographic classification of average values (excluding Jurassic samples and matrix content)
in the study area for all the wells. All wells end up with an average subarkosic composition
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4.2.3 IGV

IGV was calculated and presented in Figure 4-6. The Jurassic samples from well 6/3-1 has
been removed. The average IGV of well 6/3-1 for the Triassic samples is 35% and range
between 20% — 70%. The majority constituent in sample from 3039,7 mRKB is dolomite
cementation. The less IGV variable well 7/8-4, 7/11-9 and 7/11-8 ranges mostly between
20% - 50% with averages in same well order of: 30%, 34% and 39%.

a) Well 6/3-1 IGV(%) b) Well 7/8-4 I1GV(%)
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60
2982,65 383125
2992.65 38316 miGy
300232
3832
3005,35
3016,77 384565
3020,72
302342
: Well 7/11-8 IGV(%
3039.72 migy C) / ( )
3052,66 0 10 20 30 40 50 60
3060,65
1074 3726,08
307905 372836
u GV
3085 37357
3095,38 3736.7
3105,65
374305
311565
d) Well 7/11-9 IGV(%)
o 10 20 30 40 50 &0
418366
GV
4186,7
419185

Figure 4-6. Intergraunlar volume from all the wells. Depth on Y axis while IGV is on the X axis. a) Well
6/3-1 with the biggest dataset showing variations in IGV with depth, b) Well 7/8-4, ¢c) Well 7/11-9, d)
Well 7/11-8. Caliche identified samples from well 7/8-4, 7/11-8 and 7/11-9 has been excluded but can be
found in appendix IIb)

4.2.4 Importance of sorting

Thin sections from well 6/3-1 were grouped semi-qualitatively by eye in a microscope
according to the degree of sorting (bad, moderate or good)(Appendix II). The sorting was
also correlated with the conventional core description (NPD 2010). Three statistical plots

were made with sorting against porosity/total clay and IGV (Figure 4-7b-Figure 4-9).

[ )




Porosity values from point counting (both primary and secondary) were plotted against the
degree of sorting (Figure 4-7). It should be noted that both the poor and moderate sorted
samples has roughly 4% average porosity with varying 95% confidence interval depending
on the spread of data and the number of samples. The good sorted samples show a higher
mean porosity but also a larger 95% confidence interval due to small sample size and varying
porosity values. A trend is difficult to predict from these samples although an impression that
higher porosities are found with high degree of sorting is plausible.

From the bulk XRD data a total clay value from each sample was obtained. This value is
highly semi-quantitative as the 4.5A peak fail to include all the clay minerals within the
sample, but is a good estimate, and thus will be referred to as XRD%. A decreasing value of
total clay XRD% is visible with higher degree of sorting (Figure 4-8). The 95% confidence
interval for poorly sorted samples is big in comparison with good sorted samples implying
higher certainty in good sorted samples than in the bad sorted samples.

For the IGV (%) against sorting the trend is unclear (Figure 4-9). The bad sorted has a mean
IGV of 35% while both moderate and good sorted samples has a mean of 30%. The large
uncertainty is evident by the 95% confidence interval that range between 15-45% for the
good sorted to about 25%-35% for the moderate sorted. One would expect higher IGV with
higher degree of sorting, due to higher porosities (IGV) for well sorted than poor sorted, but

this is not evident from samples in well 6/3-1.
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Well 6/3-1 Sorting vs porosity
95% CI for the Mean

144
124

10

i L

Poor Moderate Good

Figure 4-7. Sorting plotted against porosity (from point counting) with a 95% confidence interval and
the mean. Sample size: Npoor=5, Nmoderate=7 and Nggoq =5.

Well 6/3-1 Sorting vs Total clay (XRD%)
95% CI for the Mean

40

304

Total clay (XRD %)
N
o
T

10

K3

Poor Moderate Good

Figure 4-8. Relationship between sorting and Total Clay (XRD %) show both the mean and 95 %
confidence interval. Sample size: Nyoor=12, Nyoderate=12 and Nggoq =7

Well 6/3-1 Sorting vs IGV(%)
95% CI for the Mean

45

354

25

20

151

Poor Moderate Good

Figure 4-9. Relationship between sorting and IGV (%). Notice big spread in 95% CI implying big
uncertainties, however high IGV seem to favor poorly sorted sediments. Sample size: Npoor=5, Nimoderate=7
and Nggoq =5
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4.3 XRD

This section will include both the results from XRD Bulk and Clay fraction analysis
according to methods in section 4.4. A total of 60 samples have been analyzed and an

overview of them can be found in table 4-2.

4.3.1 XRD Bulk

No clay minerals has been identified in the bulk analysis, instead a “total clay” value will
represent the abundance of clay minerals within one sample. Both well 7/11-8 (Figure 4-10)
and 7/11-9 (Figure 4-11) contain less than 5 samples from a small interval (<20) and thus
only provides us with a vague insight in the bulk mineralogical composition. Well 6/3-1 and
7/8-4 have been sampled at a larger interval and provide us with a better insight of

mineralogical variation with depth.

In well 7/11-8 (Figure 4-10) the mineralogical composition in order of abundance with
average values are: Quartz (57 XRD%), Plagioclase (22 XRD%), K-feldspar (12 XRD%),
“Total clay” (7 XRD%), Dolomite/Ankerite (<1 XRD%), Calcite (<1 XRD%), Siderite (<1
XRD%) and pyrite (<1 XRD%). It should be noticed that the sample at 3743,95 mRKB
contain no “total clay”, which is in reality not the case. The reason for the 0% is most likely
related to the fact that “total clay” is just an estimate of the total clay content and not the true

total clay content.

The mineral composition for well 7/11-9 is only represented by three samples in a thickness
of 7 meters (Figure 4-11). Mineralogical in order of decreasing abundance with average
values the minerals are: Quartz (50 XRD%), Plagioclase (19 XRD%), K-feldspar (13
XRD%) , “Total clay” (10 XRD%) and Dolomite/Ankerite (6 XRD%). We also observe a
localized sharp increase in Dolomite/Ankerite in 4191,85 mRKB most likely related to a

cemented interval.

Fourteen samples have been taken from well 7/8-4 with one sample duplicated due to
different sample takers (3832 mRKB) (Figure 4-12). Mineral composition with decreasing
order of abundance and average value is: Quartz (32 XRD%), Plagioclase (24 XRD%),
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“Total clay” (19 XRD%), Dolomite/Ankerite (15 XRD%), K-Feldspar (8§ XRD%), Siderite
(<1 XRD%) and pyrite (<1 XRD%). There seems to be an inverse relationship between
presence of Dolomite/Ankerite XRD% and Feldspar (XRD%) (K-feldspar XRD% +
Plagioclase XRD %). A quality control on the data can be performed by comparing the two
samples, taken by different sample takers, from the same depth (3832mRKB) assuming
homogeneous sample. There is a significant correlation in these two samples with a Pearson

correlation value of 0,991 and a P-value of 0, indicating good repeatability for the method.

Well 6/3-1 was most extensively sampled and thereby provides the most detailed
mineralogical evolution with depth (Figure 4-13). The cored reservoir interval from well 6/3-
1 contains both Jurassic and Triassic strata and the author find it practical to divide the
results from well 6/3-1 in two. It should also be mentioned that the entire Early Jurassic
strata is missing, creating an unconformity at 2978mRKB. Only three samples represent the

Jurassic with heterogeneous composition

The mineralogical composition with decreasing order of abundance for the Triassic samples
in well 6/3-1 is: Quartz (47 XRD%), Plagioclase (20 XRD%), “Total clay” (14 XRD%), K-
Feldspar (12 XRD%), Dolomite/Ankerite (6 XRD%), Calcite (3 XRD%), Pyrite (<1 XRD%)
and Siderite (<1 XRD%). As with both well 7/11-9 and 7/8-4 there are local areas of high
XRD % of total clay and Dolomite/Ankerite.

Well 6/3-1 and 7/8-4 shows a decreasing maturity with depth based on quartz/feldspar ratio
(Figure 4-14) . The quartz and feldspar values are based on XRD due to a bigger sample
number and less biased by the interpreter. The quartz/(quartz + feldspar) ratio for well 6/3-1
ranges from 1 to 0,38 with an average of 0,59. Well 7/8-4 has an average quartz/feldspar
ratio of 0,51 and range from 0,63 to 0,39.
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Well7/11-8 m Total clay

0% 20% 40 % 60 % 80 % 100 % W Quartz
' i i i i | m K-Feldspar
— 3728,36
] W Plagioclase
e 3735,70
E m Calcite
i =
‘é 3736,70 m Dolomite/Ankerite
(=]
3743,95 = Siderite

Figure 4-10. XRD bulk composition of samples from well 7/11-8

Well7/11-9 M Total clay
0% 20% 40 % 60 % 80% 100 % B Quartz
. L | | | | | m K-Feldspar
@ 4183,66 )
o= W Plagioclase
£
= 4186,70 m Calcite
g’ 4191,85 ® Dolomite/Ankerite
Figure 4-11. XRD bulk composition of samples from well 7/11-9
Well7/8-4
0% 20% 40% 60% 80% 100%
3825,60
3825,68
3826,35 | Total clay
3830,00
[ |
3831,25 Quartz
383160 || K—Feldspar
= 3832,00 W Plagioclase
% 3832,00 M Calcite
= 3834,00 ® Dolomite/Ankerite
‘é 3837,00 .
= Sideri
O 384015 Siderite
3843,15 I Pyrite
3845,05
3845,65
3850,20
3855,05
3858,00

Figure 4-12. XRD bulk composition of samples from 7/8-4. Notice two samples from 3832 mRKB (from
two different sample takers) showing a good correlation
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Figure 4-13. XRD bulk composition of samples from well 6/3-1

Well 6/3-1
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3042,65
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3831,25
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3060,65
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3079,05
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3095,38
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Figure 4-14. Quartz / Quartz + Feldspar ratio in well 6/3-1 and 7/8-4. The data is taken from XRD bulk
A value of 1 implies mature sandstone while a value of 0 implies immature sandstone

4.3.2 XRD Clay fraction

A total number of 29 XRD clay fraction samples were analyzed with the purpose of
identifying the abundance of each clay mineral group (Smectite group, Illite group, Chlorite
group) with the exception of the Kaolin group where only the clay mineral kaolinite is
represented. When relating to the most abundant clay mineral within a sample it is only with
respect to the clay fraction analysis and not the bulk fraction. The amount of clay minerals in

each sample is related to the “total clay” XRD % in the bulk analysis (XRD Bulk).

Both chlorite and illite are present in well 7/11-8 (Figure 4-15) and 7/11-9 (Figure 4-16) with
the majority being chlorite. It is difficult to deduce trends with few samples however well
7/11-8 seems to have a dominance of chlorite (>90 XRD%) while well 7/11-9 is more

influenced by illite.
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In well 7/8-4 (Figure 4-3 there seems to be a downward increase in illite (from 90 XRD%
chlorite and 10 XRD% illite to a roughly 20 XRD% chlorite and 80 XRD% illite). Two
samples also stand out with almost the same proportion illite and chlorite (3845,05mRKB
and 3858,00mRKB). Trace amount of smectite / Illite/smectite can be seen in

3845,05mRKB.

Well 6/3-1 provides the most detailed clay mineralogical development with 18 samples
covering roughly 140 meters (Figure 4-18). The first sample belongs the Middle/Late
Jurassic (2977,65 mRKB) displaying a 90 XRD% chlorite and a 10 XRD% illite content.
Within the Triassic section three main clay minerals with decreasing order of abundance and
average values: chlorite (53 XRD%), illite (35 XRD%) and kaolinite (12 XRD%). The
amount of chlorite and illite seem to vary with depth with some intervals being dominated by
chlorite and others by illite. It is worth noticing that kaolinite is only present in and above
3028,77 mRKB and below 2977,65mRKB with two upward increasing trends. It should also

be noticed that one sample is without any kaolinite (within the “kaolinite”) interval.

A clay mineral distribution overview(excluding smectite and mixed layer clays) shows the
dominant clay mineral group to range between chlorite and illite, however some samples
show an abundance of kaolinite (Figure 4-19). The kaolinite seems to be restricted from

3028,77 mRKB to 2979,65 mRKB with two upward increasing of kaolinite sequences.
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Well7/11-8
0% 20% 40% 60 % 80% 100% M Chlorite

3735,70 H [llite
3736,70

Figure 4-15. XRD clay fraction composition from well 7/11-8

Depth mRKB

Well 7/11-9
@ 0% 20% 40% 60% 80%  100% _
x m Chlorite
o L | | | | |
_E 4183,66 | lllite
2 4186,70
2 419185

Figure 4-16. XRD clay fraction composition of samples from well 7/11-9

Well7/8-4
0% 20% 40% 60 % 80% 100%

3830.00 M Chlorite
e
£ 3840,15 Smectite/ IS
:g_ 3845,05
A 3855,05
3858,00

Figure 4-17. XRD clay fraction composition of well 7/8-4. Notice presence of Smectite/IS at 3845.05
mRBK
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Well6/3-1
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2979,65
2982,65
3002,32
3011,35
3020,72
3028,77
3039,72
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3060,65
3069,10
3079,05
3085,00
3095,38
3105,65
3109,65
311565

B Kaolinite
W Chlorite
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Depth mRKB

Figure 4-18. XRD clay fraction composition of well 6/3-1

Ilite
Graph 1
<> Well 7/11-8
V4 Well 7/11-9
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+
+ B‘K
+
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Figure 4-19. Ternary plot of the three most dominating clay minerals within the study area
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4.3.3 Fe content of chlorite from XRD diffractogram

Fe content of two samples, 3115,65 mRKB and 3060,76 mRKB, have been determined
based on the method after Moore and Reynolds (1997) . The samples were chosen by three
reasons. Firstly, a pore-coating material, assumed to be chlorite, and high porosities was
identified in both thin sections (Appendix II). Secondly both samples showed high odd
numbered reflections on the XRD diffractograms (Appendix Ib) implying high Fe chlorites
according to Moore and Reynolds (1997). Thirdly, according to the XRD analysis high
amounts of chlorite in the clay fraction is present in both samples (>90 XRD%, Figure 4-18).
The amount of Fe in the octahedral position is 3 in the sample from 3115,65 mRKB and 4 in
the sample from 3060,65 mRKB.

4.4 Combining XRD and thin section data

Simple relationship between mineralogy and porosity has been made to identify trends in
well 6/3-1 (Figure 4-20) XRD% values less than 5% of Calcite and Dolomite/Ankerite
favors higher porosities while above this high porosities are rare. Decreasing Illite XRD%
favor higher porosities high porosities are found where illite is below 3 XRD%. As with
[llite, low XRD% of chlorite (<5 XRD%) is needed to see high porosities, although the data

is more spread than in illite.

A simplified log from the most densely sampled logs (well 6/3-1 and 7/8-4) illustrates the
trends in mineralogical distribution with depth (Figure 4-21 and Figure 4-22). It should be
noticed that only samples that have been analyzed by both XRD bulk and XRD clay fraction
have been added. The lithology logs are simplified and based on core description logs from
the completion logs. It should be noted that the lithology logs have been upscaled and areas
with high amount of clay (even though it the logs say sand) is caused by the upscaling since

small beds of 0.5m shale is present and have been sampled and analyzed by XRD.

In well 7/8-4 the trends in clay mineral abundance is evident with a fairly constant chlorite
content and varying illite XRD%. An increase 1n illite and dolomite/ankerite XRD% can be

seen around 3855mRKB together with a decrease in feldspar content.
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Due to access of more samples well 6/3-1 displays several trends with increasing depth.
There is a relationship between the amount of dolomite/ankerite with the amount of illite and
chlorite, which increases at an expense of feldspar (mainly plagioclase) and quartz. High
porosities are located where the amount of clay minerals and dolomite/ankerite and calcite is

low while the opposite is true for low porosities.

a) Porosity VS Calcite b) Porosity VS Dolomite/Ankerite
16 16
= * 3o +
.E 14 .E 14
E 12 E 12
Z 10 » 10 *
2 8 (e * T g1
=5 o s s—2 _
£ 2 » # Porosity 5 - o S # Porosity
g g 4 .
g 23 @ HE f. 0
0 pe » 0 » +
0,00 10,00 20,00 30,00 40,00 50,00 0,00 10,00 20,00 30,00 40,00 50,00 60,00
Calcite XRD% Dolomite /Ankerite XRD%
c) Porosity VS Chlorite d) Porosity VS lllite
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& 14 ?.'. 14
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Chlorite XRD% Illite XRD%

Figure 4-20 Specific minerals against modal analysis porosity estimation in well 6/3-1. NB real porosity is
always higher than modal analysis porosity due to microporosity. a) Porosity plotted against calcite
notice possible anomaly at 40% calcite XRD %, b) Porosity plotted against Dolomite/Ankerite XRD %, c)
Porosity plotted against chlorite XRD %, d) Porosity plotted against illite XRD %
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Figure 4-21. Simplified lithology log from well 7/8-4 with a complete XRD data description (both clay
fraction- and bulk data) and porosity from modal analysis
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Figure 4-22. Simplified lithology log from well 6/3-1 with a complete XRD data description (both clay
fraction- and bulk data) and porosity from modal analysis
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4.5 SEM

Eight samples, from well 6/3-1, of both cemented and porous sandstones, have been
examined by SEM with the purpose of identifying clay morphology and mineral associations.
All minerals identified in Figure 4-23 to Figure 4-30have been confirmed by the use of
energy dispersive spectrometer (EDS). A wide range of minerals have been identified in
random order: Kaolin, illite, chlorite, smectite, apatite, biotite , calcite, ankerite, dolomite,

feldspar and quartz.

4.5.1 Secondary Electron Image (SEIl)

Five porous sandstone samples (gold coated “stubs”) have been investigated by SEI. The

samples have been presented with increasing burial depth (2992,65 mRKB - 3069 mRKB).

In the sample from 2992,65 mRKB (Figure 4-23) three main types of clay can been
identified: chlorite, kaolin and illite. All the clay minerals in this sample occur as pore-filling
between detrital quartz. The morphology of the clay minerals that can be recognized is the
characteristic authigenic booklet shaped kaolin and platy illite possibly from a smectite
precursor due to the platy morphology. A small piece of calcite can be seen on top of a

quartz overgrowth next to pore-filling platy chlorite.

From the depth of 3016,77 mRKB (Figure 4-24) presence of quartz overgrowth and
interstratified illite/smectite rim cement with a pore-bridging morphology is seen. The

distribution of the rim cement seems to within a limited area.

Extensive chlorite coating with honeycomb morphology is seen in Figure 4-25 at 3022,65
mRKB burial depth. The coating did not cover the entire grain thus haven’t prevented quartz
overgrowth to occur. The quartz overgrowth fills in the porespace and reduces reservoir
quality. Other clay minerals such as smectite and illite have been identified with a platy pore-
bridging morphology although the illite is more fibrous in some areas. Feldspar is also seen

with dissolution along cleavage planes.

At a depth of 3069,10 mRKB (Figure 4-26) both illite and illite/smectite has been identified.

The illite occurs as both platy and fiberous and fills in the pore space with a fibrous
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morphology.Quartz overgrowth can be seen in the space between two detrital feldspars.

Some feldspars has also been extensively dissolved along its crystallographic axis.

Figure 4-23. SEM-SEI images of sample from 2992,65 mRKB. a) Overview of the sample showing good
sorted subrounded-subangular medium grained sandstone with pores (black area) and matrix, b) Close-
up of porefilling, possibly, detrital kaolin (Ka) and authigenic illite (Il), c) Detrital quartz (Qz) with pore-
filling chlorite (Ch) and presence of calcite (Ca), d) Authigenic kaolin with the characteristic booklet

shape
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Figure 4-24 . SEM-SEI images of sample from 3016,77 mRKB. a) Quartz overgrowth (Qz) next to a
detrital feldspar (F's), b) Illite/smectite rim cement (I/Sm) with a pore-bridging morphology
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Figure 4-25. SEM-SEI images of sample from 3022,65 mRKB. a) Overview of coarse grained moderately
sorted sandstone, b) Randomly oriented authigenic euhedral quartz grains (Qz), c) Albite (Ab), smectite
(Sm) and illite(Il) coating a detrital grain, d) Dissolved feldspar (Fs) suggesting that dissolution process
was surface-reaction controlled along selected lattice planes, e¢) Extensive chlorite (ch) coating on a
detrital quartz (Qz) grain with quartz overgrowth on it. Enlarged area displays the characteristic
honeycomp morphology of chlorite. White line for scale in the enlarged is 2um, f) Large quartz

overgrowth filling the pore space
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Figure 4-26. SEM-SEI images of sample from 3069,10 mRKB. a) Overview image of clean good sorted
medium grained sandstone, b) Pore-bridging illite/smectite (I/Sm) on a detrital grain, c) Fibrous illite
along albite, d) Fibrous illite and quartz overgrowth on detrital feldspar, e) Extensively dissolved
feldspar along its crystallographic axis
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4.5.2 Backscattered Electron Image (BSI)

Three sandstone samples were studied by BSI due to presence of cement and varying

reservoir qualities within the thin sections.

In the sample from 2996,65 mRKB (Figure 4-27) several heavy minerals can be identified:
rutile, apatite,barite, zircon and pyrite. The presence of pyrite can often be seen next to or
within cleavage planes of biotite. A deformed biotite and fractures within the grain is visible.
Pore-filling kaolin can also be seen filling up open pore space and pore throat, severly
reducing permeability and porosity. There is also several oversized pores (could not be a part
of primary porosity) that indicate dissolution of unstable minerals (for instance feldspar or

rock fragments) have taken place.

At 3023,42 mRKB similar relationship between biotite and pyrite can be seen (Figure 4-28).
Three generations of cements have been identified: calcite, ankerite and dolomite. The
calcite cement is most abundant with patches of dolomite and ankerite. The calcite cemented
sample seems unaffected by compaction. Among the clay minerals pore-filling authigenic

kaolin is present, having a reducing effect on reservoir quality.

Extensive examination of points around a feldspar overgrowth can be seen in Figure 4-29
where calcite cement, quartz and biotite is present. The difference in EDS spectrum 1 and
spectrum 2 clearly illustrate the composition of feldspar overgrowth and detrital feldspar
where barium is often found in detrital feldspar. The feldspar overgrowth seems to have

nucleated into porespace thus believed to predate the calcite cement.

Pore-filling chlorite and illite can be seen in the sample from 3016,77mRKB (Figure 4-30).
Minor fracturing indicates mechanical compaction at grain-to-grain contacts. The fracturing
usually occurs in weak zones and can be used to recognize different minerals (for instance
feldspar). The importance of secondary porosity caused by dissolution of feldspar is seen as
it is mostly unaffected by the pore-filling chlorite and illite. Presence of barite next to

dissolved feldspar might be due to contamination from drilling mud.
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Figure 4-27. BSI image from 2996,65 mRKB a) pore-filing kaoling (K) with biotite (B) quartz (Qz) and
feldspar (Fs). Notice ductile bending of mica (black arrow), b) deformed biotite with pyrite (Py), large
albite (Al) grains are also visible, ¢) Accessory mineral Zircon (Zi), present within the sandstone d)
Perthite with irregular veins, e) Accessory mineral pyrite, rutile (Ru) and pyrite (Py) seen in the sample.
Notice albitization (Ab) lowermost left, f) Albitzation (Ab) of feldspar and porefilling deformed biotite
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Figure 4-28. BSI image of 3023,42 mRKB. a) Area of extensive cementation (both calcite(Ca) and
dolomite(Do) and a uncemented area, b) Pore-filling kaolinite between quartz and albite, c) Biotite with
local concentration of pyrite. Smectite present within a cluster (Sm) in the calcite cement. Albitization is
also present, d) Small amounts of ankerite (An) seen within the calcite cement, e) Dissolved grain filled
with cement outlined by ankerite cement (black arrows), and a second rim of dolomite (white arrows) f)
Sudden change in cementation and grain size (boundary?)
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Figure 4-29. Feldspar overgrowth (spectrum 2) pre-dating calcite cement (spectrum 5) at 3023,42mRKB.
Notice presence of barium in detrital feldspar (spectrum 1) in comparison to the feldspar overgrowth.
Spectrum 3 is identified as biotite while spectrum 6 is a detrital quartz grain
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Figure 4-30. Sample from 3016,77 mRKB. a) Pore-filling clay mineral next to partly albitized feldspar.
Presence of fractured grains indicate mechanical compaction, b) Enlarged area from a) showing the
needle like pore-filling properties of Illite, ¢c) Possible rock fragment consisting of quarz and chlorite
mineral. Notice the pore-filling properties of chlorite surrounding the rock fragment d) Enlarged area
from c) showing the EDS spectrum of a selected area (spectrum 1) characteristic of chlorite, f) White
bar for scale is 50um. Pore-filling illite present between silica grains on left side while a heavily dissolved
feldspar with barite (white color) in the middle
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4.5.3 Fe content of Chlorite by SEM-SEI

Bulk samples from the samples investigated in 4.3.4 were examined by SEM-SEI based on
the method in section 3.4.1 (3115,65 mRKB and 3060,65 mRKB). The amount of Fe in
3115,65 mRKB is 2,31 while 3060,65 mRKB has a Fe content of 2,39.

Chlorite
Chlorite : Fe / (Fe+Mg) Average composition
Sample Average | Max | Min
3115,65(n=11) 0,55 0,64 |1 0,42 (Mg 91, Feasr, Aljaz) (Alp7,, Sizog ) Oj0 (OH)g
3060,65(n=15) 0,61 0,72 1 0,34 (Mg 52, Feaso, Al g3) (Alggo, Sizzr ) Oj9 (OH)g

——
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5. Petrophysical data
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5.1 Introduction

This chapter will investigate the physical properties related to the cored reservoir intervals in
the study area. Data from 7/11-8 and 7/11-9 will not be petrophysically investigated as the
small amount XRD samples only provides us with an impression rather than mineralogical
trends that can be compared with the log response. The main purpose for the petrophysical

logging is to estimate porosity and identify lithologies from the logs.

5.2 Wire line log

Wire line log analysis has been used to estimate porosity, lithology and fluid content.
Permeability and porosity values from core plugs are unavailable from well 6/3-1 but present

in well 7/8-4.

Caliper, sonic transit time, neutron porosity, density, deep and shallow induction, gamma log
and porosity derived from density have been plotted in Figure 5-1 to provide with a general
overview. Lithologies are illustrated by NPHI/RHOB cross plotwhere yellow color indicates

sand and green color indicates shale.

5.2.1 Log quality

The caliper log has been used to identify trouble areas regarding the log quality.

All of the anomalous porosity spikes can be related to enlarged hole size found in the caliper
log. The enlarged hole size reduces the quality of the density (density pad not in contact to
the rock) and neutron porosity (attenuation by borehole fluids). The enlarged hole size

caused by cavings is likely to be associated with shale units.
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Figure 5-1. Wireline log overview of well 6/3-1 with proven OWC(Qil-Water contact) and 7/8-4. Notice
different depths. Yellow color indicates sand while green indicate shale. Porosity values are located in
track 3 based on density-porosity relationship.
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Well 6/3-1 consists of interbedded shale and sand with cemented areas indicated by low
density (and spike in porosity). Several dirtying-up trends can be seen in the GR log
indicating an upward decrease in energy, probably related to fluvial channel infill assuming
continental deposits. Abrupt shifts in energy at both base and top at 2990mRKB indicating
either fluvial sandstone units. Notice that this boxcar trend is capped between two low
density (high porosity) units, possibly related to carbonate cement or flooding surfaces. Most
of the high gamma readings can be found on top of a dirtying upward trend. The fluid
content has been confirmed to be water filled below OWC (by completion log) and this is
also reflected in the resistivity log. This again implies presence of porosity and at least decent

permeability within these hydrocarbon filled zones.

Well 7/8-4 Shows an irregular trend (GR) most of the time indicating a frequent changes in

energy.

5.2.2 Cross plots

Several cross plots has been made in order to identify zones of interest regarding mineralogy
and fluid content. Density has been plotted against depth to identify areas of high/low
densities. The average density is around 2.38 g/cm’ decreasing slightly upwards from

3037mRKB (Figure 5-2).

The porosity has been plotted against depth (Figure 5-3) where the porosity values range
between 0 and 43% with an average around 13%. Several abnormal porosity spikes can be
observed (>25%) and is related is related to low densities. No clear trends are visible except
a general increase in porosities above 3040mRKB most likely related to presence of
hydrocarbon and corresponding decrease in bulk density. On top we see values reaching 0%

that correspond to the Draupne Formation (hot shale).
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Figure 5-2. Density — Depth cross plotof the cored reservoir interval in well 6/3-1
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Figure 5-3. Porosity — depth cross plotwith color coded deep induction measurements. Notice that high deep induction readings only can be located above proven
OWC contact is at 3017mRKB. Abnormal high porosities can be related to very low densities associated with cemented areas



Presence of hydrocarbon in the well can be seen by the change in sonic transit time trends
with depth (p-wave affected by fluids) (Figure 5-4) where a decrease in sonic transit time is
expected in the hydrocarbon zone in comparison to the water filled area. As with the
induction readings in Figure 5-1 the oil bearing zones can be mapped out by cross plotting
gamma-ray values with depth and color code the induction. Five hydrocarbon bearing zones
have been identified (Figure 5-5) based on low gamma value (<75API) and high deep
induction values. Good reservoir quality is expected to be within these zones with respect to

both porosity and permeability.
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The complete mineralogical response on wire line logs is difficult to interpret and require a
lot of calibrated data in order to minimize uncertainties. The author has not calibrated any
wireline log and big uncertainties are related to the interpretation, however they should
provide a general impression of the wells. Neutron porosity and density have been cross
plotted to identify different lithologies in the data (Figure 5-6a). The three different zones
indicate lithology trends (purple = dolomite, yellow = sandstone, cyan = limestone) and are
based on standard values by Schlumberger. The cross section (Figure 5-6b) color code the
corresponding zones with depth and the lithological trends is shown. The varying lithologies
show an abundance of carbonate cement (dolostone/limestone) looks which is most likely
overrated. However specific depths of dolostone can be correlated to porosity spikes from

Figure 5-1 and Figure 5-3.
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Porosity against permeability plot has been made for selected samples from Table 4.2
belonging to well 7/8-4 (Figure 5-7). It is based on core plug measurements given in the
completion log. This plot shows that an increase in porosity gives an increase in both
horizontal and vertical permeability. Good permabilities can only be seen with porosity
values exceeding 15%. Porosity values from core plugs will be higher than thin section

quantified porosities due to presence of microporosity not visible in thin sections.

A more complex cross plothas been made in the water filled well 7/8-4 by LMR (Lamba-
Mhu-Rho). The S-wave was calculated by the Castagna Equation and default values in
Hampson Russel were used to calculate Lamda-rho and Mhu-rho. Five zones have been
made according to its lithological response: grey = cemented sandstone, yellow = sandstone,
blue = shale, cyan = coal, brown = carbonates. The zones were plotted against depth which
gives a rough lithology log. It should be noted that most of the sand and cemented sand is
located in the upper section. Presence of coal is indicated in the uppermost part of the
section, this however was not observed in the core description log or indicated by the
wireline log in Figure 5-1. Similar plot has not been made for well 6/3-1 due to its increasing

complexity with different combination of pore fluids affecting pore fluid density.

Well 7/8-4 Porosity vs Permeability

3
§ 2,5 m—
2 2
2 15
g 1
g 05 - # Vertical Permeability
= {O h m M Horizontal Permeability

0 5 10 15 20
Porosity

Figure 5-7. Well 7/8-4. Porosity (He porosity from core plug) against permeability (core plug), indicating
high permeability (>0,5D) is present when porosity reaches around 15%
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6. Discussion

87

——
| —



6.1 Clay minerals

Clay minerals associated in the wells form the study area are dominated by illite and chlorite
with subordinate amounts of kaolin and trace amount of smectite. Kaolin, illite and chlorite
will be further discussed in the same section. SEM analysis has been done on samples from

well 6/3-1.

6.1.1 Kaolin

Authigenic kaolin has a distinct morphology and usually occurs as pseudohexagonal plates,
while detrital kaolin lacks this crystalline habit (Wilson and Pittman 1977). Based on this
criterion a distinction of authigenic and detrital kaolin could be done. Pore-filling authigenic

kaolin (Figure 4-23d) and detrital kaolin (Figure 4-23b) has been identified from SEM-SEIL

Kaolin can also be observed by SEM-BSE (Figure 4-27a). The distinction between kaolinite
and dickitite is difficult to do in SEM, although (Srodon 1999) suggest that the polytypic
transition (kaolinite to dickite) is reflected in morphological change from vermiform to
blocky. The authigenic kaolin observed in SEM-SEI has a slightly blocky morphology which
might be interpreted as a transition between kaolinite and dicktite. According to Ehrenberg
et al. (1993) this transition occurs at temperature around 120°C, matching the present day
temperature in the shallow reservoir interval in well 6/3-1 (Figure 3-1). The distinction

between kaolinte and dickite remains unclear, thus the term kaolin will be used.

Distribution of kaolin

The distribution of kaolin is limited to the upper part of well 6/3-1. The abundance of kaolin
varies depending on lithology, small amounts are found in well sorted medium grained
sandstone (Figure 4-18, Figure 4-22) while large amounts can be found in silty shale units
(Figure 4-22, Figure 6-1). One poorly sorted silty shale sample (Appendix II) within the
restricted kaolin interval, has no kaolin (Figure 4-18). The kaolin in the sandstone units are
generally fine grained moderately sorted with moderate/high porosity (Appendix IIb).

The high amount of kaolin in the silty shale suggests a detrital origin while the small
amounts in the sandstone suggest an authigenic origin. This implies a facies control on

authigenic kaolin.
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Source of authigenic kaolin

The distribution of authigenic kaolin is restricted to sandstone beds of moderately sorted fine
sandstone with moderate/high porosity (Appendix IIb). This implies an intial porosity and
permeability within the sandstones during precipitation of kaolin suggesting a fluid flow
from meteoric origin. This observation of authigenic kaolin distribution is supported by
Bjorlykke (1984) claiming that meteoric water leaching has the highest potential to occur in

sandstones with higher primary and an initial permeability.

The kaolin content is low in carbonate cemented sandstone, suggesting more leaching and
higher permeabilities in sandstones without carbonate cement. However authigenic kaolin
has been found where dissolution of carbonate cement occurred (Figure 4-28). These two
observations has also been made by Khanna et al.(1997) where extensively carbonate
cemented intervals had lower permeability thus less potential for meteoric water leaching of
feldspar and mica, and that meteoric water flow would cause dissolution of carbonate cement

together with feldspar and mica.

The precipitation of authigenic kaolin requires that K*, Na* and silica are removed by fluid
flow (Bjgrlykke 1998). Meteoric water flow is the most significant fluid transport
mechanism on a regional scale where the pore water fluxes may be several orders of
magnitude higher than compaction driven flow (Bjgrlykke 1994). Fluid flow is constrained
by both pressure gradients and the supply of fluids and three types can be identified by their
origin and driving mechanism in a sedimentary basin: density flow, compaction flow and
meteoric water flow (Bjgrlykke 1994). Density driven flow can be neglected as the
subsurface is too heterogeneous to generate large convection cells (Bjgrlykke and Egeberg
1993, Bjgrlykke 1994). The volume of water in the basin and dehydration of clay minerals
limit the compaction driven flow. The sedimentation rate is often higher than the compaction

driven flow making the pore water move downwards.
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Facies related kaolin distribution

The facies distribution of authigenic kaolin is most likely within channel associated
sandstone as seen on the box car trends from the wire line logs (Figure 6-1) and associated
moderate/high porosities and permeablities (Appendix IIb). Presence of authigenic kaolin
indicates an increase in freshwater flux by meteoric water perhaps caused by a more humid
climate. Kaolin has been observed to occur in minor amounts in the Triassic in the North Sea
(Bjorlykke and Aagaard (1992)). A gradual increase in humid climate from Late Triassic to
Early Jurassic increased the potential for meteoric water leaching through the sediments
(Sgrlie, 1996), supporting the presence of authigenic kaolin in the Upper Triassic in well 6/3-
1. Palynological data from the Upper Triassic suggest a period of increase in rainfall during
the middle to late Carnian (Upper Triassic), with high kaolinite/illite ratios (Simms and
Ruffell 1989). The high kaolinite/illite ratio is also supported by the data (Figure 4-18) which

further supports an increase in freshwater flux in the Late Triassic.

The facies distribution of detrital kaolin is most likely related to inter-channel facies such as
sheetfloods/overbank seen by the poor sorting and high gamma log value from wire line log
response (Figure 5-1). Detrital kaolin has only been observed in a channel sandstone
associated facies (Figure 4-23b), as analysis by SEM-SEI was done on porous sandstone,
however if kaolin is present in silty shale units it is most likely detrital kaolin. This
assumption is also supported by Khanna et al.(1997) as they reported that that detrital kaolin
is more abundant in the overbank sandstones than in the channel sandstone. Detrital kaolin is
usually associated to warm, moist regions as a weathering product (Moore and Reynolds
1997). Humprey et al.(1989) reported an increase in detrital kaolinite in Late Rhaetic (Upper
Triassic) and early Jurassic, which supports the detrital kaolinite findings in the Late

Triassic.

The amount of kaolin is higher in the detrital kaolin associated facies (7 XRD%) than the
authigenic associated facies (0.2-2 XRD%). A similar distribution was found by Khanna et
al.(1997) as they reported kaolin content for overbank deposits to be 2-7% while isolated
sequences of channel sandstones contained values of 2-8% in Upper-Triassic Lower-Jurassic

sequences in the Tampen Spur area.

Presence of both authigenic and detrital kaolin would suggest a more humid climate in the

Upper Triassic towards the Lower Jurassic.
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Consequences for reservoir quality

Precipitation of kaolin causes a reduction in permeability due to the pore-filling properties of
the kaolin (Figure 4-23d,Figure 4-27a,Figure 4-28b). Microporosity occurs between kaolin
plates (Figure 4-28b), however these microporosities are too small to be filled with oil,
because of their high capillary entry pressure, thus reducing oil saturation potential for the
sandstone (Bjgrlykke 2010). The distribution and abundance of kaolin in this study is mainly
influenced by the climate and fresh water flux, thus being facies controlled. Prediction of

reservoir quality is thereby related to facies.

6.1.2 lllite

XRD and petrographic observations reflect that illite is the most abundant clay mineral
together with chlorite (Figure 4-15-Figure 4-18). Visually the illite has been identified in
SEM-SEI (Figure 4-24b, Figure 4-25c¢ Figure 4-26bc) and SEM-BSI (Figure 4-30abf). The
pore-filling fiberous morphology indicates an authigenic origin while the finer grained
deformed illite suggests detrital (allogenic) origin. Most of the illite observed by SEM-SEI

indicates an authigenic origin.

Distribution of illite

[llite is present in all of the wells (6/3-1, 7/8-4, 7/11-9 and 7/11-8) in varying amounts (0-81
XRD% (Figure 4-15 - Figure 4-18)). The percentage of authigenic illite is difficult to
quantify in XRD (e.g., Bjorlykke (1998), due to interference of clastic illite and mica with
authigenic illite (Moore and Reynolds 1997). Presence of authigenic illite can only be seen

by SEM-SEI, thus making its distribution and abundance difficult to determine.

High XRD% amounts of illite is found close to/in silty shales or shale units, and occurs as
minor amount in sandstone bodies (Figure 4-22). The silty shale or shale units most likely
represent floodplain or lacustrine deposits (assuming that the Triassic deposition occurred
without marine influence). The abundance of illite is most likely controlled by amount of
detrital source material while the distribution is mainly controlled by the amount of precursor

material (see section below).
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Source

The precipitation of illite is mostly controlled by the dissolution of aluminum bearing

precursor minerals such as smectite and kaolinite (see simplified equations below).
Kaolin + K-Feldspar = Illite + Quartz + water After Bjgrlykke et al. (1995)
smectite + A7+ K* = illite + Si** After Boles and Franks (1979)

The equation after Bjgrlykke et al. (1995) is isochemical implying no supply or removal of
ions by pore water flow. It does, however, require that K* and AI’* and silca are removed
from the surface of the dissolving K-feldspar and kaolinite to the illite growth area. The most
important factors controlling the precipitation of illite at depth is the primary mineral
composition with respect to the K-feldspar, smectite content and early diagenetic kaolinite.
A correlation between high XRD% amount of illite and low XRD% K-feldspar would be
expected if the source of K+ came from dissolution of K-Felspar that is required for the
transition from smectite to illite (Figure 4-21 and Figure 4-22). There is a slight decrease of
K-feldspar with high amount of Illite, however the semi-quantitative data (XRD) is not
accurate enough to establish a certain relationship between the illite and “dissolution” of K-
feldspar. Nevertheless it is possible that illitization of smectite occurred, since the

morphology is interpreted to come from a smectitic precursor (Figure 4-26b,Figure 4-25¢).

The illitization of kaolin requires temperatures of 130-140°C (Bjgrlykke et al. 1989). This
temperature interval is within the Upper Triassic of well 6/3-1 (Figure 3-1) and Middle
Jurassic in well 7/8-4. This might explain the absence of kaolin in the Triassic sandstones in
well 7/8-4 (Figure 4-17), as illitization of kaolin might have happened. However the Triassic
units in well 7/8-4 is dated by NPD (NPD 2010) to be of Early-Middle Triassic age,
deposited in a most likely semi-arid to arid climate (Figure 2-7) making illitization from
kaolin unlikely, however due to presence of K-feldspar in all wells it cannot be excluded.
Well 6/3-1 might be within the temperature interval of active illitization from kaolin,
however authigenic illite seen in SEM-SEI cannot be observed together with kaolinite, as
expected if illitization was an ongoing process in the sediment, however du to the small
amount of SEM-SEI samples investigated an illitization from kaolin might have happened as

K-feldspar is present.

The illitization of smectite occurs in a temperature interval of 60-100 °C (Bjgrlykke et al.

1989). In well 7/8-4 the illitization of smectite in the Triassic deposition happened from
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Middle Jurassic, while in well 6/3-1 it happened from Paleogene to Neogene. The simplified
burial history of 6/3-1 has not been calibrated and some uncertainties is connected with the
temperature history as it is only an extrapolation between current bottom hole temperature
and a seabed temperature assumption. The morphology of illite and presence of mixed layer
smectite/illite (Figure 4-24b, Figure 4-25c Figure 4-26bc) indicate a smectite precursor for

the illite.

Facies related distribution of illite

Illite is most abundant in fine grained sediments (silty shale, shale) while being present in
minor amounts in sandstones (Figure 4-21, Figure 4-22). Most of the illite identified by
SEM-SElI is identified to be authigenic, thus the distribution and abundance of authigenic
illite is closely related to its precursor, which in this case is either kaolin + K-feldspar or

smectite.

Low concentration of detrital and authigenic illite has been seen by SEM-SEI in the porous
sandstones. One possible explanation for the low amount of illite could be related to the pore
water as Bjorlykke et al.(1992) reported that lack of smectite in the Brent Group contained
too little silica content for smectite to form. The detrital illite is possibly related to
weathering products which accumulate during flooding events in floodplain associated

facies.

Consequences for reservoir quality

No illitization from kaolinite was observed, however morphological data from SEM-SEI
suggest a smectite precursor for the authigenic illite. The authigenic illite occupies pore-
space and has a pore-bridging morphology, at a depth around 3km/120C°, thus severly
reduces permeability (Figure 4-25bc,Figure 4-30abf). Other studies has observed pore-
coating illite (e.g (Storvoll et al. 2002)), however this has not been identified in this study.
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6.1.3 Chlorite

Chlorite is the most abundant clay mineral together with illite (Figure 4-15-Figure 4-18).
Chlorite has been seen in SEM-SEI (Figure 4-25¢,Figure 4-23c) and SEM-BSE (Figure
4-30cd) to be both pore-filling and grain-coating. Chlorite replacing detrital grain within a
rock fragment has the same morphology as the pore-filling chlorite (Figure 4-30c). The well
defined chlorite crystals indicate an authigenic origin. No detrital chlorite has been found in
this study. Similar authigenic chlorite has been observed by Humphreys et al. (1989) in Late

Triassic from the Central Graben in the English sector (quadrant 22).

Distribution of chlorite

Chlorite can be found in all the wells (6/3-1, 7/8-4, 7/11-9 and 7/11-8) and in all lithologies
with varying amounts ranging between 0-17 XRD%. Pore-filling chlorite was observed at
3016,77mRKB (well 6/3-1) in a sandstone with 5 XRD% total clay, while grain-coating was
observed in 3022,65mRKB with a total clay content of 1 XRD%. Areas with high porosities
(modal analysis) seems to be related with the amount of chlorite being <5 XRD% (Figure
4-20c, Figure 4-7c). Full grain coating coverage on all the grains is achieved with a chlorite
content of 1%, while values above 5% chlorite is associated with pore-filling chlorite (Pers.
Comm. Jens Jahren, May 2010) . Most of the sandstone samples in this study are thereby
related to pore-filing chlorite as the average chlorite XRD% is >6%, however this value is

semi quantitative.

The grain coating chlorite has a characteristic honeycomb morphology (Figure 4-25¢) which
covers the quartz grain. Due to the uncertainty of XRD values, chlorite coated sandstones
will be represented by a chlorite XRD% ranging between 0.1 and 3%. Five sandstone with
grain dominated framework samples match this criterion and has an average porosity of
9,2%, which is quite high in this data set compared to the total average of all point counted
samples which is 4,9% (Appendix IIb). All of the suspected grain coated sandstones are
poorly to well sorted medium grained with mostly subrounded grain shape, which most
likely have been deposited in a more energetic environment than the fine grained sand, thus
perhaps can be attributed to channel associated facies or proximal part of sheetflood
associated facies. These sandstone bodies are found within dirtying upward trends

(sheetflood?) and box car trends (channel sandstone?) (Figure 6-1).
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The pore-filling chlorite consist mainly of crystal plates which occlude most of the pores
(Figure 4-30cd)(however some empty spaces occur). The pore-filling chlorite is found in
poorly/moderate sorted sandstones with high content of total clay and carbonate cement
(Figure 4-22). The wireline logs indicate that they are present at the top of dirtying upward

trends, probally associated with floodplain or distal sheetflood associated facies.

Source of chlorite

Based on the honeycomb morphology of the grain coatings seen in SEM-SEI the precursor is
most likely a smectite (Figure 4-25¢). High amount of chlorite is mostly in silty shale areas
(Figure 4-22). There is also a correlation between a high amount of chlorite and presence of
carbonate cement with one exception at 3028,77mRKB were also kaolinite is present.
Humphreys et al. (1994) and Weibel (1999) have also suggested an smectitic precursor from

a honeycomb chlorite morphology through a mixed layer mineral (corrensite).

According to Adestal (2002) high amount of smectite can be found in semi arid/arid periods
within palaeosols. This might explain why the highest amount of chlorite can be found
within suspected floodplain associated facies with carbonate cement. Lower amounts of
smectite (associated with low chlorite content) are most likely caused by weathering
products. According to Bjgrlykke and Aagaard (1992) smectite is a common clay mineral

during the Triassic in the North Sea.

The average composition of grain coating chlorite is ( Mg; 72, Feass, Alys3) (Alg71, Sizog )
O10 (OH)s (from section 4.5.3) with a corresponding Fe/Fe+Mg ratio of 0,58 defining the
grain coating as Mg-Chamosites according to the terminology Bailey(1980). A Fe/Fe+Mg
ratio of 0,64 has been found in similar setting from Lunde- and Statfjord Formation by S¢rlie
(1996), while authigenic grain coating chlorite in the Late Triassic from the Central Graben

has a Fe/Fe+Mg ratio of 0,44 (Humphreys et al. 1989).

The use of XRD data to determine the iron content in chlorite should be done with caution,
as there is a mismatch between XRD calculated Fe content and the elemental analyses done
in SEM. Similar doubt of attributing of Mg-rich or Fe-rich composition of chlorite based on

XRD data has been promoted by Humprey et al. (1989)
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Evidence of possibly authigenic smectite can be seen in Figure 4-28) where the smectite is
located close to biotite and plagioclase. Sgrlie (1996) reported that dissolution of biotite and
K-feldspar have been possible sources of authigenic smectite. The low porosity and lack of

K-feldspar might have limited the illitization of smectite.

Palaeoclimatic implications

The distribution of the precursor smectite is the key to understand the chlorite distribution.
According to Singer (1984) the detrital smectite is formed either as a degradation product (in
temperature climate) or a neoformation mineral (in semi arid climate). The data suggest that

the smectite most likely were of a neoformation origin in a semi arid climate.

Consequences for reservoir quality

Authigenic chlorite exists as both grain-coating and pore-filling, thus having properties that
destroy or preserve reservoir quality. Fe-rich chlorite seems to have grain-coating effect that
may suppress quartz cementation thus preserving porosity. The effect of the chlorite coating
also seems to depend on the amount of coverage on the grains, as Figure 4-25¢ is partially
covered with presence of quartz overgrowth. A quantification of the effect by different
degrees of grain coating is wanted, as this might predict areas/facies related to the most
effective grain coating effect by chlorite with respect to reservoir quality. High porosities are

found where chlorite is around 0.1-3 XRD%.
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Figure 6-1. Combination of petrophysical data and XRD data with depth. The first tab is NPHI/RHOB
cross plot(the NPHI scale is -0,15 at RHOB value of 2,95 and 0,45 at a RHOB value of 1,95), the second
plot displays the gamma log values, the third plot is a percentage plot of XRD bulk data, the fourth plot
is kaolinite content with depth (XRD %)
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6.2 Carbonate cementation

Three types of carbonate cement have been identified: calcite (Figure 4-1cd, Figure
4-28acdef, Figure 4-29), dolomite (Figure 4-27cd,Figure 4-28ace) and ankerite (Figure
4-28e). The cementation occurs as dolomite/ankerite dominated, calcite dominated or in

minor amounts of both in the same sample.

Carbonate cementation and petrophysical properties

By assuming that the high values of XRD % of dolomite/ankerite and calcite represent the
carbonate cemented intervals several cemented intervals are located (Figure 4-10-Figure
4-13). Highly cemented intervals can be seen in well 6/3-1, 7/8-4 and 7/11-9 while 7/11-8
only contains trace amounts of carbonates. Well 6/3-1 and 7/8-4 will be discussed further in
this section due to better data coverage regarding the mineralogical distribution based on

XRD analysis.

Suspected cemented intervals were compared to the wire line log to identify any trends
associated with cementation. Three cemented areas has been identified in well 7/8-4
(3825,60 mRKB, 3837 mRKB, 3843,15 mRKB and 3855,05 mRKB). A decrease in sonic
transit time is observed in all the cemented intervals except at 3855,05 mRKB, which can be
explained by the small amount of cementation. An increase in gamma log and a reduction in
neutron porosity can be observed in all the cemented intervals. The bulk density only
increases at 3837 mRKB while having neutral (no apparent change) responses in the other
cemented intervals. A LMR (Lambda-Mu-Rho) cross plot was made with the purpose of
identifying the cemented zones and comparing them to the XRD data (Figure 5-8). The grey
zones (cemented sandstone) are all located above 3035 mRKB thus immediately excluding
the known cemented intervals (based on XRD) at 3837 mRKB, 3843,15 mRKB and 3855,05

mRKB. No significant changes can be observed on the caliper log.

All suspected carbonate cemented intervals (>5 XRD% carbonates) has an increase in sonic
transit time (slower P-wave velocity) and a reduction in bulk density (Figure 5-1,Figure 6-1).
An increase in neutron porosity and gamma log can also be observed in most of the
cemented zones. In contrary to well 7/8-4 significant changes occur in well 6/3-1 with the
caliper log, indicating a varying bore hole size throughout Skagerrak Formation (Figure 5-1).

Huge variation in density can be seen in the density-depth plot (Figure 5-2), ranging between
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1,9 g/em’ to 2,7 g/cm’. The low density spikes and corresponding high porosity spikes
indicate areas of carbonate cementation (Figure 5-1,Figure 5-3). Neutron porosity — density
plot was made in order to identify possible lithological trends (Figure 5-6). The lithological
distribution based on this cross plot is clearly hetereogenous, changing between sandstone
and carbonate cemented intervals (assuming limestone and dolstone represent carbonate
cemented intervals). This method (NPHI-density) overestimates the amount of carbonate
cementer intervals and thereby fails to position them correctly (if compared to XRD data and
point counted thin sections). It also fails identifying the sample with the highest XRD % of
Dolomite/Ankerite at 3039,72 mRKB which makes this cross plot schematic at best.

The wire line log trends of the distribution of carbonate cementation seems to follow no clear
trends when comparing well 7/8-4 and 6/3-1 other than having high gamma log value,
possibly reflecting occurrence of carbonate cement in silty shale or shale units. This
relationship is also seen in well 6/3-1 when comparing the lithological log to the XRD bulk
data (Figure 4-13) indicating a facies dependant distribution of carbonate cement. The most
likely explanation for the poor correlation in log responses between the wells might be due to
presence of hydrocarbons in well 6/3-1. The presence of hydrocarbons influences the P-wave
velocity by having lower speed in the hydrocarbon filled zone than in the water filled zone
(Figure 5-4). The most likely explanation for the abnormally low density and high neutron
porosity readings in the carbonate cemented intervals is related to cavings. High borehole
size is seen at every carbonate cemented suspected interval. As cavings are mostly related to

shale units it also supports a facies control on carbonate cementation.

The LMR method requires calibration of the used parameters and the conversion of a P-wave
to an S-wave based on the Castagna equation (Vp = 1.16Vs + 1.36 from Castagna et al.
(1985)) might be too simplistic in this case. Nevertheless LMR cross plot correctly shows
that the upper section of the log is more sand prone than the lower section, however the
accuracy is too small and therefore only gives an impression of the lithology distribution in

the well.

Highly cemented intervals are expected to have high bulk density and low sonic transit time
(high P-wave velocity) due to replacement of pore fluids by cement (Worden and Matray
1998). This is only the case for one suspected carbonate cemented interval in well 7/8-4

(3837mRKB). A possible reason for the large number mismatches in well 7/8-4 is unknown,
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however in well 6/3-1 cavings and variation in fluid content (hydrocarbon, water) is most

likely the explanation.

Source of carbonate cement

The dominant source for carbonate cements in continental and nearshore sediments are
calcretes and dolocretes which develop in warm to hot, arid to semi-arid regions, with low,
seasonal rainfall and high evaporation (Morad 1998). Calcrete can form by two ways: 1) As
phreatic, groundwater, calcrete minerals formed around the water table or as ii) pedogenic
(vadose) minerals close to the sediment surface (Wright 1994). Groundwater calcrete can be
typically 10 meter thick and associated with drainage channels and playas, in contrast to the
pedogenic calcrete that is 1-2 meter thick and associated with stable floodplain periods

(Wright 1994).

The textural evidence shows a dominance of small rhombic dolomite crystals together with
red colouring suggesting shallow oxic conditions during cementation. The small size of the
rhombic dolomite suggests a shallow origin. Several cemented intervals exceed an IGV of
above or around 45% which is the assumed original porosity, indicating cementation to occur
pre-compaction. Timing of the cementation requires more data, such as oxygen and carbon

isotopic data (Giles et al. 1992).

The thickness of the carbonate cemented intervals in well 6/3-1 is of 1-2 meter and
assumingly restricted near or within floodplain related facies, thus may reflect a pedogenic
origin. Quartz with corrosion related notches has also been observed (Figure 4-2¢) which
according to Milliken et al.(2007) can indicate humid soil related processes thus supporting
the pedogenic origin of carbonate cement. Similar distribution of carbonate cement with

pedogenic origin has been found in Chaunoy Formation in the Paris basin by Worden (1998).

Additional sources of Ca might come from dissolution of Ca-plagioclase or albitization of
plagioclase (Figure 4-28b,Figure 4-27f) as XRD data indicates a relationship between high
amount of carbonate cement occurring where low amounts of plagioclase is located(Blatt
1992). These two processes has also been suggested to be the source of Ca by Sgrlie (1996)
in the Lunde- and Statfjord Formation. However most clastic plagioclases have an An

content of 10-30% which results in very small amounts of dissolved calcium(Blatt 1992).
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In well 6/3-1 the distribution of calcrete seems to be in samples with low amount of clay
minerals, whereas dolocrete is usually in units with high amount of clay minerals. This
suggests a more proximal associated facies for calcrete and more distal associated facies for
dolocrete (Figure 4-13). This is further supported by grain size association with type of
carbonate cement, as fine/medium grained sediments contain more calcite while
siltstone/very fine grained sediments contain more dolomite (Appendix II, IIb). This
distribution of carbonate cement is also suggested by Morad (1998) where he claims that
dolocretes are common in fine grained distal fluvial facies while calcrete is dominate in

coarse grained proximal facies.
Consequences for reservoir quality in well 7/8-4 and 6/3-1
Carbonate cementation is an important process influencing fluid flow that can reduce the net

pay of a reservoir and compartmentalize the reservoir distribution. The carbonate

cementation halts the mechanical compaction thus having high IGV %.
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6.3 Quartz cementation

The amount of quartz cement in the samples from well 6/3-1 range between 0 and 11%
(Figure 6-2, Appendix IIb), with the majority of samples having low amounts of quartz
cement (<5%). The samples with more than 5% quartz cement are generally very fine
grained subrounded moderate sorted sandstones (Appendix II), implying that large surface
areas promote quartz cementation. The most cemented (thin section) samples have thin clay
laminas within the sample, most likely mica (Appendix II). The quartz cement found in
SEM-SEI grow into the pore space (Figure 4-24a,Figure 4-25bef,Figure 4-26¢). Quartz
overgrowths require a clean surface, as grains with grain coatings are less quartz cemented

than grains without grain coatings.

No quartz cementation was found by SEM-BSE, as SEM-BSE identification of the quartz
cement is usually combined with CL (cathodeluminesence) for easier discrimination between
detrital quartz and quartz overgrowth (e.g Gotze et al.(2001) and references therein). Cl was

not performed in this study.

Source of silica cement

Possible sources of silica for quartz cementation could be pressure-solution along stylolites,
clay mineral transformations where silica is released into the pore water (e.g illitization from
smectite and kaolinite (Bjgrlykke and Egeberg 1993)) or dissolution on grain to grain

contacts.

An external source for silica has not been investigated as mass balance calculations for an
upward compactional fluid flow is too slow and that fluid flow from a meteoric groundwater
flow or a thermal convection cell is highly unlikely to support quartz cementation (e.g
(Bjorlykke et al. 1989, Bjgrlykke and Egeberg 1993, Bjgrlykke 1994, Walderhaug 1994,
1996, Bjgrlykke 1999).

A silica source from grain-to-grain contacts can also be excluded as volumetrically important
since high amounts of quartz cement is found in high IGV(%) rocks. A decrease of IGV (%)
would be expected due to closer packaging if the silica source grain-to-grain contact

dissolution (Figure 6-2).
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The most likely source of quartz would be from stylolites, as small stylolites are observed in
the sandstones (Figure 4-2a) and that the sandstones with the most quartz cement contain
thin clay laminas. Calculations have also shown that flat stylolites may generate silica super-
saturation which is sufficient for quartz precipitation (Jahren and Ramm 2000), thus if the
clay lamina seen in the thin section are stylolites they might be an important source for

quartz cement.

Dissolution on stylolites has been adapted into the so called I-MID model (Illite — Mica
Induced Dissolution) (Bjgrkum et al. 1998, Oelkers et al. 2000).This model assumes that the
source of the silica cement is quartz surfaces adjoining mica and/or clay grains at stylolite

interfaces within the sandstones.
Timing of quartz cementation

By petrographical observations the quartz cement occurred after the precipitation of chlorite
coatings (Figure 4-26e). Large quartz overgrowths are seen in porous sandstone indicating

that the mechanical framework is stable. No quartz overgrowth can be observed in carbonate
cemented samples, suggesting that quartz cementation occurred after carbonate cementation

and framework stabilization.

According to Chuhan et al.(2002) the framework stabilization prior to fracturing occurs at
stresses higher than >20MPa. If we assume hydrostatic pressure this is equivalent to a burial
depth of 2km (Bjgrlykke 1999), which corresponds to a temperature of 80°C based on the
simplified burial history (Figure 3-1).

According to Walderhaug (1994) the quartz cementation takes place above 75°C and
continous as long as it takes to cement the rock. By using this temperature the quartz
cementation started in Eocene for both well 6/3-1 (Figure 3-1) and well 7/8-4 (Figure 3-2)
and is still ongoing. The cored reservoir interval in well 6/3-1 has a temperature around
120°C while well 7/8-4 has a temperature around 160°C, this means that the rate of quartz
precipitation, based on, temperature increases 16-fold in well 7/8-4 compared to well 6/3-1.
More quartz cement is also expected in well 7/8-4 than well 6/3-1 due to a larger time-
temperature-interval (Figure 3-1,Figure 3-2). This is also the case as the average quartz
cement for 6/3-1 (ranging between 0%-11%) is 3,42% while the average for well 7/8-4 is 7,2
% ranging between 2,9%-9,2%).
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Consequences for reservoir quality in well 6/3-1 due to quartz

cementation

The quartz cementation destroys the porosity due to precipitation on grain surfaces and into
the pore volumes thus reducing reservoir quality severely. Modeling the quartz cementation
is important to predict porosity loss. Mechanism that may prevent/halt quartz cementation is
vital regarding reservoir quality. From the model presented in Oelkers et al. (2000) it is
expected that all similar samples should with the same time-temperature-interval contain the
same amount of quartz cement. The range of quartz cement amounts found in this study
suggests that there is a mechanism in the cored reservoir interval in well 6/3-1 that prevents
quartz cementation to occur. As seen in the porosity trend (Figure 4-20) chlorite has a
porosity-preserving effect if present in low amounts. The porosity preserving effect is most
likely by preventing quartz cementation to occur. Clay mineral distribution and growth
morphology is therefor an important factor in order to predict reservoir quality. The amount
of quartz cement is not dependant on the amount of IGV in this dataset due to the low

amount of quartz cement.
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6.4 IGV

The intergraunlar volume is the maximum porosity of the rock in the absence of matrix and
cementation. As seen in Figure 4-6 the IGV of the wells vary with depth between 20-50%.
Due to more data only the effect of IGV will be discussed from well 6/3-1. Several processes

involved in reducing sandstone porosity will be discussed.

Carbonate cementation

In some samples extensive carbonate cementation occurs prior to compaction filling most of
the available pore space (stopping mechanical compaction) (Figure 4-1cd, Figure 4-28acdef,

Figure 4-29) resulting in high IGV.

Mechanical compaction

Different types of deformation of grains can be seen in the thin sections. The deformation
occurs as fracturing (Figure 4-2e, Figure 4-27abd and Figure 4-30ac), ductile bending of
grains (Figure 4-2e and Figure 4-27ab) and long grain-to-grain contacts (Figure 4-28df). This
is consistent with Bjgrlykke (1998, 1999, 2003) description of the main processes involved
in mechanical compaction (rearrangement of grains, ductile and bending deformation of
grains and breakage of grains). All of these physical processes will most likely reduce the

IGV, as the grains get more densely packed.

Grain size

Coarse grains are more fractured than smaller grains (Figure 4-1c), which would imply that
coarse grains has less IGV than fine grained sand. The average IGV for medium grained sand
is 32,8 IGV %, while very fine sand has 35,94 IGV% (Appendix IIb), implying that medium

grained compact more than very fine grained sand.

Sorting

Well sorted sediments seem to have higher porosities than poorly sorted sediments (Figure
4-7). This finding is in agreement with earlier studies (e.g Rogers and Head (1961), Beard

and Weyl (1973)). Poorly sorted sediments also contain more clay than well sorted
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sediments (Figure 4-8). IGV (%) seems to vary with a small degree with sorting (Figure 4-9),
where well sorted sediments has a higher IGV (%) than poorly and moderate sorted

sandstone.

Grain shape

Most common grain shape in this study are subrounded/subangular. Only one sample with
angular grains have been point counted with a very high IGV of 44,2 (Appendix IIb). The
average IGV for the different sorting are: angular = 44,2(n=1), subangular = 32,5(n=4),
subrounded = 32(n=8), where n = number of samples. This gives an indication of increasing
IGV as a function of grain angularity. The resistance of mechanical compaction by

reorientation of angular grains have been reported by Ramm (1992).

Chemical compaction

Stylolites (pressure solution) has been observed (Figure 4-2a) which causes a reduction in
rock volume and precipitation of cement. This process is then both affecting the amount of
quartz cement within the sandstone, and a reduction in IGV due to the dissolution of grains
close to the stylolite. Dissolution of feldspar might increase the IGV (Figure 4-30f), however
the volumetric importance of feldspar dissolution is difficult to quantify.

Extensive quartz cementation (>5% in this data set) can mostly be found in very fine
sandstones, while low amount of quartz cement is found in fine to coarse grained sandstone
(Figure 6-2, Appendix IIb). The high amount of quartz cement in very fine grained sandstone

is most likely due to the larger grain surfaces exposed to quartz cementation.

Grain coatings

Grain coatings are potentially important to IGV as they might prohibit formation of quartz
cement, as mechanical compaction is not stopped as effectively. Only chlorite coating was
identified in this study, thus the chlorite coating is believed to have a porosity preserving
effect by covering quartz grains. Coated sandstones are expected to have little quartz cement,
while partially coated sandstones are expected to have more quartz cement. This is not the
case in this data set as, suspected grain coated sandstones (chlorite 0,1-3,0 XRD%) averages
4,7% quartz cement while the suspected uncoated sandstones (chlorite >3,0XRD%) averages

3,0% quartz cement(Figure 6-2,Appendix IIb). As quartz cement is low throughout the data
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set (averages 3,0%) no clear trends between coated chlorite sandstone and uncoated

sandstone.
IGV
80 L
70
60
50 .
E 40 * e * :
30 *%e ¢ *IGV
0 ? ¢ L
10
0]
0] 2 4 6 8 10 12 14
Quartz cement
Figure 6-2. IGV plotted against IGV. All samples are from well 6/3-1 and between 2967 mRKB and 3015
mRKB
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7. Conclusion
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Grain coating chlorite, with an average composition of (Mg; 71, Fex 35, Alis53) (Alp70,
Siz 30 ), has a porosity preserving effect that prevent/halt quartz cementation, thus

making its distribution (and abundance) important for reservoir quality prediction

Authigenic kaolin in the Upper Triassic indicates an increase in freshwater flux.
Detrital kaolin indicate humid climate, thus Upper Triassic is most likely a transition
period from a dry Triassic climate towards the more humid Jurassic period. The
distribution of authigenic kaolin seems to be facies dependant as it has been found in
permeable sandstone. In the deepest well kaolin may have been dissolved and
replaced by illite. Authigenic chlorite and ilite is most likely related to a smectite

precursor

An increase of 7% quartz cement in the cored reservoir interval in the Triassic
between well 6/3-1(~3km/128°C) and 7/8-4(~3,8km/150°C) can be explained by

different time-temperature intervals

The petrophysical location of carbonate cemented zones was done by comparing
XRD data with wire line logs and interpreting the log response. Cross plots (i.e LMR,
NPHI-Density) proved too difficult to use due the amount of calibration needed for
accurate mapping because of the subarkosic composition and variable fluid content.
The distribution of carbonate cemented intervals is related to facies and the transition

between sandstone and silty shale

The abundance of carbonates and chlorite minerals combined with a low

concentration of kaolin consistent with a rather dry climate in the Triassic

Intergranular volume — quartz cement relationships indicate both higher IGV and
more quartz cement in the very fine grained sand than in medium grained sandstone.
High IGV can be ascribed to less mechanical compaction and more quartz cement to
the higher surface area for quartz cement to precipitate in fine grained sandstones.
Based on this porosity will be lost faster in fine grained sandstone compared to coarse

grained sandstones in deep (>4000m) reservoirs
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Appendix | — XRD data
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Appendix Ib — Excel spreadsheet of XRD data
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Appendix Il — Thin section analysis

Well 6/3-1
Depth Dominating farmework | Average grain | Most common
Formation (mRKB) |Lithology| BU? connection size (mm) grain shape Sorting Remarks
Polycrystalling sutured quartz (Metamorphic source). Carbonate cement.
Intra Draupne Formation | 2967.70 SS BUA Grain Mediumsand | Subangular Good  |Brittle grains. Undulose extinction quartz both metamorphic and magamtic
source). Good porosity. Thin clay layer. 1,75mm largest grainsize
Intra Draupne Formation | 2972.85 | Shale BUB Matrix Silt Subrounded Poor Brown/grey colored. Microcline present. Dissolved K-spar. Polycrystalline
sutured Quartz
Intra Draupne Formation | 2977.65 SS BUC Matrix Fine sand Subangular | Moderate . .
K-feldspar and Quartz present. Poor porosity, extensive carbonate cemented
Skagerrak Formation 2979.65 ss BUD Grain Coarse sand Angular Moderate PonFrysta\Iine sutured Quartz. Undulating extiction. K-feldsparspar. Dissolved
plagioclase
Skagerrak Formation 2982.65 SS BUE Grain Very fine sand | Subangular | Moderate |0,75 largest grainsize. 20% clay? K-spat-plagioclase. Quartz.
Skagerrak Formation 298740 siltstone BUF Matrix Sitt Subrounded Poor Feldspar, Qz, Silt beds. No porosity. Mica, undulose extinction, clay filled pores
Skagerrak Formation 299265 ss BUG Grain Medium sand | Subrounded Good Brittle defo.rmaﬂon. .Good porosity. Some clay filled pores. Microcline/Qz.
Polycrystalline Qz. Dissolved k-skar, gz overgrowth
Skagerrak Formation 2996.65 ss BUH Grain Fine sand Subangular | Moderate Clay coating (chlorite?) Dolomite cemented, some brittle deformation, mica,
|good porosity
Skagerrak Formation 3002.32 SS BUI Grain Fine sand Subangular Poor Bad porosity, clay coating, perthite
Skagerrak Formation 3005.35 SS BUJ Grain Very fine sand Angular Poor Ripple structures. Organic material?. Clay oriented in one direction, gz
Skagerrak Formation 3016.77 SS BUK Grain Medium sand | Subrounded Good
Arenite? Polycrystalline quartz, undulose extinction, Mica, Dolomite
Skagerrak Formation 3020.72 ss BUL Grain Mediumsand | Subangular | Moderate [cemented? Dissolved K-spar. Large polycrystalline grains (Very coarse).
Moderate porosity, little clay <5%, gz overgrowth
Largest grain = 3mm, smallest = clay. Microcline, Polycrystalline Qz, Mica,
Skagerrak Formation 3023.42 sS BUN Grain Fine sand Subangular Poor |Calcite/Dolomite cemented. Albite (multiple twinning). Undulose extiction in
quartz. Some cemented areas some not. Poor porosity
Skagerrak Formation 3028.77 | Silstone BUO Grain Silt Subrounded Poor Laminated clay/silt, Qz, Dolomite cemented areas
Skagerrak Formation 3033.65 SS BUR Grain Fine sand Subangular Good Good porosity, cemented areas Calcite/dolomite?, plagioclas, microcline
Skagerrak Formation 3039.72 | silstone |  BUS Matrix silt Subangular | Moderate POIVC'VStaHi".e % <.5% clay. Dolomite cemented, plagioclas and microcline.
Undolose extiction in Qz
Skagerrak Formation 3042.85| shale BUT Matrix Clay Subrounded poor Do\o.m.?te cemented, hematite present. SmaH.dolom.ite crystals (near surface
precipitated). Chert present, was opal ¢/5 ->fine grained
Skagerrak Formation 3047.65 sS BUU Grain Fine sand Subangular Poor
Clay coating, mica, gz, k spar, clay >5%, poor porosity, microcline, plagioclas
Skagerrak Form ation 3052.66 SS BUV Grain Very fine sand | Subangular Poor Bad porosity, clay >5%, mica, one area very cemented (dolomite?)
Skagerrak Formation 3055.30 | Shale BUW Matrix silt/clay Subangular Poor Bad porosity, brown stained, calcite/dolomite cemented?
Skagerrak Formation 3060.65| s BUX Grain Very fine sand | Subangular | Moderate Chlom,e coating(?), clay filled pore space, plagioclase and carlsbad twinning.
Dolomite cemented?
Microcline, plagioclase (dissolved), perthite. Coarsest grain = 1.3mm. Locally
Skagerrak Formation 3069.10 SS BUY Grain Medium sand | Subrounded Poor  |cemented areas (gz?). Clay coating
Skagerrak Formation 3074.00 SS BUZ Grain Fine sand Subangular | Moderate [Bad porosity, mica, microcline, gz, plagioclas
Microcline, carb/dolomite cemented areas, polycrystalline gz, moderate
Skagerrak Formation 3079.05 SS BVA Grain Medium sand | Subrounded Poor porosity
Skagerrak Formation 3080.15 [Siltstone| BVB Grain Silt Subangular | Moderate [mica, largest grain =0.25mm, no porosity
Clay coating, dissolved k spar (kaolinite?), undulose extinction, microcline,
Skagerrak Formation 3085.00 SS BVC Grain Fine sand Subangular | Moderate [polyquartz
Dissolved k-spar (kaolinite?) mica, perthite, poly gz, clay coating, subhedral
Skagerrak Formation 3090.16 SS BVD Grain Fine sand Subrounded | Moderate |grains, plagioclase, brittle deformed grains,
largest grain = coarse size, shale, silica cemented?, green mineral coating
Skagerrak Formation 3095.38 SS BVE Grain Very fine sand | Subrounded | Moderate |(chlorite?), bad porosity
Skagerrak Formation 3100.65 SS BVF Grain Fine sand Subangular Good _|mica, plagioclas, microcline, clay coaing, moderate porosity
Skagerrak Formation 3105.65 sS BVG Grain Medium sand | Subrounded Good _|good porosity, plagioclas, clay coating,mica, poly gz
undulose extinction, microcline,m plagioclas, dolomite cemented areas, locally
Skagerrak Formation 3109.65 SS BVH Grain Fine sand Subangular | Moderate [cemented areas (dolomite?). Grain with both carlsbad and microcline twinning
Skagerrak Formation 3115.65 sS BVJ Grain Fine sand Subangular Good _|Laminated mica bands. Quartz cement
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Appendix IIb — Point counting

Well 6/3-1

Point counting thin section

IGV(volume %) = Vintergrant

|Depth ID |Quartz |Feldspar |Rock Fragment [Matrix [Calcite cement |[Primary porosity |Quartz cement [Secondary porosity [Primary porosity [IGV

2967.70 |BUA 72 1,5 4 9 11,5 8,5 1,5 0 45 30,5

2977.65 |BUC 60 19 0,4 34,3 0 0 2,4 1 45 37,7

2982.65 |[BUE 60,2 3,9 1,4 27,9 0 0,9 2,9 5 45 36,7

2992.65 |BUG 75 3 2,5 5,5 2] 7,9 3 3 45 21,4

3002.32 (BUI 67 1,5 1,5 17,5 6) 4 2 0 45 29,5

3005.35 [BUJ 50,8 1,6 3,2 24,5 12,8 0 6,9 0 45 44,2

3020.72 [BUL 66 1,4 2,3 7,6 16,7 3,8 19 0 45 30,

3023.42 |BUN 57 8 2,5 7 20,5 4 1 0 45 32,5

3039.72 [BUS 23,3 1,9 0 1,9 69,6 1,4 0 14 45 74,3

3052.66 |BUV 56 2 0 31,5 2,5 0 8 0 45 42

3060.65 |BUX 73 2,5 1 15 6 2,5 0 0 45 23,5

3074.00 |BUZ 72 5 2,5 13 0 4,5 3 0 45 20,5

3079.05 |[BVA 61,5 6,5 1 9,5 13 7 1,5 0 45 31

3085.00 |BVC 63,5 7,5 6 14,5 0,5] 6,5 15 0 45 23

3095.38 [BVE 50,4 11,6 2,9 4,3 22,8 0,9 5,3 0 45 33,3

3105.65 [BVG 61,2 2,9 2,9 9,8 2,4 10,2 7,8 5 45 35,2

3115.65 [BVJ 47,5 6 0,5 30) 2,5 1,5 11,5 1 45 46,5

3016,77 |BUK 60,8 33 3,8 8,6 14 7,2 1,4 1 45 32,2
Well  Sample deFaCi.es~ Depth (mRKB) Detrital framework grains Matrix Mica Pore filling cement porosity GV

scriptio Quartz Rd RF Qz (macro) Aut clay dolomite | Primary = Secondary

7/11-8' Trl MRB 3726,08 61,9 10.8 2,7 1.8 09 09 7.2 0 135 03 234
7118 T2 CSRB 372836 552 46 56 0 28 09 112 0 197 0 318
7118 T3  CMRB 37357 56,7 104 26 22 0.6 6.4 06 0 185 2 27,7
7/11-8' Trd MRB 3736,7 547 63 78 2,7 2,6 39 43 0 15,7 2 26,6
7118 TS CSRB 374395 582 65 46 5.1 04 23 6.5 0 154 1 293
7/8-4 TR8 Caliche 3825,6 - - - - - - 100 - - -
7/8-4' TR9 MGB 3831,25 47,1 103 84 31 2.8 84 6,6 0 11,3 2 294
7/8-4  TRIO  MGB 38316 569 79 34 37 55 83 27 27 83 0.6 257
784  TRII ~ MGB 3832 513 78 29 58 127 29 49 39 638 1 243
7/8-4 | TRI2 ~ CRB 384565 532 89 58 73 09 92 54 0 83 1 302
7119 TRI3 ~ MGB 4183,66 58,7 79 0 268 11 29 11 0 L5 0 323
7119 TRI4 C-MGB 4186,7 453 0 027 16 24 0 32 08 0 49,1
7119 TRI5S ~ MGB 4191,85 54.4 92 09 04 18 18 10,1 17,5 39 0 337
7/11-9' TRI16  Caliche 4192,6 - - 100 - -
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Appendix llc — Bad thin section with extensive quartz fractures during

preparation
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Appendix Ill - Chlorite composition from SEM-SEI

Avg

Average

3015,65mRKB

1 (Mgy,86, F€2,40, Al123) (Alo 24, Siz 76 ) O10 (OH)g

2 (Mgy 71, Feas3, Aly sz (Algps, Sizgs) O10 (OH)g

3 (Mg1,94, Fey 54, Aly11) (Alg30, Siz70 ) O10 (OH)g

4 (Mga,89, Fe1 08, Aly75) (Alggo, Siz10) O10 (OH)g

5 ( Mg1,60, Fez,13, Aly75) (Algsg, Siz31) O19 (OH)g

6 ( M85,03, F€3,92, Alggs5) (Al 77, Siz 22 ) O19 (OH)g

7 (Mg3,16, Fe1,59, Aly64) (Aloaz, Sizsg) O10 (OH)g

8 ( Mg;,29, Fe1 g3, Aly53) (Alg g1, Siz19) O19 (OH)g

9 (Mg1,96, F€3,27, Al146) (Alggs, Siz 15 ) O19 (OH)g

10 ( M81,94, Fe324, Aly 47) (Alg 75, Siz 55 ) O19 (OH)g
11 ( Mgy,63, Fe2,96 , Al1,33) (Al1,16, Siz 84 ) O10 (OH)sg
(Mgi,91, Fez 31, Alya3) (Alg 72, Siz 28 ) O10 (OH)s

3060,65mRKB
1 (Mga,28, Fe3 26, Al134) (Al 10, Siz00) O
2 (Mgy,53, Fe;,56, Aly75) (Alg g3, Sizq7) O
3 (Mgy59, Fes08, Aly71) (Alg47, Sizs3) O
4 (Mgy51, Fer g3, Al gs ) (Alg,aa, Sizs6) O
5 (M81,53, Fey 54, Alygo) (Alggs, Sizgs) O
6 ( Mgy 25, Fes 67, Aly 49) (Alo 30, Siz70) O
7 (M81,10, Fe2,05, Aly,00) (Alg31, Size9 ) O
8 (Mgy51, Fey30, Alygo) (Alga1, Sizs9) O
9 (Mgy,34, Fe35, Al go) (Al g0, Siz20) O
10 ( Mgy 38, Fes 33, Aly1g) (Alggg, Sizp2 ) O
11 ( Mgy 63, Fe1 .83, Alygs) (Alose, Sizas ) O
12 ( Mg1,45, Fey 75, Al1 52 ) (Alg,95, Sizos ) O
( )
)

13 ( Mg1 72, Fes 5, Al g3) (Alg g2, Sis 18 O

OH)s
OH)s

OH)s

10

14 ( Mg, 33, Fes 15, A|1,21) (A|0,79 , Si321) O19 (OH)g
15 (Mg1,61: Feio0, A|1,89) (A|0,66; Si3 34 ) O10 (OH)g
(Mg1,52, Fep 39, Al g3) (Algeg, Sizz1) O10 (OH)g
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