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Abstract

As the exploration of hydrocarbons moves into namaplex and deeper basinal settings the
need to understand the effect of high temperatmdshigh pressures on reservoir quality and
rock properties becomes even more important. Ttheell channel sandstone reservoirs of the
Skagerrak Formation in the Central North Sea ekhabiomalously high porosities and
permeabilities considering their depth of burial 3300 m below sea floor). Despite the
complex depositional setting, diagenetic historyghh overpressure and temperatures
encountered in the Skagerrak Formation, hydrocatase currently being produced. The
Skagerrak Formation reservoirs used in this stualyehencountered overpressures of >40
MPa and temperatures up to ~185°C at present daymmaen burial. To identify the role
played by the high pressure and high temperatuceugttiered in the reservoir sandstones a
multidisciplinary approach involving petrographifluid inclusion, and burial history
modelling studies has been adopted. Our interjwataf the results is that the generation of
shallow overpressure in these fields limited meat@ncompaction and also played an
important role in minimizing pressure solution ihetchemical compaction regime as
evidenced by reduced quartz cementation. Fluicugichs found in the quartz overgrowths
indicate late-stage development with temperatufe$onation in the range 130-170°C
coincident with late-stage deeper burial. Hydrooarlemplacement occurred after quartz
cementation and has had little to no effect on gibyqreservation. The formation of well-
developed authigenic chlorite (>70% surface coatargl, to a lesser extent illite clay coats
with burial had a positive effect on porosity pmesgion even though permeability was
marginally reduced in the illite-rich sandstones.séhematic porosity and quartz cement
evolution model has been developed which allowsgferdrill prediction of reservoir quality
in the Heron Cluster and provide valuable insidiotsother complex high-pressure high-

temperature reservoirs.



Introduction

The inclusion of reservoir quality in pre-drill @sments is of paramount importance as
hydrocarbon companies explore deeper targetploration in deeply buried, high-pressure-
high-temperature (HPHT; >65MPa and >150°C) resesvidepends on identifying reservoir

sandstones with sufficient porosity and permeahbiéspecially where the reservoir has been
exposed to elevated temperatures (>100°C) by pgelbiurial.

In normally pressured reservoirs, sediments compathanically during burial as the
vertical effective stress increases, so that theguy is reduced. Mechanical compaction in
sandstones has been reported to be dominant tal biepths of ~2000 m below sea floor
(>70-80°C) (Bjarlykke, 1999, 2014). Porosity lasssandstones can be generally predicted
to some degree of accuracy giving rise to regiguabsity-depth or porosity-temperature
curves for many hydrocarbon basins (e.g. Ehrenbesad., 2008). However, occurrences of
sandstone reservoirs with higher than expected sggrcare commonly attributed to
conditions that limit the degree of burial compactand/or cementation, or to pre-existing
cements and grain coatings (e.g. Bloch et al., 208%lor et al., 2010; Nguyen et al., 2013;
Taylor et al., 2015).

Models for porosity preservation in deeply burieBHI sandstone reservoirs (>4000 m
below sea floor) tend to be focused on how claynf@@nly chlorite) and microquartz detrital
grain coatings can inhibit macro-quartz cementatibimere are many studies where deep
reservoir porosity is linked to early diagenetiaycbr microquartz grain coats (e.g. Pittman et
al., 1992; Ehrenberg, 1993; Aase et al., 1996; IBletcal., 2002; Ajdukiewicz and Lander,
2010; Ajdukiewicz and Larese, 2012; French et2411,2; Worden et al., 2012). These studies
have shown that quartz-rich sandstones with welkbigped and continuous diagenetic clay
or microquartz grain coats contain a much lowerun@ of macro-quartz cement than

without such coatings (Ajdukiewicz and Lander, 2010



Albeit controversial, early hydrocarbon emplacemiend a reservoir may also play a
crucial role in the preservation of porosity (Wandend Morad, 2000; Worden et al., 1998).
Field-based (Marchand et al.,, 2002) and experinhgi$tathar et al.,, 2012) studies have
shown that quartz cementation is inhibited at loglsaturations. However, other studies (e.g
Aase and Walderhaug, 2005; Molenaar et al., 20@gjabet al., 1992) have suggested that
there is no correlation between hydrocarbon empiacé and porosity preservation.

Fluid overpressure, defined as the excess porsynesbove the hydrostatic pressure for
a given depth, reduces the effective stress aatimgntergranular contacts and inhibits
mechanical and chemical compaction (Osborne andlfisie, 1999). The shallow onset of
pore fluid overpressure has been noted to enhaokwsip/ preservation, in the Skagerrak
Formation of the Central North Sea (Nguyen et 2013; Grant et al., 2014; Stricker and
Jones 2016).

In this study we investigate the effect of HPHTem®ir conditions on sandstone
porosity and permeability evolution in three deeplyried, siliciclastic reservoirs (Egret,
Heron and Skua) from the Skagerrak Formation irHaen Cluster (Egret, Heron and Skua,
UK Quadrant 22), Central Graben, North Sea. Pagesures exceed 80 MPa in the reservoir
sandstones at present-day depths of 4000-5000 onvlsda floor where temperatures are
around 170-180°C (Table 1). A multidisciplinary apgch comprising petrographic, SEM,
fluid inclusion, and burial history modelling stedihas been adopted in the present study to
understand the evolution of reservoir quality inHHPenvironments, with an explicit focus:

* How does the vertical effective stress historyuefice the porosity evolution of

reservoir sandstones?

* How do authigenic grain coatings control quartz eetation and reservoir quality in

the HPHT settings?



Geological setting

The Central Graben of the North Sea is a prolifidrbcarbon province containing more than
20 billion barrels of discovered hydrocarbons. Temtral Graben is 70-130 km wide with an
approximate length of 550 km. It is the southem af a trilete rift system (i.e., an incipient
ridge-ridge triple junction) in the North Sea wite Viking Graben as the northern arm and
the Moray Firth Basin as the western arm. The @é@raben is divided into the West and
East sections by the Forties-Montrose and JosepRidge horst blocks (Fig. 1) and is
flanked by the Norwegian basement in the East badJK continental shelf in the West. The
rift system developed in at least two major extemghases, one Permian-Triassic (290-210
Ma) and a Late Jurassic one (155-140 Ma) (GowetdsSabge, 1985; Glennie, 1998). The
geological history of the Central Graben is commahVided into pre-rift, syn-rift and post-
rift phases. The syn-rift sediments are the masillgiclastic Triassic and Jurassic sediments
with approximately 2000m thickness. The post-rétisments from the Cretaceous to the
Holocene are as much as 4500m in thickness andnddedi by shale, sandstones, silty
sandstones and a thick chalk section (Glennie, 1998

The focus of this study is on the HPHT sectionghat southern end of the Forties-
Montrose High in the UK quadrant 22 (Fig. 1). CanéSkagerrak Formation reservoirs from
three fields Skua, Egret, and Heron fields werkzetl in this study (Fig. 1) The area is a
part of a wider HPHT province, including the Tri@sstrata of the Central Graben and the

southern Viking Graben (Goldsmith et al., 2003).

Triassic Skagerrak Formation Stratigraphy

The Triassic strata of the Central North Sea areadaminated by thick alluvial successions
with no connection to a marine realm (Goldsmittalet 2003). The Middle to Late Triassic
Skagerrak Formation comprises deposits of 500-10@d predominantly continental braided

and meandering fluvial systems and terminal flufaals with lacustrine facies in the Central



Graben, North Sea (McKie and Audretsch, 2005; DegJet al., 2006; Kape et al., 2010).
The stratigraphic nomenclature of the Triassic floe Central Graben was defined by
Goldsmith et al. (1995, 2003), based on detailemstatigraphic and lithostratigraphic
correlation of wells from the Josephine ridge arabwextended and correlated towards the
ETAP (Eastern Trough Area Project) area by Mckid &udretsch (2005). The Central
Graben Triassic succession is subdivided into thdyETriassic Smith Bank Formation
(shales, evaporites and thin sands) and the Mitlleate Skagerrak Formation (thickly
interbedded sands and shales) (Fig. 2). The Skdg&wormation is subdivided into three
sand-dominated successions (Judy, Joanne and dwsepdnd three mud-dominated
successions (Julius, Jonathan and Joshua) (FigTi®). sand-dominated units include
sheetflood deposits and multi-storey stacked cHasaedbodies (Goldsmith et al., 1995;
McKie and Audretsch, 2005), whereas the mud-dorathainits include a variation of non-
marine, basin wide floodplain and playa lake deggosiThe thick and laterally extensive
mud-dominated units provide the main correlativétsufor the Skagerrak in the Central
Graben (McKie and Audretsch, 2005). The resultanasBic stratigraphy in the Central
Graben is incompletely preserved due to deep eradiming the Middle and Late Jurassic
(Erratt et al., 1999).

The Triassic Smith Bank and Skagerrak sedimentanagiated directly on top of the
thickly developed Late Permian Zechstein salt iseses of salt and fault controlled mini-
basins or pods. The Late Permian Zechstein sattalteud strongly the deposition by forming
salt withdrawal mini basins due to a combinatiomochlised loading and structural extension
(Smith et al., 1993; Bishop, 1996; Matthews et 2007) within an overall rift controlled
basin. The Smith Bank sediments represent the dnkbasal part of the pod infill, whereas
the overlying Skagerrak is found as intra-pod sedits in the upper parts of the pods and as

inter-pod sediments between the pods. The pod oewvent was active throughout the



Triassic and mainly was responsible for the presesa of Middle to Late Skagerrak
Formation in the study area. The thick Late Perneia@porite sediments (>2km) prevented
grounding of pods on the underlying Rotliegend bes# in the Central Graben. The salt
tectonics created variable thicknesses betweea-iatid inter-pod Skagerrak sediments and
allowed thick accumulations within the pods. Fumthere the salt pods created facies
variability between intra- and inter-pods that uefhced reservoir thickness and diagenetic
cementation (e.g. Nguyen et al., 2013).

The Skagerrak stratigraphy in the study area ctsefshe Judy Sandstone Member, and
is bounded by regional shale markers of the Marnama#t Heron Shales, representing an
equivalent to the Julius mudstone member and tiperuBmith Bank Formation (Fig. 2;
McKie and Audretsch, 2005). The Judy Member is digther subdivided by McKie &
Audretsch (2005) into a lower terminal splay donedainterval and an upper channelised
interval, separated by a shale prone section. dWwerl terminal splay facies is characterized
by fine-grained, planar cross-bedded and rippledated sandstones. In comparison, the
upper interval is dominated by channel-fill depgswhich are organized into fining upward
packages with coarse lag deposits (usually witlpetpup calcrete nodules) commonly
occurring at the base. Channel-fill deposits araratterized by well sorted cross-bedded
sandstones and can be separated in channel anddsh@eated sandstones (McKie and

Audretsch, 2005; McKie, 2011).

M ethodology

Sampling

Core samples and thin sections examined in thidystwe from the Skagerrak Formation
reservoirs from three fields, Egret (well 22/249;18eron (well 22/29-5RE) and Skua (well
22/24b-7). A total of 274 core samples have bekanafrom the Egret field (106) (22/24d-

10) at depths between 4350 to 4570 m TVDSS (trugceé depth minus elevation above



mean sea level), from the Heron field (136) (2282%t depths between 4300 to 4500 m
TVDSS, and from the Skua field (32) (22/24b-7) fr@800 to 3660 m TVDSS. The depth
intervals have been chosen to cover the main resarmit, the Judy Sandstone Member and
the samples have been selected on a best expextedvair quality strategy from the
available core material. The focus on best resemyaality has restricted the facies used in
this study to confined, channelised and unconfinebeetflood and crevasse splay
components of the Skagerrak fluvial system (N. Mseg] 2015 personal communication).
The Skagerrak sandstone reservoirs are currentigaximum burial depth and experience

maximum temperatures and formation pressures (Tgble

Petrography

Core sample thin sections were used to measureabpirosity, grain size and fraction of
clay-coated grains for this study. Optical porosigs measured by using the digital image
analysis technique, jPOR (Grove and Jerram, 20tfh),blue epoxy-impregnated thin
sections. Grain size distribution was analysedsiggithe Leica QWin (V. 3.5.0) software on
thin section micrographs and the fraction of chédoated grains were measured by point
counting with 300 counts per thin section. Furthamen additional petrographic analysis (i.e.
intergranular volume (IGV) (Paxton et al., 200®tat cement volume (C)) were undertaken
and measured by point counting with 300 counts {mm section using a standard
petrographic microscope.

Thin sections from all three fields were highlyipbked to 3(im and coated with carbon
prior to analysis by a Hitachi SU-70 field emissgum scanning electron microscope (SEM)
and equipped with an energy-dispersive detectorS)ECBcanning electron microscope
analyses of thin section and bulk rock samples wereducted at 5 to 20kV acceleration
voltage with beam currents of 1 and 0.6nA, respelti Point analyses had an average

duration of 2 minutes, whereas line analyses wependdent on length. SEM-EDS was used



for rapid identification of chemical species (iohlorite Fe/Mg ratio) and orientation on the
sample. Cathodoluminescence analysis has beentakeleron selected thin sections with
visible macro-quartz overgrowths using a Gata Mdnogystem with a panchromatic

imaging mode operated at 8 kV.

Fluid inclusion analysis

Microthermometry was conducted on double polishethched wafers to determine the
conditions of cementation and evidence for fornmatwater salinity. Fragments were cut
from doubly polished rock wafers. The wafers werstliy checked under incident UV on a
petrographic microscope to determine which contpétroleum inclusions and under
transmitted light to determine the distribution lbbth aqueous and non-aqueous fluid
inclusions for subsequent analyses. A Linkam THM®SQ0 heating — cooling stage
connected to a Nikon petrographic microscope wasd u® obtain temperature data.
Instrumental precision is +/- 0.1°C, while accuraggpendent on the manufacturer’s stated
accuracy for the calibration standards used (syiethaclusions and pure organic
compounds) is better than +/- 0.1°C, over the rasfgemperatures reported here. Routinely
available measurements are homogenization tempesafy) and final melting temperatures
(T). Homogenization is the conversion of multiphaseusion contents to a single phase
(usually at temperatures above room temperaturrdreting homogenization temperatures
in carbonates, sulphates and halides can be catgiicbecause aqueous inclusions can
(though not necessarily do) reset to higher tentpezaf they are a) overheated beyond a
threshold which is dependent on the mineral stieagtl inclusion geometry (Goldstein and
Reynolds, 1994), or b) frozen. This can occur i ldboratory as well as through geological
processes, so care is taken in the order in whigtyses are made for each rock chip. If
resetting has occurred, larger inclusions may digher temperatures, homogenization

temperature distributions may show a high tempegatail and data from paragenetically



distinct settings may overlap. Final melting occatshe disappearance of the last trace of
solid in the inclusion on heating (usually aftemlbog an inclusion to well below room
temperature). If ice is the final phase to melti(athe present study) salinities are calculated

using the equation given by Oakes et al., 1990.

One dimensional basin modelling

One-dimensional basin modelling provides an insigtat the burial history of a reservoir and
especially the temperature and pore fluid pressumution of the reservoir. Pore pressure
built up by disequilibrium compaction and pore dlwiolume expansion can be modelled with
one-dimensional basin models such as the buridbrgissimulation software PetroMod.
Schlumberger’s burial history simulation softwaretrBMod (V. 2012.2) was used in this
study to model the temperature and pore presswikiten of the Egret, Heron, and Skua
fields. One-dimensional models are generally waliesl to model pore pressure mechanisms
such as disequilibrium compaction and pore fluigpasion but are limited in terms of
integrating mechanisms such as lateral fluid flowhgdrocarbon charging. PetroMod is
based on a forward modelling approach to calcuteegeological evolution of a basin and
burial history. Present-day well stratigraphy, wely lithology and lithological description
were used to set the one-dimensional burial maékéds 2 & Table 2). Palaeo-basement heat
flow was assumed according to Allen and Allen (198ith 63 to 110 mW/rh(average of 80
mW/n?) during syn-rift phases and 37 to 66 m\¥/taverage 50mW/f) during post-rift
phases. The burial history models are calibratedinay present-day RFT temperature
measurements corrected after Andrews-Speed et1384), measured Skagerrak Formation
porosities (Fig. 3) and carefully adjusted towargsesent-day formation pressure
measurments by considering late stage, high teryveraverpressure mechanisms (Osborne
and Swarbrick, 1997; Isaksen, 2004). Vitrinite eéethnce data, maximum temperatures

obtained from apatite fission-track analyses, paE®peratures and palaeopore pressures



obtained from fluid inclusions in mineral cementsres used to help calibrate the model
(Swarbrick et al., 2000; di Primio and Neumann, 800Ne also conducted new fluid
inclusion analysis in quartz cements to furtherst@in palaeotemperatures. The lithological
unit types used in the models are PetroMod defainttiogy types or mixed default lithology
types, chosen on the basis of well log descriptemd core analysis reports. Exceptions are
the Hod lithology type and the lithology type ottfiriassic Skagerrak sandstone members.
The Hod chalk unit is modified to represent thetN@ea non-reservoir chalk and match the
compaction trend and permeability trend given byldfeand Swarbrick (2002, 2008) (Table
3). The Triassic Skagerrak sandstone of the Judgdssane Members is simulated by a mix
of PetroMod (V. 2012.2) default lithologies (80%nda10% silt, 10% shale) in combination

with a regional compaction trend for shaly sandstgiven by Sclater and Christie (1980).

Petrography, burial modelling and diagenesis

The present-day reservoir quality of the deeplyidsliSkagerrak Formation in the Egret,
Heron, and Skua fields is a cumulative product epasitional attributes (e.g. facies
architecture, grain composition, sorting, and size¢chanical compaction and diagenesis

during shallow and deep phases of burial.

Burial history modelling results

The one-dimensional burial history models are basedvell data and are calibrated with
measured RFT pore pressure data, measured andtedriRFT temperatures and agueous
fluid inclusion homogenization temperatures of fluely Sandstone Member (Table 4). The
burial history models show the Skagerrak Formateservoir sandstones are at maximum
burial depth and temperatures at present day (TigblEhe Skagerrak Formation experienced
in general a long shallow burial phase (~150 Mghofved by a phase of rapid burial starting

between 90-70 Ma to their present maximum buripltlu€Fig. 5). The phase of rapid burial



was accompanied by significant temperature and paassure increases to their present day
maxima. The present-day pore fluid pressure pbliethe three wells increases through the
Chalk units (Ekofisk, Tor and Hod Formations) fréwydrostatic to highly overpressured in
the Skagerrak Formation reservoir sandstones.

The Egret burial history model shows a burial reterease from ~90 Ma onwards,
leading to a present day maximum burial depth &0&4m below sea floor (Formation top).
Modelled reservoir temperature and pore fluid okespure increase constantly during the
rapid burial phase to present day maxima of 1807€ 30 MPa, respectively (Fig. 5; Table
1). The rapid overpressure increase in the Skadgémmamation induces a reduction of the
vertical effective stress (VES) accrual, which teca maximum VES of ~24 MPa at around
10Ma and a present day VES of 10.4 MPa.

The Judy Sandstone Member of the Heron field handergone a shallow burial phase
(<1150 m below sea floor) followed by rapid bufi@m 90 Ma onwards to their present day
maximum depth of around ~4300 m below sea floonr(fadion top; Fig. 5). The burial
history model shows an increase of pore fluid okesgure from 60 Ma towards a maximum
present day overpressure of 40 MPa which leadsdeceease of the VES in the Skagerrak
sandstone reservoirs to a maximum VES of 21.5 Mfélaaapresent day VES of 6 MPa (Fig.
5). The modelled temperature of the Judy Sandskbamber in the Heron field is below
50°C for the early shallow burial phase and startsicrease during the rapid burial phase to
a present-day maximum of 178°C for the Judy Saneskbember.

The Judy Member of the Skua reservoir is subjetted phase of a rapid burial from
around 70 Ma with an even further increased buatd in the last 10 Myrs towards present
day maximum burial depth of 3500 m below sea flgmrmation top) (Fig. 5). The phase of
rapid burial is coupled with temperature and pdualfoverpressure increases, especially the

last 10 Myrs, towards 152°C and 26.6 MPa at predant(Fig. 5). The overpressure increase



with ongoing burial reduced the VES accrual siguaifitly to a lower maximum VES of 21.5

MPa at ~10Ma and a present-day VES of 12 MPa.

Grain size, porosity and degree of compaction

The 274 investigated samples from the Egret, Hawrwh Skua fields show a wide porosity
range from <1% up to a maximum of 34% (Fig. 3). Theasured optical porosity data is
complemented by helium core plug porosities (meabafter Boyle’s law, uncorrected for
possible decompaction effect). The Skagerrak resesandstones in this study cover a
narrow range of compositions and are classifiegrgsic to lithic-arkosic arenites.

The Egret field (well 22/24d-10) data set showsaapporosities from <1% to up to 14%
porosity, with an average of 7% and helium coreggorosities from 10% to 31%, with a
mean around 20% (Fig. 3). The grain sizes vary fomarse silt to medium-grained sand,
with an average grain size of 0.136 mm and the ntgjof the samples between very fine
and fine-grained sand (Fig. 4).

The Heron field (well 22/29-5RE) data set in conmgar show a wider optical porosity
range from <1% to up to 31%, with the majority bétporosity values below 15% and a
mean of 6%. The helium core plug porosities arganeral higher with a maximum of 29%
and a mean of 20% (Fig. 3). The grain sizes vamnfcoarse silt to medium-grained sand,
with a mean grain size of 0.136 mm and the majdxétyveen very fine and fine-grained sand
(Fig. 4).

Porosity data from the Skua field (well 22/24b-Zjnples show a wide range from <1%
to 31% for the optically measured porosities andt8%87% for the helium porosities. The
mean of optical and helium porosities is around 1d8d 17%, respectively (Fig. 3). The
grain sizes vary between very fine and fine-graisadd (Fig. 4), with an average grain size

of 0.169 mm.



Interestingly, grain-size variability is limitedrass all facies, with most of the sandstones
being fine and very fine grained with a grain skatween 0.063 and 0.25mm (Fig. 4).
Coarser grain sizes are encountered within therlpads of the confined channelized sands,
with a mean grain size of 0.35 mm (medium graie)siz

The Egret, Heron, and Skua samples show featuresegchanical compaction of soft
grains, such as deformed lithic clay grains, kinkadca grains and minor chemical
compaction features such as concavo-convex graimacts at detrital quartz grain
boundaries. However, the sample sets indicate wraapaction in relation to hydrostatically
pressured sandstones at equivalent burial depthrogipdepth relationship for
hydrostatically pressured shaly sandstone by Scéateé Christie (1980)) to the present-day
burial depth of the Judy Sandstone Member. The moolmpaction of the Skagerrak
sandstones is further highlighted by the generaleate of strong chemical compaction

features, such as sutured or stylolitic grain ccista

Diagenetic cements and grain coatings

The complex diagenetic history of the Skagerraknfadion sandstone reservoirs has been
described by a number of research papers (e.gh®&tl., 1993; Weibel, 1998; Swarbrick et
al., 2000; Kape et al., 2010; Nguyen et al., 20TBe main diagenetic cements recognised
include quartz, localised carbonate (ferroan ddlemifeldspar, and early precipitates of
halite cement as identified by (Nguyen et al., J0D&trital quartz grains were reported to be
coated by clay minerals such as chlorite and mamayr illite in the Skagerrak Formation and
their presence has been correlated to low quanecevolumes (Taylor et al., 2010; Nguyen
et al., 2013; Taylor et al., 2015). The major cemimes and clay mineral coatings,

important for reservoir quality in this study, aliscussed in more detail below.

Carbonate cements



Carbonate cements are very localised throughouSkagerrak Formation and sourced by
syn-depositional calcitic palaeosols in very fimaiged floodplain deposits or by calcrete and
dolocrete rip-up clast at channel bases (McKid.e10). The scarce carbonate cements in
the three data sets are mainly present as defocarbdnate-clay rip-up clasts (Fig. 7A) or as
pore filling cements often associated with “megagbiin channel base samples. The clay
free carbonate cements show a rhombic crystaltsmeievith a prominent cleavage pattern
and tend to infill the pore space completely wheey are present (Fig. 7B). Fluid inclusion
analysis on carbonate cement in the Skua sampleowsshigh aqueous and lower non-
aqueous fluid inclusions homogenization temperatwe 138°C to 144.5°C and 79°C to

112°C, respectively (Table 4).

Grain coatings

Grain coatings and especially authigenic clay nalseare common in all of the Skagerrak
sandstones (e.g. Nguyen et al., 2013; Taylor et2805). Detailed petrography, SEM and
SEM-EDS analysis presented in this study has ifiedtiauthigenic clay mineral grain
coatings on detrital quartz grains; consisting @inty authigenic chlorite in the Heron and
the Skua fields (Fig. 8B & C) and a mixture of agémic chlorite and illite in the Egret field
(Fig. 8A). The authigenic clay coatings are fuligrtsformed at present-day and no prove of
precursor clay minerals has been detected. Gratingpchlorite is analysed using SEM-EDS
and classified according to the Fe/Mg ratio (Hilead Velde, 1992):

Fe

Fe/M tio =———
e/Mg ratio Fe + Mg)

(1)

Chlorite coats are classified as intermediate toi¢tefor the Egret and Heron samples, with
Fe/Mg ratio of 0.4-0.55 (Egret) and 0.45-0.6 (Hgrand as intermediate to Mg-rich for Skua

(0.35-0.5) (Table 5).



The majority of samples have measured grain coatalges of more than 70% and
several with near complete chlorite coatings (Blg.The Heron and Skua data sets have high
measured grain coating values of 79.2% and 70.K¢ertively (Fig. 9). The grain coatings
are in general continuously developed and ranga fipm to 2Qum thick, with an average
thickness of 1lum. The chlorite coatings show a complex structpettern, regardless of
their thickness, with a dense root zone (Pittmaalel992) of laminated crystals oriented
parallel to the detrital quartz grain surface (RB®). These are superseded by well-defined
chlorite crystals growing normal to the root zoRe&g( 8B, C & D). In comparison, the Egret
data set has a higher fraction of chlorite coattditdl quartz grains of 86.1% (Fig. 9). These
chlorite coatings are better developed with an ayerthickness >18n, but commonly
coexist with illite on detrital quartz surfacesdFBA & E). Furthermore, these coating root
zones have a more dense structure of amorphousotdymlefined chlorite and illite crystals
(Fig. 8F) and are superseded by well-developedrithlplatelets and fibrous and flaky illite,
which are in randomly orientation to each other formally oriented to the detrital grain
surface (Fig. 8A, E & F). The observed coating dtice,with a root zone and superseding
crystals, has been described by several authorautiiigenic clay mineral coatings (e.g.
Pittman and Lumsden, 1968; Wilson and Pittman, 1®ifman et al., 1992; Ajdukiewicz
and Larese, 2012; Haile et al., 2015).

The occurrence and importance of grain coating ritelan the Skagerrak sandstone
reservoirs has been reported from the J-ridge @tgayen et al., 2013; Grant et al., 2014)
and the Heron Cluster (McKie et al., 2010; Taylbale 2015). However, the mixed chlorite-
illite coatings of the Egret samples show a tengencbridge between grain coatings and
thereby fill the pore space and block pore throBitss is less common in the Heron and Skua
sample sets where the overall clay mixture congpigdominantly of chlorite and <5% illite.

In general, pore-filling cements comprise smalled éess well developed chlorite crystals



within a denser packing arrangement than seenhimgtain coatings. The optical porosity

loss by pore filling clay cements can be up to iB%ome samples.

Quartz cements

Quartz cements can be recognised in all three sasgik in this study and two types of
cement growth are recognised, either as very thanaguartz grain coatings (Fig. 7C, 8B &
11A) or as a more blocky and thick macro-quartzrgnevth, present at non-coated grain
surfaces or at breaks within the chlorite coatifigg. 7C, 7D & 11B). The term microquartz
overgrowth is here used for polycrystalline groyttterns of individual micro-sized quartz
crystals ranging from 1 to ufn in length, which are in optical continuity or cistinuity
with the detrital quartz grain (Aase et al., 1986nch and Worden, 2013). In comparison
macro-quartz overgrowth is defined as syntaxialriguavergrowth larger than 20m in
optical continuity with the detrital quartz graihhe amount of quartz cement in general is
very low in the three investigated sample sets (<& volume), but can exceed 5% bulk
volume in single samples.

Fluid inclusion analyses have been undertaken lecteel samples with higher quantities
of quartz overgrowths and show high homogenizatenperature for the fluid inclusions.
The agueous homogenization temperatures rangefd&tC to 171°C for the Egret sample,
104°C to 116°C and 133°C to 163°C for the Heron@as and 133°C to 156°C for the
Skua samples (Table 4). The non-aqueous fluid sn@whs are generally less common in the
sample sets. Homogenization temperatures are betW¥€ to 77°C for the Heron sample 1
and are at 83°C for one inclusion in one of theeSsamples (Table 4).

The microquartz overgrowth tends to fill small das in the detrital quartz grain surface
and to infill void spaces between the detrital tp@rain surface and the chlorite mineral
coating (Fig. 7C, 7E & 12C). Single microquartzstals (<um) can be found in between

the chlorite platelets and the illite fibres (fogreét samples), which tend to outgrow the clay



mineral coatings (Fig. 8B & 12C). This sublayemutroquartz precipitation beneath and in-
between chlorite grain coatings has previously beecognized in high-temperature
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K-Feldspar dissolution & cementation

K-feldspar dissolution and alteration can be obsgnn each of the sample sets. K-feldspar
dissolution occurs generally during late burialgstaindicated by clay mineral coatings,
which preserve the original K-feldspar grain shapeartly or fully dissolved grains. The
volume of K-feldspar cement ranges from approximyatd% to a maximum of 5%. Minor
amounts of late stage blocky authigenic K-feldspasrgrowth can be observed on uncoated
and partly dissolved K-feldspar grains. Aqueougdflimclusions in feldspar overgrowths in
the Egret sample indicate cementation at high teatpees above 140°C. Non-aqueous fluid
inclusions encountered in feldspars show signifigdower temperatures between 45°C and
118°C across the three sample sets (Table 4). \Hadtered and dissolved K-feldspar grains
can coexist in close proximity to unaltered graMariations in feldspar microtextures exertis

control on reactivity as demonstart5ed by Parsbat ¢€2005).

Paragenetic sequence

The diagenetic development of the Skagerrak Foamaith the investigated reservoirs is
similar and therefore can be linked into a geneedhtive sequence by their observed
petrographic features (Fig. 6 & 7).

Evidence of mechanical compaction throughout thelgiburial process is present in
Egret, Heron and Skua sample sets and despitesénalloshallow overpressure initiation and
associated VES reduction mechanical compactiontiils tee main driver of porosity
reduction during the first 2500 m of burial (Fig. Blevertheless, the reduced VES accrual

limited the effect of mechanical compaction sigrafitly in the Skagerrak sandstones.



Therefore, mechanical compaction is lower than quiwalent hydrostatically pressured
sandstones (represented by the porosity-depthamship for hydrostatically pressured shaly
sandstone by Sclater and Christie (1980) at eqemtalepth (Fig. 3).

Diagenesis started at shallow burial with localiseatbonate cementation (ferroan
dolomite), mainly internally sourced by dissolutiaf reworked calcrete or dolocrete
fragments (Fig. 7A; McKie and Audretsch, 2005). I®iva carbonate precipitation is
indicated by high IGVs, close to the assumed ingi@ndstone porosity of 45%, in the
cemented channel base samples. High fluid inclubimmogenization temperatures in the
Skua sample set and large single crystals indibatther diagenetic changes at higher
temperatures (Table 4 & Fig. 7B).

Authigenic clay mineral coatings developed afteallsliv carbonate cementation and
prior to major quartz cementation (Fig. 7C & D).Nstand SEM-EDS analysis identified
chlorite as the main coating clay mineral, alongsidth a minor amounts illite.

Feldspar dissolution occurs after the beginning fenerally alongside continuous
precipitation of authigenic chlorite and illite glaninerals, which is indicated by clay mineral
coated feldspar grains where chlorite and illitedtéo infill and overgrow dissolution cavities
of partly dissolved feldspars (Fig. 7F)

Fluid inclusions from blocky quartz overgrowth iodied late occurrence of quartz
cementation at high temperatures of ~130-170°@énSkagerrak Formation. Quartz cement
can be recognised as either very thin microquadmgoatings (e.g. Fig. 7C, 8B & 11A) or
blocky and thick macro-quartz overgrowth, preseénian-coated grain surfaces or at breaks
within chlorite coatings (e.g. Fig. 7C, 7D & 11Beveral precipitation events can be
observed for microquartz, indicated by various dglostages in cathodoluminescence images

(Fig. 10A & C). High homogenization temperatures ugf to 170°C for aqueous fluid



inclusions in blocky macroquartz overgrowth indecatery late quartz cementation in the
Judy sandstone Member (Fig. 6).

The non-aqueous fluid inclusions suggest that hoattmn emplacement occurred late in
the burial history of the Egret, Heron and Sku&lfieThe microthermometry results from the
coexisting hydrocarbon and aqueous inclusions tesea temperature of ~60-120°C for
hydrocarbon inclusions and ~130-170°C for aquehud inclusions (Table 4). However, the
homogenization temperature for the aqueous inahssif.e. 130-170°C) represents the
trapping temperature for both fluids as the oil waslersaturated with gas for the trapping
pressure and temperature (Munz et al., 1999; M20@]). The fluid inclusion results concur
with the commencement of hydrocarbon generatiam fthe end of the Cretaceous and was
completed by mid-Miocene times (Lines and Auld, 200

Furthermore, feldspathic cementation can be obdearal is identified as late stage

cement by aqueous fluid inclusion homogenizatiomperatures (Table 4).

Porosity loss by mechanical compaction vs. cementation

Additional petrographic data such as intergranutdume (IGV) (Paxton et al., 2002) and
total cement volume (C) can be used to calculage pbrosity loss due to mechanical

compaction (COPL) and cementation (CEPL) after lagzdd (1992):

_p _[(100-R)PR,
COPL=R [ 100-P_ (2)
C
CEPL=(P - COPL)[P—J (3)

whereP; is the initial or depositional porosity (here asga with 45%; Beard and Weyl,
1973) andPy is the intergranular volume or minus-cement payosalculated by subtracting
the total cement volumeC] from the optical primary porosity. The calculat€e®PL and

CEPL are only accurate if three conditions are rigtt, the assumed initial porosigy is



correct. Second, the amount of cement derived bl Igrain dissolution is negligible or
known. And third, the amount of framework mass etgubby grain dissolution is negligible
or known (Lundegard, 1992). The calculated porofigses by mechanical compaction
(COPL) and by cementation (CEPL) show a similatgsatfor Egret, Heron and Skua fields
(Fig. 11). The Average values of COPL and CEPL 2668% and 9.2%, with 29.1% and
8.8% for Egret, 24.8% and 9.6% for Heron and 26a4fb 9.1 % for Skua sample sets. This
identifies that the main porosity loss in the Egrderon and Skua is mainly due to

mechanical compaction rather than cementation (Riy.

Discussion

Vertical effective stress and porosity evolution

The positive effect of pore fluid pressure and I[®&S on porosity preservation is well
known since Therzagie’s effective stress concepttherefore overpressured reservoirs are
often associated with good reservoir quality. Hogreva combination of magnitude and
timing of onset of overpressure needs to be coraidi®r enhanced porosity preservation in
siliciclastic reservoirs. Pore fluid overpressurancslow down or arrest mechanical
compaction by reducing the vertical effective sreliring ongoing burial, but cannot
increase porosity. Therefore, overpressure devdldpeng (shallow) initial burial is crucial
for maintaining primary porosity and good reservquality to depth (e.g. Ramm and
Bjarlykke, 1994; Osborne and Swarbrick, 1999; Satereand Hay, 2001). Furthermore,
overpressured reservoirs have no fluid exchange f{uid influx) with less overpressured
areas, which allows them to evolve within theirywewn fluids (Jeans, 1994). This reduces
the overall number of diagenetic processes thataiffagt the overall reservoir quality.

The pore fluid overpressure in the Skagerrak dandsreservoirs initiate (0.01 MPa) at

around 60 Ma (Egret & Heron) and 50 Ma (Skua) allstv burial and increases with



ongoing burial to the present-day maximum. The \&hgllow onset and rapid increase of
overpressure enabled the pore fluids to reducdotie borne by intergranular and cement-
grain contacts within the sandstones (Fig. 12)is lio be noted that late development and
deeper onset of overpressure would have had a smaler to negligible effect on porosity
preservation in the reservoir sandstones. The ezblattess on the grain framework causes a
reduction in mechanical compaction and chemicalpamnion (pressure dissolution) at grain
contacts (Osborne and Swarbrick, 1999). The reducechanical compaction rate can be
easily observed in the datasets, where a predogenaipoint, long or concavo-convex grain
contacts occurs compared to sutured or styloliiarg grain contacts which would be
expected in deeply buried hydrostatic reservoiilse Effect of overpressure on reservoir
quality is the highest with initiation depths abd#0m because at this depth range porosity
or intergranular volume reduction in hydrostatieggured sandstones is particularly strong
(from 42% to 28% on average, Paxton et al., 2002yertheless, low VES can still have an
impact on compaction processes beyond 1500m bdepth due to the lower limit of
physical grain compaction of approximately 26% agoor IGV at 2500m (Paxton et al.,
2002), and late stage chemical compaction.

Significant porosity preservation is commonly swgd to occur during later stage
chemical compaction due to of the occurrence aeathegchlorite grain coatings (e.g. Bloch
et al., 2002; Ajdukiewicz and Larese, 2012; thiglg). However, it has been recognized that
the rate of quartz cementation increases as annerpial function of temperature during
burial and estimated that the rate may increase tagtor of 1.7 for every 20 temperature
increase (Walderhaug, 1996). Temperature has beesidered by far the most important
control on the rate of quartz precipitation in dgdpuried sandstones (Walderhaug, 1996;
Bjorkum, 1996; Lander et al., 2008). The amoungudrtz cementation and porosity can be

modeled as an exponential function (Arrhenius @qoabf the temperature integrated over



time and forms the basis of many commercially adéd reservoir quality predictive
programs. The occurrence of minerals at grain absitare also thought to be important and
dissolution is considered to be enhanced by micelay minerals at quartz grain contacts
(Bjorkum, 1996).

This study has provided evidence from the Skagdfaknation sandstones that shallow
onset of pore fluid pressure can arrest the ratguafrtz cementation and maintain an
enhanced porosity to greater burial depths thamalby would be expected under hydrostatic
conditions and as a function of temperature aléng. (12). Quartz cementation is far more
sensitive to pore fluid overpressure than has ptesvbeen attributed. This in part is due to
the significant role low VES plays in limiting arfdrestalling the onset of intergranular
pressure solution at grain contacts (e.g. OsbandeSavarbrick, 1999; Swarbrick et al., 2000;
Sheldon et al., 2003; Becker et al., 2010 Strickst Jones 2016). Quartz cementation and
especially quartz overgrowths on detrital quartirgg are a widely reported diagenetic and
porosity reducing processes in deeply buried quactz sandstones (e.g. McBride, 1989;
Walderhaug, 1990; Vagle et al., 1994; Walderhau@f4b; Worden and Morad, 2000).
Stylolitisation and dissolution at intergranulaaigr contacts is often reported as main internal
source of quartz cement in many siliciclastic resis (e.g. Houseknecht, 1988; Bjorkum et
al., 1993; Walderhaug, 1994a, b). The low VES ldalsgylolitisation in the Skagerrak
Formation sandstones and reduced stress on thefgaaiework and grain contacts (Fig. 12).
The supply of dissolved silica towards the poredflis thereby reduced which leads to a
lower silica saturation of the pore fluid and fiyakto lower and later quartz cement

precipitation (Osborne and Swarbrick, 1999; Stnicked Jones, 2016).

Authigenic clay coatings and reservoir quality



The development of clay mineral coatings is ofteported to be closely linked to the
absence of extensive quartz cementation. The rtage@ by clay mineral coatings in
siliciclastic reservoirs is of significant interdstr the maintenance of exceptional reservoir
quality (e.g. Taylor et al., 2010; Ajdukiewicz abdrese, 2012).

Clay mineral coatings in the Skagerrak Formatian generally well-developed and
consist mainly of authigenic chlorite, with minamaunts of authigenic illite (especially in
the Egret field). SEM-EDS analysis of the chlogteatings classify them as intermediate to
Fe-rich for the Egret and Heron samples, with Fefistgp of 0.4-0.55 (Egret) and 0.45-0.6
(Heron) and as intermediate to Mg-rich for Skue%60.5) (Table 5) (Hillier and Velde,
1992). The observed Fe/Mg ratios correlate wethweported ratios between 0.25-0.65 for
terrestrial sediments (Downey et al., 2011). TheMSEDS analysis also showed that the
authigenic chlorite and illite is fully transformedithout any remnant precursor clay
composition. Downey et al. (2011) reported thresspae building mechanisms for chlorite
grain coatings in fluvial environments; firstly gracoating Fe-rich clay minerals, secondly
the mechanical infiltration of precursor clay mialer(e.g. smectite) and, thirdly the alteration
of detrital grains. The chloritization and illitizan of smectite is the most likely diagenetic
pathway for authigenic chlorite and illite grainatings in the Skagerrak formation.
Mechanical infiltrated smectite has been probaltiycaed flatly to the detrital grains during
or shortly after deposition (Matlack et al., 1988)g. 12). The chloritization of smectite
requires a source of aluminum (e.g. Hillier, 19Bimphreys et al. 1994) and takes place at
temperatures between 60-100°C (e.g. Worden anddvi@@03). lllitization of smectite also
requires a source of aluminum and potassium angperted to occur at temperatures above
90°C (e.g. Worden and Morad, 2003). Detrital smeatioatings have been continuously
transformed into authigenic chlorite with incre@stemperatures and dissolution of detrital

k-feldspar (Fig. 7F & 12).



The authigenic chlorite grain coatings in the He@uaster fields are well-developed
and cover more than 70% of the detrital grain @da(Fig. 9 & 12). Nevertheless, there are
differences in composition and appearance. Thargstn the Heron and Skua sample sets
are typical edge to edge chlorite coatings withlatypcrystal structure similar to those
observed by Pittman et al. (1992). The clay mineadtings in the Egret field are generally
thicker and contain a higher amount of fibrougalljfFig. 8A & F). The Egret field coatings
are structurally more variable in their morphologgmpared with the Heron and Skua
coatings. The general coating structure, descryelittman et al. (1992), is consistent in all
three sample sets, with a flatly attached root zand superseding chlorite and/or illite
crystals (Fig. 8 D). Where high amounts fibrougealbccur, the root zone is structurally less
well developed and amorphous in comparison withra phlorite grain coatings (Fig. 8F)

Ajdukiewicz and Larese (2012) observed quartz raima below the root zone and
in-between the crystals of the chlorite coatingseatperatures above 115°C and concluded
that chlorite coatings may retard quartz nuclea@rmoderate temperatures, but permit
guartz nucleation at high temperatures similar hosé encountered in the Skagerrak
Formation. This quartz tends to infill the micropsity of the chlorite coatings and produces
a sub-layer beneath chlorite coatings. Intact del@moatings provide an effective barrier for
potential quartz crystal growth from the detritatface into the pore space, due to the high
crystal interconnection (Pittman et al., 1992; Ajdwicz and Larese, 2012; Haile et al.,
2015). lllite coatings on the other hand are irpees to chlorite coatings less able to prevent
guartz outgrowth due to the normally oriented,dils crystals and the low degree of crystal
interconnection (Guven et al., 1980; Storvoll ef 2D02; Wilson et al., 2014). The mixed
clay coatings in the Egret field have a very higlface coverage (>85%; Fig. 9).

High homogenization temperatures for the aqueouis finclusions in the quartz

overgrowth (Table 4; 145°C to 171°C) indicate thmportance of clay mineral coatings and



vertical effective stress for retardation of quastecipitation (Fig. 12). Mixed chlorite/illite
coatings (Fig. 8F) provide a more effective barteequartz nucleation than chlorite coatings

alone.

Microguartz grain coatings

Microquartz grain coatings are polycrystalline gtiowatterns of individual micro-sized
guartz crystals ranging from 1 tolr@d in length, which are in optical continuity or
discontinuity with the detrital quartz grain (Aasteal., 1996; French and Worden, 2013) and
often reported to be closely linked to the abseri@xtensive macroquartz cementation.
Microquartz coatings have been described as a fy@andom oriented, micro-sized quartz
crystals crystallographiclly misoriented with resp® the host grain (e.g. French et al.,
2012; French and Worden, 2013). Microquartz caoldserved in several appearances in the
Skagerrak sandstones, such as a coating layer loddgwoatings (Fig 7C & E) or as single
crystals, outgrowing clay mineral coatings (Fig)8Bathodoluminescence analysis of the
microquartz in the three sample sets indicatedipielprecipitation and growth events (Fig.
10A & C) mainly below the chlorite grain coatingsdan between the chlorite crystals (Fig.
7E, 8E, 10C & 8B). The microquartz is likely to pecipitated at higher temperatures
(>115°C) as demonstrated by Ajdukiewicz and Laf@64?2).

However, the contribution of the microquartz cogsintowards the preservation of
reservoir quality is minor to negligible in the $learak Formation. The presence of well-
developed chlorite grain coatings and high poradflpressures have played a more

significant role to inhibit extensive macroquaré&rentation.

Macroquartz cementation and reservoir quality
Quartz cementation is generally scarce in the Skakd-ormation but can be observed as

micro and macro quartz cement at non-coated degpiéén surfaces in all three sample sets.



Quartz cementation starts generally at temperataresnd 70-80°C (e.g. McBride, 1989;
Walderhaug, 1994b, a; Worden and Morad, 2000) wetty slow precipitation rates, which
increase with increasing temperatures (Walderh2884b). Walderhaug (1994b) expressed

the temperature dependence of macroquartz preeypitamathematically:

r = 198+*10722 *1 Q%27 )

wherer is precipitation rate in moles per square centiematidT is temperature in degree
Celsius. The quartz precipitation rate can be cdedeanto a linear outwards growth rate for
quartz cement in cm/s by multiplying r by the motaass of quartz (60.08g/mol) and
dividing by the density of quartz (2.65g/&mThis leads to linear quartz cement outgrowth
rates as a function of temperature, e.g. 0.0480Bla at 70°C or 1.70216n/Ma at 140°C
(Table 6). The calculated linear quartz growthsatan be used to estimate time necessary to
enclose a small fluid inclusion{#) at certain temperatures (Table 6).

The comparison of the quartz growth rates for onewth and the rapid burial rates
for the Triassic Skagerrak shows that fluid inabns are unlikely to form at temperatures
below 100°C to 110°C due to the slow quartz grosates (Table 6) and the rapid burial rates
of the Skagerrak Formation (Fig. 5). The lowesteas homogenization temperatures from
guartz cements are consistent with this observdti@mon; Table 4), but the majority of the
agueous homogenization temperatures are beyond130°

However, we have already argued for potential irthiibn of quartz cementation by
clay coatings, microquartz coatings and particulasVerpressure, and suggest that the
combined effect of all these processes produceopmethntly high temperature quartz

overgrowths.



Conclusions

1. The HPHT Skagerrak Formation sandstone reservéiteeoEgret, Heron and Skua
fields (UK quadrant 22) have total enhanced paessin the range of 18-35%, despite
their depth of burial and elevated high temperature

2. Porosity in the Skagerrak Formation was preserkieslgh a combination of shallow
onset of pore fluid pressures reducing mechanioatpaction and well developed
chlorite and mixed chlorite/illite grain coatingshibiting quartz cementation.

3. The shallow onset of high pore fluid pressure (at ef Cretaceous) and maintenance
to present day contributed towards the inhibitidnntacroquartz overgrowths by
reducing pressure solution at detrital quartz gcaintacts.

4. Authigenic chlorite and mixed chlorite/illite coatost detrital quartz grain surfaces
(>70% surface coating) and restricted the developrokabundant pore-filling quartz
cement despite elevated temperatures (up to*€180present day). The abundance of
quartz cement correlates well with grain coat cagerand shows no relationship to
the presence of hydrocarbon pore fluids.

5. Burial history modeling using detailed fluid inclas analyses and quantitative
petrography of the Skagerrak Formation reservoimdstones has revealed that
macroquartz overgrowths have been inhibited up €y \high burial temperatures
(~185C) by low vertical effective stress and well deysd clay mineral coatings.
The results indicate that the range of porositiessgrved provide potential for
exploration in the deeper (>5500 m below sea flaod HPHT portions of the Central

Graben, North Sea.
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Figures:

Figure 1 - Map of the southern part of the UK qaad22 with important regional structural
features indicated.

Figure 2 - Stratigraphy of the Heron Cluster fieldgret (well 22/24d-10), Heron (well
22/29-5) and Skua (well 22/24b-7).

Figure 3 - Optical and helium porosities of the dfe€luster sample sets with a regional
Central North Sea porosity-depth relationship fyarostatically pressured shaly sandstone
(Sclater and Christie, 1980) and the modelled gandsporosities (circles).

Figure 4 - Grain size distribution of the Egretrétfeand Skua sample sets, with average
grain size (Av.).

Figure 5 - Modelled vertical effective stress (VESPlution, overpressure (OP) evolution,
temperature evolution and burial depth for the 3i@ Judy sandstone member of the Egret,
Heron and Skua fields, including agueous quartzgregvth fluid inclusion homogenization
temperatures (FI QTZ OG).

Figure 6 — Paragenetic sequence of the main ditiggmecesses for the Egret, Heron, and
Skua fields, based on petrographic relationshiplsta@sin modelling, with fluid inclusion
homogenization temperatures for aqueous carboigddepar and quartz inclusions.

Figure 7 — Micrographs of A) calcrete/dolocretegfreents (Heron); B) a single dolomite
crystal next to a deformed mica grain (Heron); @etrital quartz grain with macroquartz
(blocky) and microquartz overgrowth (Skua); D) & it non-coated quartz grains with
macroquartz overgrowth and fluid inclusions athlbendary between detrital grain and
overgrowth (Heron); and SEM images of E) a detgtain with chlorite coating and
microquartz between the coating and the detritaihgiHeron); F) a partial dissolved feldspar

with chlorite coating (Egret).



Figure 8 - SEM images of A) chlorite (chl) andtélimixed clay mineral coats (Egret); B)
chlorite (chl) coatings with single outgrowing noquartz crystals (MQtz) (Heron); C) well
developed authigenic chlorite (chl) grain coatiBf{a); D) well developed authigenic
chlorite (chl) coatings with a structured root z¢gsRZ) (Skua); E) a detrital grain with
microquartz overgrowth (MQtz) between mixed clayenal coating (chl/illite) (Egret); F)
amorphous root zone (aRZ) underlying illite gramaiing (Egret).

Figure 9 - Fraction of clay coated detrital gram&gret, Heron, and Skua sample sets, with
the average of coated grains (Av.).

Figure 10 - SEM and CL images of A) microquartzvgray on an detrital quartz grain
(Egret); B) macroquartz overgrowth on an detritzudz grain next to an clay mineral coated
grain without quartz overgrowth (Egret); C) a futlylorite coated grain with minor
microquartz between the detrital grain and therti@l@oating (Skua).

Figure 11 - Compactional porosity loss (COPL) aaethentational porosity loss (CEPL) for
Egret, Skua, and Heron data sets, calculated aogoim Lundegard (1992).

Figure 12 — Schematic diagram for the comparisof) @ theoretical representation for a
deeply buried siliciclastic reservoir of same st@rcomposition and grain size as the
Skagerrak sandstone reservoirs and B) the HPHTeBkadgsandstones from the Egret,

Heron and Skua fields.



Tables:

Table 1 — Present-day formation tops (Skagerrakngton and Judy Member), formation
pressure, temperature of the Egret, Heron and fxida.

Table 2 - Lithology thickness and type of the méztelayers for the Egret, Heron, Skua
fields, with Sh: Shale, Sst: Sandstone, Non-Resn-Reservoir Chalk and Res. Sst.:
Reservoir Sandstone (80% Sand, 10% Silt and 1096 Cla

Table 3 - Non-reservoir North Sea chalk model patans after Mallon and Swarbrick (2002
& 2008)

Table 4 - Homogenization temperatures of aqueogsiédus) and non-aqueous (Non) fluid
inclusions in quartz overgrowth, feldspar and cadie cements

Table 5 —Fe/Mg-ratio from SEM-EDS measurementshidrde coats of the Egret, Heron
and Skua samples

Table 6 - Calculated, temperature dependent gqpaetapitation rates, with T for
temperature, r for precipitation rate, gl for lineaitgrowth rate and tc for critical time to

enclose a fluid inclusion of 4 pm.
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Field Egret Heron Skua
Well 22/24d-10[ 22/29-5RE| 22/24b-7
Top Skagerrak Formation [m TVDSE] 4310 4289 3557
Top Judy Member [mTVDSS] 4368 4312 3557
Judy Member
RFT Formation pressure [MPa] 85.6 - 86.8 86.8 63.7 - 66.8
RFT Temperature [°C] 175-183 176-1}8 160
Fluid inclusion sample [mTVDSY] 4565 4412 3608
4419 3615




Egret Heron Skua
Group/ Thick. | Lithology | Thick. | Lithology | Thick. | Lithology
Formation
[m] [] [m] [] [m] []
Water 91 Water 93 Water 97 Water
Nordland 1409 Shale 1407 Shale 1762 Shale
Lark/Horda 1341 Shale 1396 Shale 957 Shale
Tay 45 Shale 15 Sandy Sh.
Balder 13 Shale 18 Shale 12 Shale
Sele 25 Sandy Sh. 31 Sandy Sh. 21 Shale
Forties 168 Sandstone 187 Sandstone 79 Sandstone
Lista 60 Silty Sh. 49 Silty Sh.
Andrew 51 Siltstone 81 Siltstone
Maureen 142 Marl 82 Marl 54 Marl
Ekofisk 76 Chalk 94 Chalk 76 Marl
Tor 446 Chalk 459 Chalk 300 Chalk
Hod 293 Non-Res. 335 Non-Res. 98 Non-Res.
Herring 30 Chalk 9 Marl
Hidra 10 Shale
Valhall 92 Chalk 63 Marl 19 Marl
Kimeridge Clay 4 Shale Shale Shale
Heather 33 Shale Shale 0 Shale
Pentland 33 Shale
Joshua Silty Shale Silty Shale 0 Silty Sh.
Josephine Res. Sst Res. Sst 0 Res. Sst
Jonathan Silty Sh. Silty Sh. 0 Silty Sh.
Joanne Res. Sst 23 Res. Sst 0 Res. Sst
Julius 58 Silty Sh. 41 Silty Sh. 0 Silty Sh.
Judy 302 Res. Sst 339 Res. Sst 468 Res. Sst
Smith Bank 230 Silty Sh. 200 Silty Sh. 118 Silty Sh.
Zechstein 200 Salt 208 Salt 207 Salt




Model Parameter (Hod Formation)

Mechanical compaction Permeability
Porosity Depth Porosity | Permeability
[%)] [m] (%] [log(mD)]

70.00 0 70.00 1.00
18.00 1300 30.00 -1.00
12.50 2100 25.00 -3.00
8.00 3100 20.00 -5.50
5.00 4500 12.50 -7.20

9.00 -7.20

5.00 -7.20




Egret Heron Skua
FI Host Sample 1 Samplel Sample 2 Sample 1 Sample 2
Aqueous | Non | Aqueous | Non | Aqueous | Non | Aqueous | Non | Aqueous | Non
[Cl |[PC]| [PCl |[PCl | € |[°C] | [°C] [°Cl [°C] [°C]
Quartz OG 145.4 104.0 698 133.7 1334 1326 3 8§3.
Quartz OG 146.0 106.0 72{1 141.5 1358 1331
Quartz OG 147.9 111.0 753 143.1 1359 1333
Quartz OG 149.0 116.0 76(1 143.4 1374 1335
Quartz OG 149.4 76.3 144.4 137.3 136.1
Quartz OG 150.2 145.4 137.3 137.3
Quartz OG 150.2 162.2 139.3 138.6
Quartz OG 150.7 163.3 139.9 139.9
Quartz OG 151.6 140.4
Quartz OG 152.2 140.8
Quartz OG 152.3 140.8
Quartz OG 153.4 141.5
Quartz OG 154.4 142.3
Quartz OG 155.0 143.0
Quartz OG 155.8 144.0
Quartz OG 160.1 144.2
Quartz OG 166.5 144.6
Quartz OG 166.6 145.7
Quartz OG 171.0 146.8
Quartz OG 1545
Quartz OG 156.2
Feldspar 145.7 60.0 44.8 81.6 83.6
Feldspar 147.0 61.4 66.7 85.6 88.1
Feldspar 148.2 61.9 67.0 85.7
Feldspar 62.3 70.8 87.9
Feldspar 75.4 74.4 88.6
Feldspar 75.9 75.4 88.f7
Feldspar 77.4 75.b 88.9
Feldspar 77.3 75.8 91.p
Feldspar 77.9 75.9 91.f7
Feldspar 78.9 76.4 10011
Feldspar 87.9 77.1 1005
Feldspar 81.4 1182
Carbonate 138.5 79.4
Carbonate 140.0 80.4
Carbonate 140.4 84.0
Carbonate 141.5 87.2
Carbonate 141.8 87.4
Carbonate 142.1 88.0
Carbonate 142.3 107.3
Carbonate 142.4 111.4
Carbonate 142.7
Carbonate 143.4
Carbonate 1445




Fe/Mg-ratio

Egret Heron Skua
0.49 0.49 0.52
0.49 0.59 0.49
0.48 0.45 0.39
0.49 0.54 0.35
0.48 0.51 0.37
0.48 0.49 0.37
0.45 0.52 0.38
0.45 0.52 0.38
0.48 0.51 0.45
0.50 0.50 0.50
0.49 0.49 0.47
0.48 0.49 0.47
0.46 0.47 0.47
0.44 0.50 0.50
0.47 0.51 0.47
0.46 0.54 0.51
0.46 0.56 0.40
0.47 0.62 0.47
0.48 0.58 0.44
0.44 0.61 0.41
0.47 0.52 0.49
0.49 0.49 0.45
0.52 0.46 0.51
0.50 0.44 0.50
0.46 0.47 0.48
0.50 0.47 0.51
0.54 0.50 0.49
0.55 0.50 0.51
0.59 0.52 0.53
0.55 0.56 0.48
0.41 0.50 0.51
0.48 0.47 0.49
0.46
0.47
0.44
0.46
0.44
0.42
0.48 0.51 0.46




Temperature | Precipitation rate [r] Linear outgrowth [g] Cm';::rl ATS]n? [t

[°C] [mol/cn?] [em/s] [um/Ma] [Ma]

70 6.86539E-21 1.55661E-19 0.049089 81.48414
80 1.13937E-20 2.58333E-19 0.081468 49.09905
90 1.89089E-20 4.28726E-19 0.135203 29.5851
100 3.13809E-20 7.11509E-19 0.224381 17.82679
110 5.20793E-20 1.18081E-18 0.37238 10.7417
120 8.64301E-20 1.95966E-18 0.617998 6.472515
130 1.43438E-19 3.25222E-18 1.025621 3.900076
140 2.38048E-19 5.39735E-18 1.702107 2.350028
150 3.95062E-19 8.95737E-18 2.824795 1.416032
160 6.5564E-19 1.48655E-17 4.687993 0.853244
170 1.08809E-18 2.46706E-17 7.780131 0.51413
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Tectonics| System Series Group Formation Member Egret Heron
T 91 3 93 =
Quaternary Nordland — —_ —
1500 3 1500 3 3
Pliocene 2 2 2!
w] w) w)
Neogene Westray Lark g 8 %
Miocene = = =
Oligocene
Stronesay Horda 2841 2896
Eocene Tay 2886 2912
Postit " Balder 1 2899 2930
ostri Paleogene oray Sele e 1 5904 3 5960
Paleocene ] 3092 3147
owese |00 ] g0 EEI3 RO
Mauroon 3204 |——13329 3064
PlISKE— 3370 (13423 t 3140
Upper Chalk ,_gd 3816 |t 3382 3440
Creataceous Rerri 4109 + 4217
erng L4139 =
Hidra 4149 |- 14226 .- 13538
Lower Cromer Valhall ) T
Knoll T 4241 " =
Kimeridge
Synrift Jurassic Upper Humber Clay 4245
Heather
- 4277
Middle Fladen Pentland )
Joshua Mdst
U Josephine Sst
pper
Postrift Jonathan Mdst L _ 1089
Skagerrak Joanne Sst
- T 4310 4312
Heron Julius Mdst -0 e
Triassic Middle 4368 4352 - T 3557
Judy Sst 4667 TD) 4295TD|____| 3937 TD)
Synrift Lower Smith Bank
Postrift | b mian Zechstein [Shearwater Salt
Synrift Rotliegendes Auk
Y Devonian | Upper Old Red Buchan | [ |

Chalk
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Shale

silty Shale
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Sandstone

Salt
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