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Nederlandstalige samenvatting

Het UNIS CQOLab in Longyearbyen, Svalbard, beoogt tegen 2025 eenn€d@rale stad van
Longyearbyen te maken. Hierbij zou de,Q® uitgestoten wordt in de steenkoolcentrales die
verantwoordelijk zijn voor de stroomvoorziening in de stad, gecapteerd moeten worden en
opgeslaan in de gesteentelagen onder Longyearbyen. Wanneer ook de transportsector aangepast
wordt naar een systeem waarbij waterstof uit deze steenkoolcentrales als brandstof wordt gebruikt,
kan de cirkel rond worden gemaakt en zal een @i{psysteem gereéerd worden. Deze visie, die zijn
oorsprong vindt in 2006, kan echter geen werkelijkheid worden zonder een degelijke karakterisatie
en analyse van de gesteentelagen die te vinden zijn onder Longyearbyen. Sinds 2007 werden
hiervoor 7 boringen uitgevoerth de onmiddelijke nabijheid van de stad. Hierin werden gesteenten
van de Kapp Toscana Groep en meerbepaald van de Wilhelmgya Subgroup geidentificeerd als de
sectie die het meest geschikt wordt geacht voor, 6slag. Deze gesteenten werden aangeboord in
twee boringen: Dh2 en Dh4. Sinds hun identificatie waren ze hd¢rarerp van vele studies, onder
anderedeze van Ogata et al. (2012) die de nadruk legde op het belang van breuken in deze Subgroep
voor potentiéle CQopslag. Echter, de manier waarop dezetnetkaar geconnecteerd zijn, hun
lengte en opening zijn nog onzekere factoren. Onder andere daarvoor, maar ook voor een algemene
verdere karakterisatie, werden beide boorkernen in het kader van deze thesis bemonsterd. In totaal
werden 12 staalnames uitgegdd in de boorkernen. Deze werden aangevuld met staalnames van de
dagzoomende Subgroep in het veld. In de drie afzonderlijke locateset veld, in Dh4 en in Dh2)

werd de Subgroep selectief bemonsterd in de zandsteen gedomineerde secties. Met hetedoel d
gesteenten van de verschillende locaties te kunnen vergelijken werden 3 afzonderlijke lithologs
opgesteld: één van déagzoomendesectie in de valleien Konusdalen en Criocerasdalen, één van Dh4
en één van Dh2. Deze afzonderlijke lithologs werden verumslgecorreleerd.

Aan de universiteit van Gent werden de stalen gescand met verschillerstialéh computer

tomografie scanners, ontwikkeld door het UGCT. Door deze analyses uit te voeren wordt gebruikt
gemaakt van een noedestructieve techniek waarbij 3beelden verkregen worden van de interne
structuren van gescande stalen. Op deze manier kan een verdere karakterisatie gegeven worden van
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analyse gebeuren met verstibhde resoluties. Op deze manier worden de stalen gekarakteriseerd

op de schaal van de volledige kern, maar ook op de schaal van individuele porién en breuken. De CT
analyses worden aangevuld met metingen van open porositeit en permeabiliteit in hettakiam,

alsook door een algemene analyse van 8 slijpplaatjes die gemaakt werden van de veldstalen. Tot slot
worden de beelden, die verkregen worden door de scans, gebruikt als basis voor numerische
modellering van de gesteenten met gespecialiseerde softwklet poriénnetwerk wordt hierbij uit

de gescande beelden dnbkken en vervolgens gesimplificeerd. Op dit netwerk worden vervolgens
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worden.

Om te beginna werden de gesteentestalen gescand aan een relatief lage resolutie. Deze bedroeg
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boorkern Dh2. Het verschil in resolutie is te verklaren door de groottehedrnmonster: kleinere
(cylindrische) stalen kunnen namelijk dichter bij destbdlen bron geplaatst worden. Door de
kegelvormige configuratie waarin desk¥alen worden uitgezonden zorgt dit voor een groter beeld

op de Xstralen detector. Op deze resolusevas het mogelijk om een algemene karakterisatie te



geven van de verschillende stalen wat betreft het facies wat terug te vindem het
gesteentemonster, de fossielen die in de scans kunnen herkend worden en indien aanwezig op deze
resolutie, de poroseit en eventuele breuken die terug te vinden zijn in de stalen. Op deze manier
werd het onderscheid gemaakt tussen heterogene en homogene gesteenten, werden ichnofossielen
als Thallassinoides en boorgangen-kamers van Upogebia affinis beschreven, emdveen eerste
karakterisatie van de porositeit en de breuken in de gesteentes gegeven. Hierbij werden de breuken
geanalyseerd voor wat betreft hun orientatie, hun maximale opening en indien mogelijk de lengte
waarin ze invioed uitoefenen in de gesteente@p basis van hun algemene uiterlijk en de
fossielinhoud konden verschillende gesteenten, van verschillende locaties, reeds beter met elkaar
gelinkt worden. Bovendien werd aan deze lage resolutie reeds duidelijk dat er een belangrijk verschil
is tussen de keuken die teruggevonden worden in de veldstalen en deze die de stalen uit de
boorkernen affecteren. Wat betreft hun maximale opening vallen de breuken uit stalen van
verschillende locaties nog met elkaar te vergelijken. Waar deze in de veldstalen vodjname
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maximale opening die met de analytische software Morpho+ inaldstalen berekend kan worden
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boorkernstalen gekarakteriseerd worden door een maximale opening vergelijkbaar aan de maximale
opening van de breuken in de veldstal&en ander raakpunt betreft de plaats in het gesteente waar
breuken zich vormen. Voor zowel de veldstalen als de kernstalen blijken de breuken zich te vormen
bij plaatsen met een hogere kigihoud in de gesteenten. Het verschil zit hem echter in de
frequentie waarmee de breuken in de stalen te vinden zijn en de lengte waarmee ze invioed
uitoefenen op het gesteente. Op lage resolutie zijn in alle scans van de veldstalen breuken terug te
vinden. Van de 11 gescande stalen van Dh4 en Dh2 zijn er slechtalenSbseuken terug te vinden.
Hiervan is er bovendien in 1 van de stalen sprake van opgevulde breuken of aders in het gesteente.
Wat betreft de lengte van de breuken, die benaderd werd door de diameter van een omgevende bol
voor elke breuk te bepalen, talp dat de breuken in de veldstalen op de scans de hele diameter van
het gesteentemonster affecteren. Dit komt overeen met een lengte van ongeveer 3.6 cm. Doordat
deze breuken tot aan de zijkant van de stalen reiken, moet deze lengte als een minimaée leng
beschouwd wordenVoor de stalen uit boorkernen Dh2 en Dh4, konderlage resolutie breuken in

3 stalen gekarakteriseerd worden betreffende de lengte. Deze breuken kennen hun oorsprong en
einde binnen de grenzen van de stalen en zijn daarom geen mimgaeden, maar maxima. Maxima

tot 2.1 cm werden behaald, terwijl de gemiddelde diameter voor de omgevende bol bepaald werd op
3.58 mm tot 4.80 mm. Het is duidelijk dat de breuken in de veldstalen onderhevig geweest zijn aan
vorstverwering, wat ervoor gezgd heeft dat de breuken verder konden propageren in het
gesteente.

Vervolgens werden substalen genomen met een diameter van 5 mm en 2 mm van zowel de
veldstalen als de stalen uit de boorkernen. Doordat deze kleiner zijn, konden ze gescand worden met

een haere resolutie. De substalen met een diameter van 5 mm behaalden een resolutie van 3.99
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specifiek substaal, genomen in sample D2 uit Dh2, behaalde met een diavaet& mm zelfs een
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stalen die door de eerdere scans gekarakteriseerd werden door (i) een verhoogde porositeit binnenin

het gesteente, (i) homogeniteit wateltreft mineraalverdeling en (iii) de afwezigheid van breuken.



Op deze manier wordt de distributie van porién de belangrijkste factor voor analyse. In totaal 5
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substaén was het mogelijk om een porositeit te bepalen in de resulterende beelden. De verkregen
porositeit bleek echter voor alle vier deze substalen ontoerijkend om de open porositeit te evenaren

zoals deze voor de stalen werd bepaald bij laboratorium tesfishdi vijfde substaal werden

helemaal geen porién gevisualiseerd. Het besluit dat hieruit kan getrokken worden is dat minstens
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die zichtbaar waren bij lagereesolutie zullen bijdragen tot de porositeit zoals bepaald door de
laboratorium proeven.

3 substalen van de acht eerde gescande stalen uit Dh4 werden geanalyseerd aan een resolutie van
odpp >YP ¢6SS Gy RSI S &adzail t Sy Boodat&iinRBoewers i SSy
van meer dan 10 vol%, toonden miguorositeit op deze resolutie. Ook al gaven de
porositeitswaarden die bepaald werden in deze scans niet de open porositeitswaarden uit
laboratorium tests, toch zijn deze beide scans de meest dgdschibor verdere analyse op te
verrichten aan de handvan GO ¥t 2 6¢é aAYdzZ I GAS&aX RAS RIRStA21 68
substaal werd gekenmerkt door het voorkomen van horizontale riceniken. De karakterisatie

van deze breuken leidde tot heSoLJ £ Sy @y RS YFEAYIFI S o0NBdz 2LISYAY
maximale verbreiding in hegesteente werd berekend op 2.2@m. De gemiddelde diameter van de
omgevende sferen voor de mictweuken in het gesteente was echter een behoorlijk stuk lager.

Deze kedroeg namelijk slecht 0.2&m. Uit boorkern Dh2 werden vervolgens ook 2 substalen
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substalen in Dh4: mickporositeitswaarden konden bepaald worden, maar @dmzereikten niet de

waardenals berekend in open porositefiroeven in laboratoria. In het substaal genomen in D1

werden micred NBdzl Sy 3IS1 I NI {1 GSNAEASSNR YSiG YFEAYLFES 2Ly

In zowel Dh4 als Dh2 leverden scans aan de resolutie yan 2 Y &2 2Nl 3SfA21S NBAdz
a0lya YSi SSy NBaz2ztdziaS Gly odddp >Yd 2 | N 0 NBdz ¢
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Dit is nogmaals een betoog dat de breuken die op deze hoge resoluties worden geobserveerd zeer
subtiele kenmerken van het gesteente zijn.

Gesteente modellering en intrusie simulaties werdeitgevoerd op 4 stalen. Als basis hiervoor

werden volgende scans van substalen genomen van Dh4: C1, C3, C6 en C7. Bij deze stalen werden de
porién ontrokken uit de scans en vervolgens gebruikt in het programowds Hierin werd voor elk

substaal afzonddijk een vereenvoudigde voorstelling gegeven van de poriénstructuur door middel

@l y S Safidadiorhidiiés Afzonderlijke porién worden hierin voorgesteld als een bal, terwijl de
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vereenvoudigde poriénnetwerken toonde aan dat de porién in C1 en C3 op deze resolutie
onvoldoende verbonden waren om er intrusie simulaties op te gaan uitvoeren. Daarnaast werden

ook voor alle stalen de gemiddelde poriéngrootte bepa#lldze bedroeg voor de vier geanalyseerde
adlrtSy 2yaS@SSNI mm >Yo

Wat volgde waren C{njectie simulaties op de overgebleven substalen van C6 en C7. Hierbij werden
de simulaties zowel op het vereenvoudigde netwerk, als op het-v@stenvoudigde netwerk



uitgevoerd. Bij de simulaties op het vereenvoudigde netwerk wordt een indicatie gegeven van de
verdeling van CQen water in de porién na achtereenvolgende intrusie door beide fluida. Als
resultaat op de nievereenvoudigde netwerken wordt de absolute perrbéieit van het gesteente
verkregen. Deze resultaten bleken echter niet te kloppen met de gemeten waarden van de
gesteenten in een gespecialiseerd laboratorium. Bij de simulaties, zowel op het vereenvoudigde als
op het nietvereenvoudigde netwerk werkenelkens te hoge waarden voor wat betreft de
permeabiliteit van het gesteente verkregen. Daarom ook dat de resultaten van dezmj€€ie
simulaties met de nodige aandacht moeten worden geévalueerd. Indien de scans zouden genomen
worden met een nog hogereesolutie, zouden deze simulaties meer waarheidsgetrouwe resultaten
opleveren. Dit zou zo zijn, aangezien bij een hogere resolutie de pucositeit van het gesteente
vertegenwoordigd wordt door een hoger aantal voxels (3D pixels). Dit zorgt voor eenebet
connectiviteit tussen de verschillende porién wat voordelig is voor de intrusie simulaties.

Als algemeen besluit kan getrokken worden dat de gesteenten van de Wilhelmgya Subgroep voor het
eerst benaderd geweest zijn aan de hand van CT analyses. Hietdgohet mogelijk een meer
gedetailleerde analyse te maken van een slechts beperkt deel van de Subgroep. Voor het eerst
werden de breuken uit de kernen in geselecteerde stalen gekarakteriseerd door een maximale
opening en werd een indicatie gegeven vanalgte waarin ze de gesteenten beinvioeden.



Table of Contents

ACKNOWIEAGIMENTS ...t e e e e e e e e e s e e e e e e e e e e e e e e e aannnes 7
R [ 011 oo [ 8 Tox i o o AP P PP PPPPP S PPPP 9
1.1. Geographtal and geologiCal SETNG.......cccouiiiriiiieeei e 9
1.2 UNIS COLAD. ittt et e e e e et r e e e e s e nbbreeea s 11
1.3 RESEAICKH @IM...iiiiiiiiiiiiiiit ettt e s 13

2. MEENOUS. ...t 15
2.1 FHEIO WOTK ...ttt e e e e e e e e e e e e e e e e e e e e e anne 15
2.2 Laboratory CharaCteriZation............oueeuiiurieiieee et e e e e e e e e s r e e e e e 15
N R © 1o T=T o I o To | (0 ]| /PR 15
2.2.2. PermMEaDIlILY.. ...ttt aaas 16

A T O DT PT TP PPPUPPPPPTRTRTTN 18
2.3.1 Hardware and physical prinCiples............oooiiiiiiiee e 19
2.3.2 ReCONSIIUCHION Of IMAGES. ..ottt e e e 22
2.3.3 ANAIYSIS. ..ttt e e e e e e e e eaeaan 24

P o Tod g T [T T 27
2.5 Summary of the methodology per SamMple.........cvvvviiiiiiii 30
B RESUIES .. 33
I I 11 0 Y 1o T PO PP P PPPPPPRPPPN 33
3.2 LabOratory rESUILS..........uviiiiieiiiiee et e e e e e e 42
I (@ o =T T oL (0] |/ TP PP OPPPPPPPPOY 42
3.2.2 Permeability.........coooviiiiiiiii e e a e A3
3.2.3 Thin SECHON @NAIYSIS.......ccoi i e e e e e e e e e e e e e e e e e e e e e e e e e s e ea e e e e aaaand 43

IR I O I - | - O EEPPSPPPRRPR 46
3.3.1 Field Sam@s (Sand FSamPIES).......ccoviiiiiiiiieiiiiiiiiieee e A0
3.3.1.1 Scans at reSOIULION 41 UTL........uuuiiiieeiiiiiiiree e e e e e e e e e e e e e e s e e e e s e e 46
R T I O > T [ PP P PP PPPPPPSPPPPP 46

TR Tt 0t 2 - (o (=T PSPPI 49

3.3.1. 1.3 FOSSBONTEINT......eeiiiiiiieeeiiie ettt e a e e 52
G T O O 0 (0 17 .Y 2 53
ododMDPH { OF ya ..L.G..NBa2f.dzi.A2y. . .0...2Y e, 53

3.3.2 D4 SamplesS-BAaMPIES)......ccoiiiuiiiiiiiee i 56
ododHDdM { OFya I 4..NBa2f.dziA2y. .. .p.c.dcm..2Y..56

.3 2 L L FACIES ettt e e as 56



3.3.2.1.3 FOSSBONTENT......ceiiiiiiieiiiiee ettt e e s 64
3.3.2.1.4 POIOSILY.....ccii i i i i ettt e e et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aa e a————— 65

0Po PHDH { OF ya ..L.G.NBa2f.dz0.A2y. . .02 Y, 65
332,20 Gl e a e e e e e aaa e 66

3L 302, 2.2 3 e et e e a e e e e e eaa e 66

TR T 1 O S USSP 68

o PodH Do { OFya L.i..NBa2f.dziA2)y. . HOY...2Y. ... 69

3.3.3 D2 SamplesS {EAMPIES)....uueiieiieiiieeieee e 71
TR TR 0 I I 2 T PP SPUPPPPPTPPPON 73
TG TR 02 b PP SRUUPPPPTPPPPN 74

G TG TR T N I PP SPUUPPPPRPPPPN 75

I Lo Lol g g1 [T 1TV TS 5
3.4.1 Pore network CharaCterizatiQn.............cocueeiiiiieeee e 76
3.4.2 COFlOW SIMUIBIONS ... ettt ettt et et e e et e e et e e e et e e e e e e eenaeerenerernns 77

N B [ Tol U 1] o] o H TP P PP PPP PP 81
4.1 POrOSity QiSTIDULION. .....ciiiiiiiiiii et e e e r e e e e e nnnees 81
I ST <o 1[0 o e PP P PP PP PPPPPPRPP 82
4.1.2 SECUD 2.ttt e e s 83
O I IR <Yox £ (0] LT TR A 2 YT 83

4. 1.4 SECHON B &7ttt et 85

4.2 FraCture @NAIYSIS......cciiiuiiiiieiee ettt e e e e e e e e e e e e e e e e e e e e e nnb e ee s 86
4. 2. TMAXIMUIM OPENINGS .. tttttteeeiaitieteeeeesaaiesereeeeeaaassbere e e e e e s aansbe e e e e e e e aasbeeeeeeeesaannnnrneeeeeas 87
4.2.2 Diameter of circumscribed SPhere ..o 38

ST O o1 (o1 1] o] ISP PPPRP 89
5.1 Porescale CharaCteriZation.............coiueiiiiiiiie e 89
LA = o 1ol g 1 g1 (1 11T SO a0
5.3 FUIMNEI TESEAICIL........eiieeiiee e e e e e e 91
B.  RETEIBICES ...ttt e e e e et e e e e s e e e e e e e e e e e e e e 93
A N1 = Te) 1 0= o TSP PTPTPR 97



Acknowledgments

To start with | would like to thank my promotor, Prof. Dr. Veerle Cnudde, aiplarootor, Prof. Dr.
Snorre Olaussen for the opportunity they both have given me to wotke wonderful environment

of Svalbard. Both have trusted me with the first cooperation between the University of Ghent and
the University Centre at Svalbacdncerning CT characterization of reservoir roéla this | am very
grateful. Without their lelp during both the analytical process of the thesis, and the field work at
Svalbard, this thesis would not be what it is now. | therefore sincerely hope that my thesis is of value
for both Prof. Dr. Veerle Cnudde and Prof. Dr. Snorre Olaussen in thggctie® area of expertisé.

also would like to thank Drs. Kim Senger and Drs. Tim De Kock for their help during the field
expedition. Not only was their advice on the field very helpful, but also their companionship at my
first ever Friday beeat a latitude higher than 75°N was highly appreciated. That said | wouldileso

to thank all students whbhave met during my short stay at Svalbard for their warm welcome, which
can also be said for the staff at UNISedfically the logistical staff, who evdend us a rifle so we
could go hiking at our day fof

In Ghent, the analytical part of my thesis would not have succeeded without the héhe @ntire

SGIG team. Besides Prof. Dr. Veerle Cnhudde andlibrsDe Kockvho were my first hotline with
problems it corners Drs. Marijn Boone without whom ragalyses anevritings would not have been
corrected as accurately as they wewehich lifted both my moral and analysis speed up when
necessaryDrs. Wesley De Boever, aheached me the script from Voorn et al. (2013) which helped

for the analysis of the fractures within the ro¢kdrs. Tom Bultreys to whom | could go to with
theoretical questions; Dr. Jan Dewanckele who often reminded that hard work is the key to success
For their patience and their general help whenever it was needed, my gratitude thust@adleis

entire team. | would also like to thank Ing. Pieter Vanderniepen for perfornhi@agtans needed for

my analyses, and by extension the entire UGCT teamh®wuse of the scanners and tha&iverall

help. Daniélle Schram is thanked for her cheerfulness every time | entered the Laboratory, as well as
so many of my fellow thesis students. A special word of thanks goes to everybody who would join me
in a coffee beak, or help me éstress at other times. Especially Gijs Berghmans, with whom |
shared an office space, Wout Salenbien, who was always into a coffee break when | needed one and
also Tim Collart and Thomas Pille deserve to be mentioned forlake nightswe spend at the
university while the deadline was slowly approaching.

Last, but definitely not least | would like to thank my mother, Hilde Staels, grandmother, Leona
Goubert, my sister, two brothers and my sistedaw for their moral support. | knowdm not the

most cheerful person to be around when | am stressed, but during the weekends which | spent
mostly at home | tried to relax. A perfect time to do this is on a Sunday afternoon, with at the one
hand a strawberry pie and in the other one a nicdgiga beer preferably La Chouffd=or these
Sunday afternoons and the way they were spent, my family is warmly thanked.






1. Introduction

1.1. Geographical and geological setting.

The archipelago Svalbard is located around KBMorth from mainland Norway. Itanges from 74°

to 81° north latitude and from 10° to 35° east longitude. As a part of the otherwise submerged
Barents Shelf, it lies between the Arctic Ocean, Barents Sea, Greenland Sea and the Norwegian Sea.
Geographically it consists of nine main islanéflsvhich Spitsbergen is the large€in this islandhe

city of Longyearbyen is locatetihe geographical location is illustrated in figure 1.
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Figure 1: Geographical setting of the archipelago Svalbamith as largest islan&pitsbergen. In the inset Svalbard is
localized relative to the northern parts of the European continent in the south, the eastern coast of Greenland in the west
and in the soutkeast the northwestern part of Russia and the island of NevZentya.

Svalbad, located on the norttwestern margin of the Barents Shelf, can be subdivided into five
fundamental units (Steel & Worsley, 1984; Bergh et al., 1997): @C&mgbrian to Silurian basement,
followed by (ii) localized Devonian to Carboniferous rift balis) flominated by sandstones, shales,
carbonates and evaporates, and (iii) an upper section of stable marine platform depositsstly
carbonates, evaporates and shales of Permian ages, followed by (iv) Mesozoic shelf to fluvial
deposited sandstones anshales. Finally (v) Cenozoic fthdust development takes place with a
foreland basin formation, combined with uplift and subsequent rifting in the west, adding complexity
to the regional picture.

Ceologically spokenLongyearbyen ikcated in the Cemal Tertiary Basin. The term basin here is
used in a structural sense for what amounts to a broad synclinal structure. It refers to the whole



post-Devonian cover or platform sequence in Central Svalbard. The Kapp Toscana Group, deposited
during the Late Tassic and Early to Middle Jurassic, is an important Mesozoic succession within this
basin in which shales, siltstones and sandstones alternate. Strata of this Group crop out extensively
in Svalbard and most type sections are found in the Central BagrKdpp Toscana Group can be up

to 475 m thick in Svalbard and up to 2000 m on the Barents Sea Shelf. It is thought to be a result of
deposition in a deltaic environment vhitreworking of sediments (Worsle2008). The @up starts

with the dark shales oftie Tschermakfjellet Formation which grade upward into siltstones and fine
sandstones. It is overlain by the sandstones of the De Geerdalen Formatiorsnaanioie sequence

of fine- to mediumgrained plantbearing sandstones interbedded with silty shaldslsy siltstones

and had calcareous siltstones (Harlaritb97).

The rocks of interest in this research however are those fromotrerlyingWilhelmgya Subgroup.
These are the youngest of the Kapp Toscana Group and are dated to Noaesian (Bckstramé&

Nagy, 1985).During the Norian and Toarcian, Svalbard experienced a change in mineralogy to mature
sandstones, reflecting a different basin configuration, a changdiimate and a shift in drainage
patterns (Bergan & Knarud, 1993Jhe Wilhelmgya Subgrpuconsists of the Knorringfjellet
Formation and the Brentskardhaugen Bed. Overall the Wilhelmgya Subgroup is a condensed section
of texturally mature sandstones which wedeposited on coastal plains and in deltaic to shallow
marine environmentlt is impatant to note that almost 3 km of overburden rock is eroded in the
latest Cenozoic. The rocks of the Wilhgira Subgroup were sampled from four different locations

as indicated on the map in figuge
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Figure 2: Location offieldwork indicated by a black line along Konusdalen and a red circle in the valley Criocerasdalen
towards Wilmanfjellet. The two drill sites Dh2 and Dh4 along Longyearbyen, from which samples were taken for this
research, are also indicated. Drill sitelslDand Dh3 are not indicated in the figurattare located respectively 15 from

Dh2 and 45 m from Dh4.

The two drill sites Dh2 and Dlibcalised in figure 2yvere developedspecificallyfor the first phase
of the UNIS Cgproject. The correlated logs rda after the completion of the wells asxded in the
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appendix Since the rocks in this part of Spitsbergen are found in a pronou@eedzoicsynclinal
feature, the Wilhelmgya Subgroup is located at a depth of approximately 695 m to 672 m in drill hole
2 (Dh2) and at a depth of 755 m to 733 in drill hole 4 (Dh4). In the two remaining drill sites (Dh1 and
Dh3 located respectively 15 mway from Dh2 and 45 fnom Dh4 it was only possible to drill into

the cap rock section of the overlying Agardhfjelletriation, belonging to the Janusfjellet Subgroup.

All four wells were drilled as part of the first phase in the UNIgp@pect from 2007 to 2009.

The Wilhelmaya Subgroupis found in outcropin the valley Konusdalen close to Deltaneset,
approximately 20 krmorth of drill sites Dh2 and Dh4 (i.e. the drilled unit comes up along the north
eastern limb of the synclinal structureln this valley approximately 15 m of th€norringfjellet
Formation, Wilhelmgya Subgroup was mapped and sample&t approximately 1 kneast from
Konusdalen, in a valley informally defined as Criocerasdalen, special attention was given to the
uppermost m of the Subgroup, where the 2 m thick Brentskardhaugen Bed is found in outcrop. This is
an ironrich conglomerate bed with clasts mosty phosphatic, chert or quartz composition. On top

of this bed a 5cmto 7 an thick condensed phosphatic layer is found followed by layers rich in
chamosite, thee&* end member of the chlorite group

1.2 UNIS C@lab

The UNIS Gproject finds its origin in 2006 when Grunnar Sand and Alvar Bragibblish an

article in Svalbardposten in which they outline the vision of a @@ Svalbard. Longyearbyen, the
largest settlement on Svalbard with a population of 2000 citizens, has gbsed energy system

with coal mines, a coal fuelled power plant and geological structures that could be suited Jfor CO
storage. Soon this vision got political attention and the Norwegian minister of Justice ordered a study
on the feasibility ofCCSn LongyearbyenThis study was conducted by the University Centre in
Svalbard (UNIS) in cooperation with the Norwegian University of Science and Technology (NTNU) and
the foundation for scientific and industrial research at the Norwegian Institute of Téagyo
(SINTEF)They concluded that lien everything will go to plan Svalbard could be able to be CO
neutral by 2025. This is possible because Svalbard is not part of the electricity market on mainland
Europe and is not obligated to offer the same fuel fi@nsportation as on mainland Europe. This
means that if a coal fuelled power plant with carbon capture and storage (CCS) can provide the
electricity and hydrogen from the coal, hydrogen can be introduced into the transport sector as fuel,
thus creating aclosed and Cg&free energy system. Therefore it is a unique location for starting a
pilot study ofthis kind

Only from December 2011 onwards the UNIS Céb AS is officially a spiff company, 100 %
owned by the University Centre but already2007the CCS research conducted by UNIS stantittl

the geological challenges of CCS. Together with partners from the induBt$ searched for the
best possible reservoir section in the proximity of Longyearbyen. Finding this section and describing it
was themain aim of the firsof four phases of the projectwhich will be explained in the following

text. Sincethen a total of seven deep wells have been drilled, as well as one shallow well of 61m to
understand the permafrost and its possibility to form a seBHhese wells were subsequently
subjected to detailed analysis and tests. The main result was the confirmation of suitable reservoir
sections within the rocks of the Kapp Toscana Group at depths from 670 m to 970 m below
LongyearbyenBecause of the low surface temperature in the hfgictic injectedCQ will be dense

and the transition to the fluid phase will occur at depths of approximately m6(®Bpan & Wagner
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1996). Therefore the shallow depth of this reservoir section compared® @ the North Sea will

still be safe for injectionTherocks above this section have got a good sealing capacity in order to
keep the CQunderground.However due to the fact that the reservoir section is located within the
Central Tertiary Basin, injgon of CQ will happen into a structurally open system with a regional dip

to the southwest of 3° (Hamo et al., 1990). The layers of the Kapp Toscana Group are found
outcrop at only 15 knmortheast of the injection site as illustrated in figure &number of methods

were usedto obtain these resultgluring the first phase of the projectdrilling together with core
logging and sampling; electrical logging; outcrop mapping as well as seismic mapping; constructing
digital elevation models; higArctic permafrost analysis; subsurface gemdelling and flow
simulations.

Wsw ENE
Kapp Toscana
Group (Middle-
Paleocene Upper Triassic)
Adventdalen " Sassendalen , Focene

| p )

| — .».;J
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; ; T -1 Jurassic
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Figure3: Cross section of the geological subsurface from Adventdalen, where the rocks from the Kapp ToscaneeGitoup a
a depth of 670 m to 970 pto Sassendan where they ee found in outcrop(figure modified after Major et al., 2000T he
horizontal distance given by igicross section is 30 kwhile the vertical éstance ranges froril km to 1 km

These different research tasks however were not all caroigddby UNIS. A long list of partners and
contractors to the project were necessary, not only for financial support but also for advisory and
research support. Drill hole logging with wdiee tools for example was carried out by the
Norwegian GeologicauBsey (NGU). Together with the borehole cores an overview was given of the
subsurface. The results of the borehole logging can be found in the NGU Report 20EMabakk,
2010)

¢KS AY 2F GKS aS02yR LKI asS 2aviiyitKsbore OB@ASEI 61 &
Dh4 (figure 2)was used to inject fluids in the possible reservoir sectidhsing this phase the
recovered drill cores were also tested for porosity and permeability. This was done on small plugs of
sandstone, sent to speciahboratories. Although there is a great variation in properties due to
differences in facies and diagenesig Wilhelmgya Subgroup has been identified as the section that

is most suitable for CG®m the entire Kapp Toscana GroupdM et al,, 2010) Fram all the plugs

that were taken, the highest porosity and permeability 8%, 0.61.8mD) are recorded in
sandstones and sarsupported conglomerates from thKnorrindjellet Formation, just below the
Brentskardhaugen Bed. There are however also phosplaaig ironrich beds within this formation

in which the porosity and permeability are strongly reduced. This shows that the Wilhelmgya
Subgroup is a very heterogeneous successitre De Geerdalen Formation that is also part of the
Kapp Toscana Group anépmbsited underneath the Wilhelmgya Subgroup is characterized by an
overall lower porosity and permeabilitygfokhpooret al., 2010).
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Phase 3 and 4 are still to be executed. It involves respectively medium scale CCS and in the end full
scale CC®wuring fhase 3which could be seen as a testing phase, thessulace CQ storage will be
demonstrated and studietly a startup phase of approximately 2 years in which traceable water will

be injected This phase will then be followed by a Qdfjection phaseSnce the reservoir below
Longyearbyen is physically open, drift of the injected ©®@ards the North East where the reservoir
rocks are in outcrop is expected. For this new monitoring wells will be drifleecial attention will

also be given to the interaction between the rocks, formation water and injected I8@his phase a

more clear view of the storability will be given and of the seal integrity, as well as possible leakage
areas along the expectedigration path. Phase 4 will be the phase in which full scale carbon capture
will happen at the local coal fuelled power plant. The capturegdu@iDthen be used as a medium for
storage. With this phase the entire energy value chain will be in place argly¢arbyen will be a
global show case as a community that takes care of its carbon emissions from the source to the
solution. Of course during this phase there will be long term monitoring facilities of the subsurface
developments Although the work has edady started to identify capture technologies adaptable to

the Longyearbyen power planthe construction of a capture plant will not start until the storage
abilities and qualities have been determined in the previous phase.

Further information about te UNIS C{Q_ab as well as an overview of the pulitions linked to the
project, newsletters and the research partners and contracteem be found on their website
ohttp://co2-ccs.unis.nad @

1.3 Research mn

The aim of this thesiss to provide a further chacterization of the rocks of th&Vilhelmgya
Subgroup. These rocks have been studied intensively mpetragraphicscalesince the discovery of
themin 1973 by Worsley. In 1985 Dypvik et al. published an extensive field and sample description
from the WilhelmgyaSubgroup as found at the Bohemanfi8gltoppen area north of Isfjorden. After
lithological,petrographicand palynological analyses they concluded that WighelmgyaSubgroup

was depositedby marine transgression ovea coastal area with low reliefThe depositional
environment was characterized by low sediment supply and reworking of the sediments. In the same
year Backstram and Nagy published a paper concerning the depositional history and fauna of the
Brentskardhaugen Bed specifically. It was aoded that the weak Lower to Middle Jurassic
transgression was followed by a regression in the Bathomibith was itself followed by a late
Bathonian transgression with deposition of the Brentskardhaugen Beid. model was refined by
Nagy & Berge (2008yho confirmed the depositional setting and the condensed nature of the unit
with two important major hiatuse¢ 2y S Ay GKS {1 G§Sad ¢NAIFa&AOx St
Jurassic.

Since the start of the UNIS €f@oject however, the reservoir sections of the Kapp Toscana Group
have become more interesting for research. Not calg there the UNIS G@ab reports, there is a
long list of publications concerning these rocks as a result of the prdieming otherds the recent
publication of Ogata et al. from 2012 in which they focus on the importance of fractures tigkite
reservoir of the Kapp Toscana Groujowever, for a better understanding of the pore network,
fracture structures and pore connectivity with the reservoirsectiona new approachs necessary.
Models of the pore network, a detailed analysis of tliactures with special attention to the
fracture openingsnd fracture lengthsand fluid flow models will contribute to the study of CCS in
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Longyarbyen. Thereforeni this thesis the most interesting sections of the reseryvais they are
definedin the final report of the first phase of the project (Braathen et 20]2), are sampled and
analysed in the laboratory for open porosdapnd permeabilty. Not only are the cores in Dh2 and Dh4
sampled for this purpose, but also field samples were taken from two different localities.
Furthermore the rocks areanalysedwith different Xray computed tomography (CTcannes
developed at theUGCT This nordestructive type of analysiprovidesa 3D image of thenternal

structure of the samples under investigation, such as porosity, mineral distribetiord multiscale
approach, using different types ofrdy computed tomography systems, was applied talgse the

sample from core scale to pore scale. Digital core analysis on the 3D CT images is using specialized
fluid flow modelling software and is compared to the laboratory measurements.
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2. Methods

2.1 Field work

In order to observe and describe thecks of the Wilhelmgya Subgroup in detail, three days were
spent in the field at Konusdalen and Criocerasdalen, where outcrops along the valley were
systematically described using a hand lens, a rock hammer and a tape measure. Metre per metre of
rock weredescribed, with special attention to bioturbation, bedding of the rocks, fossil content and,
where possible mineralogical composition. During the day time, field notes were taken which were
subsequentlyrewritten in the evenings in order to retain the moaccurate descriptions. Also, a
number of field samples were taken which were first located in the field notes and subsequently
orientated according to their position in the outcrops. Special focus was given to sandstone samples
in the outcrops.

A similarmethodology was used while describing and sampling the cores. In both Dh2 and Dh4 the
Wilhelmgya Subgroup was described in detail, as well as the upper parts of the De Geerdalen
Formation, found below the Wilhelmgya Subgroup. This was done because thisitieon also
contains some important reservoir sections, which could be considered useful fanj&sdion. Both

Dh2 and Dh4 were described with care in order to characterize the facies changes as icasrate
possible ando determine the grain size. Ve fractures were observed this was noted, as well as
bioturbation, siderite levels, or pyrite nodules. Subsequently Dh4 was primarily sampled, specifically
in the sandstone sections. These sections were then correlated to core Dh2 in which the féloges of
rocks were compared. Interesting samples from Dh2 were then added to the samples in Dh4. The
work carried out during these 9 to 10 days in Svalbard could then be summarized in three lithologs
with corresponding description and sample characterizatorK A & A& 3IABSYy Ay OKI LJi
CASER 62N] ¢

2.2 Laboratory daracterization

2.2.1. Open porosity

In the laboratoryrock samplesan beanalysedor their open porosity To do this, the standardized
characterization test for building stones was applied (NBN EN 1936:1988)open porosity is
compiled by those pores that are interconnected with the constriction that these chains of
connected pores are also connected to omfethe sides of the sample. These pores then become
accessible for fluids to migrate trough.K S 2 LISy , IsI2XpisEekl da volume percentage
and is the ratio of the volume of open pores to the total volume of the r&ore measuring the
open porosity, the samples were drigd a furnace It is better to dry with a lower temperature for a
longer time than with a high temperature for a shorter period of tifikis is done to avoid cracks
mineral alterationto be formed due to the subjection of the sample® high temperatures
according to their thermal expansion coefficiefarticularly samples with a high amount of clay
particles tend to be sensitive to cracking. Therefore the samples are prefererdiddlg at a
temperature of 40°Quntil their mass remains constarfibr at least 24 hoursOnce the water is
removed from the pores the dry mass M1 can be measured. The dry samples then go in a vacuum
vessel for two hours after which water is added. When the samplesuiyesibmergedthe vacuum
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is maintained for another hour. Then the air pressure is restored. Normlhthpen pores should be
filled with water. To ensure all of these pores are filled, the samples are put to a rest for 24 hours
while still being submeeg. After this resting period the samples are once more weighboth

below (M3) as above water (M2). The following equation then gives the open porosity:

. Zp I TO €Pa

2.2.2. Permeability

Permeability is a measure of the ability of a paauedia to transmit fluids. It is therefore affected

by numerous rock properties such as the pore size and distribution, but also the shape and packing of
the grains. Also the amount, distribution and type of clays within rock samples affect the
permeabilty of a rock.In the summary of the first phase of the UNIS; @fdject by Braathen et al.
(2012), a resume is given concerning the permeability measurements on both Dh2 and Dh4. For Dh2
two different approaches were used. First of all there were direcasoeements from the core using

a Tinyperm Il. This is a portable air permeameter specifically used for measurements in outcrop or
cores. The permeability measurement range however is limited from 1@andys to 10 darcys. The
measurements with the Tingsm Il were carried out above and beneath every core plug taken.
These plugs form the second approach and were sent to a specialized Reservoir Laboratory in
Trondheim as part of the first phase of the {gfoject. Six of these plugs lie within the boun@srbf

Dh2 studied in this researcfihese six samples had an average porosity of 8.55 + 2.50 vol% and an
average permeability of 0.165 = 0.188 nCore plugs taken in Dh4 were sent to the Petroleum
Laboratory of Sintef Petroleum (Braathen et al., 20FFom all the plugs taken from Dh4, 1

within the boundaries of the section studied in this reseaifese 19 plugs had an average porosity

of 13.02 + 3.8 vol% and an average permeability of 087610 mD.Hgure 4 illustrates the
measurements of porosity and permeability available prior to this research as well as the depth at
which sampling happened for CT analysis.
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Figure 4: Lithostratigraphic log of Dh4 (left) fro®71 m to 696 m deegpand Dh2 (right) from 731 m to 755 m de
Porosity and permeability measurements available prior to this research is indicated in green. Depth of sai
indicated with a blue X.

Additional permeability measurements were carried out foselectedsamples C1, C3, C7 and C8)
that were selected on the basis of their facies, size, homogeneity and their correlation with the
samples measured prior to this research. This was done atdhgpany PanTerr&eoconsultants

B.V. in the Netherlandausing steagstate gas permeabilityin this techniqueair is forced through
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the sampleat various pressure. For this research, the pressures used range from 1 atm to
approximately 4 atmAt these pressuresthe gas flow ratgahrough the sampldes measuredVia
51 NDeQa fl ¢ GKS LISN¥YSFHoAftAdGe 2F (GKS alyLx S Oly

0‘ 0
+
0L
In this equation K is the permeability, expressed in Darcy (D); Q is the flow rate of gas through the
sample (Mk a0 T > A& (GKS OJABGDS) dray der fluidludedifor perrdephility E  mn
YSIFadNBYSyidiaT [ A& GKS tSyadK 2F 31L& LISYSINIGAZ2Y
is the pressure drop across the sample (Pa). When air is the fluid used in this npetimoeability
can be measured from.001 mD up to 25 Darcy because of the very low viscosity of it and the ease
of penetration of the sample with itAlthough the absolute permeability of a porous rock is a
constant value, unchanged by the type of fluid used to calculate it, gases atebldtw pressures
tend to give a calculated permeability greater than the true permeability of the rock. This is due to
the Klinkenberg effect, also known as gas slippage effect. It occurs because when gases occupy pores
in a rock, the velocity profile dff is not zero at the walls, but it has a finite velocity in the direction of
the flow. This is in contrast to liquid laminar flow in which the layer of molecules which is in contact
with the solid materialcting as walls from the pores is stationary. Gasdecules however do not
flow in layers. Therefore there will be periods when no gas molecule is in contact with the wall at any
location on it, yet the congregation of molecules is still flowing through the pores so that they flow
with more ease than thie liquid counterparts. The result is that the calculated permeability when
using gas as a fluid will be higher than the true absolute permeability of the rock. Klinkenberg (1941)
however concluded from experiments that gas permeability is a functionettmposition of the
gas and the mean pressure applied to the system. To calculate the absolute permeability of the rock,
following equation can be used:

0
P GO

In which Kis the true absolute permeability of the rocks Is the apparent permability calculated
from gas flow testshA a Y { A yslip&agiar BhicHiQaconstant for a particular gas in a particular
porous medium (atm) and is the mean flowing pressure of the gas in the system (atm). Notice that
the term (1 b/ 0 alwaysis greater than or equal to 1.0 so that the true permeability will be smaller
than or equal to the apparent gas permeabililanikawa & Shinamoto, 2006)

23CT

X-ray computed tomography (CiE) a method usedb obtain information of the internal structer of

an investigated object. It is a natestructive techniquéo reconstruct an object in 3D based on a set
of 2D projections.The 2D projections are obtained by placing the object, for this research a
cylindrical rock sample, on a rotatirgjagein between an Xray point source and a detector as
illustrated in figure5. Xrays have wavelengths below 10 nm which is smaller than those of visual
light (0.4¢n ®T1 Therefore the details which can be observed with them are smaller than those
observed with amicroscope However in practice the resolution is limited because of other reasons
(Vlassenbroeck, 2010).

18



Cone Beam configuration \

detector
rotating

. stage
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Figure 5: Sketch of the setup of a scan using a cone beam configurafioa.sample is mounted on a rotating stage
betweenan Xray source and ra Xray detector. Depenthg on the size of the sample, ian be put closer to the source,
resulting in a higher resolutiorT his figure is modified after Ketcham (n.d.)

The Centre for Xay Tomography of the Ghent University (UGEdgs intensive research on the
improvement of both hardware and software for highsolution Xray CT. The scanners are fully
constructed by UGCT, as well as the data acquisition and reconstruction software packages
(Vlassenbroeck, 201@rabantet al., 2A.1).Due to the cone beam of the-Pdy sourcethe resolution

will be highemwhen a sample is put close to thera§/ source. As a consequence snsaimples will be

able to be sanned with a higher resolution thatarger samples. Not onlyis the sample size
important for the resolution, but alsthe resolution of the detector as well #se energy of the Xay
source The higher the energy from the source, the wider the focal spot size will be which has a
negative effect on the resolutionThis is why downating of the sample size is importamtot only

will it be possible to put the sample closer to the source, the energy required to penetrate the
sample will be less and thus the spot size will be sm@Ukrssenbroeck, 20)0At first the samples

are scanned with a low resolutiom order to obtain an overview of the internal structur€hese
samples have a diameter of approximatéy mm and obtain a resolution o0 > Y. From the field
samples taken at Konusdalen and Criocerasdalen, cylindrical sswgaedrilled with a diameter of

34 mm which obtained a resolution of 4% Y ®hese scans aranalysedfor their internal
homogeneity in order to select interesting areas for subsam@esamples were takeumsing drill

bits with internal diameters of m and 2mm. The resolution obtained on the subsamples was 4
>Y RyRY NBaLISOGA@GSteod

2.3.1 Hardware and physical principles

The Xray source used for this research is that of the mi€CrD scanner available at the UGCT. ltis a
medium energy scanner imhich voltages up to 160 keV can be reached. The source is an open type
X-ray tube in which electrons are emitted from a heated filamemhefilament typically composed

of tungsten, heats up to a temperature above 2700 K, resulting in emissions obeke&itom the tip.
Under high vacuum these go towards a positively charged anode which is ¢amiethe backside
(Cnudde,2011). The coolings necessary because most of the eneofythe electonsis convertel

into heat. To reduce the electron beamliameter between the filament and the anodean
electrostatic focusing cup or control grid can be used to focus the electron legaitted from the
heated filamentand thus reduce the spot size. This is held at a negative poteritlatelative to the
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filament. This forces the electrons to focus in a beam since they are repelled by th&afigther
reduce the electron beam diametean additional electromagnetic focussing mechanism is added
(Vlassenbroeck, 2010)The electromagnetic lensefor this metanism two in the case of the
Feinfocus tubeare assembled in the tube head. This can be removed in order to open the tube. In
this way, filaments and targets can beplaced according to the application or upon failure. A
vacuum system is continuouslyacuating the tube since an open type tube is never sealed airtight.
In figure 6, a schematic drawing from Vlassenbroeck (2010) is displayed in which-tige ofethe

open Xray tube is given.

control grid  anode target

filament l l l

| |
electron gun electromagnetic lenses

Figure 6: Schematic drawing of anpen Xray tube, from Vlassenbroeck (2010). A cutrgris sent through a tungsten
filament which heats up. This results in emissioreleictronswhich are accelerated towards an anodghe control grid,
held at a negative potentialU,, focuses the elecon beam. The filament itself is charged negativgd,{) relative to the

anode.Between the anode and the target, or the end of theay tube, two electromagnetic lensdscusthe electron

beam.

The Xrays form a cone configuration (figure 5) when leaxtimg Xray tube after which they interact
with the sample placed on top of a rotating stage. There are two tgbgshoton interactions with
material that are of high importance for Xay CT setupsphotoelectric absorption and Compton
scattering.Photoelectric absorption occurs when the energy of an incoming photon is higher than
the binding energy of a shell electron of an atom with which it interacts. The electron will then be
knocked out of the shell of that atom while the atom completely absorbs thetqeh This type of
interaction occurs mainly at the inner shell electrons (Vlassenbroeck, 2010) and is strongly
dependent on the atomic number of the atom with which the photons interact since the binding
energy of the shell electrons depends on the atomumber. Therefore, lowenergy Xrays are used

to study light elements while heavy elements need to be penetrated by-dngingy Xrays. Compton
scattering on the other hand occuvghen the energy of the photon is considerably higher than the
binding energ of the shell electrons. The interaction between the photon and the shell electron
results in the photon giving part of its energy to the electron, making it recoil. The photon is not
absorbed, but is emitted in a different direction from the originalytzaning the remaining energy of

the photonelectron collision. Because of the deviation of the photons from their original trajectory,
Compton scattering is undesirable in imagif@r this type of interaction, the (average) atomic

20



number of the penetratd matter is not the most important factor since it is almost independent of
the material. Another type of scattering that occurs to some degree for low energies is Rayleigh
scattering. This is the elastic scattering of photons by the whole electron clbaeh atom. The
electrons start oscillating due to the interaction with the photons and the particle becomes a small
radiating dipole. In this elastic process, almost no energy is lost by the photons. However at low
energies and when heavy elements are peated, the scattering angles can be significant. One last
interaction process of photons with matter is not relevant in mi€®.It involves photons with
energies above 1.022 MeV that are absorbed, resulting in the production of an electron and positron.
This type of interaction is called pair productiéihen the energy increases even more, the photons
can interact with the nuclei of the atoms while emitting protons, neutrons or charged pticl
However, the Xays used in micr&Trarely exceed energis of 200 keV, thus the latter type of
interaction is of no interest in micr&@T analyses.

The most frequently used detector system in mi€® is indirect Xay detection. Incident Xays
interact with a scintillating material at the surface of the detactin the Varian PaxScan 2520V
detector used for thescans taken for this researcthe scintillator is thallium doped caesididide
(Vlassenbroeck, 2010). This is an inorganic scintillator, grown in a columnar structure. Inaiggnt X
are absorbed ithe crystals and the resulting light is brought to the detector surface through internal
reflections at the crystal surfaces. The caesiodide isdoped withthallium in order to ensure a
light emission in the green spectrum. This matches the sensit¥itge photodiodes in the Charge
Coupled Device or C&ensors. Here it is converted to an electric signal, roughly proportional to the
energy of the Xay after passing through the samplEhe detector resolution is dependent on the
amount of scattering blight inside the scintillator, the fieldf-view of the detector and the size of
the individual CCD pixels.

Due to various ways in which emittedrays can interact with matter as described above, the
intensity of the Xrays will decrease as they passdhgh matter. The transmitted intensityof a
monochromatic Xay passinghrough a homogeneousbject can mathematically be described by
.SSNna tlgy

0 @

Where § and | are the initial and final-MJl @ Ay dGSyaArde NBaLISOGAGSte |y
attenuation coefficient along the raypath s. Tattenuation coefficient> A a4 RSUGUSNXYAY SR o8&
interaction effects as described above, in which the two mogtdartant are the photoelectric effect

and Compton scattering. SSNa ¢ Aff dzadNF G§Sa &agbeam Wtdafe (2 G K.
initial intensity § will be exponentially reduced to intensity | when passing through a material with
thickness s. De to the fact that the sample is rotated between theay source and the detector, a

number of different angular projection images are maBg. means of filtered back projection, the

f20Ff @GFtdzS 2F FGGSydz GA2Yy > inSideyhe sc&ned Vofurdedebnt G S R @
be characterized for the attenuation value, which will eventually lead to different grey values in the
a0FyySR AYIF3ISad {AyOS > RSLISYRa 2y GKS YFGSNRIf
plotted against the energy dhe source for different minerals. This is illustrated in figure 7. In this

figure the attenuation curves for six different minerals are plotted against the source energy. It
concerns from low attenuation values to high attenuationsguartz (Si@), glaucmite

((K,Na)(F&,Al,Mg)SiOio(OHY)), calcite (CaG) apatite (Ca(PQ);OH)and pyrite (Fe$. As can be
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the attenuation is proportional to the densignd 2 in the energy range typically used for CT (Attix,
1986; Knoll, 2000). In this, Z is the average atomic number of the mineral.

Attenuation (&) vs. Sou

— quartz

= glauconite
calcite
= apatite (OH)

\ pyrite

10,00 60,00 110,00 160,00
Energy (keV)

Figure 7: Graph plotting the attenuation(cm®) of different minerals to the energy of the source (keV). The clearest
differences between the different minerals are found in the area with source energies from 10 keV to 110 keV. This graph
was constructed with the MuCalcTool, using the NIST XCOM datdbashe mass Xay attenuation coefficients for
minerals at http://physics.nist.gov/PhysRefData/Xcom/Text/XCOM.html.

2.3.2 Reconstruction of images

The transformation of the obtained 2D projections into a iBiageis done inthe reconstruction

phase. Irthis stage the projections are transformed into creestions through the objedty means

of filtered back projectionThis method combinedifferent projections in order to reconstruct the
attenuation values of single voxels (3D pixalsjlis illustratel in figure 8c and 8d, from Greg (2001).

It differs from simple backrojection, illustrated in figure 8a and 8because of the filter function

that is added on the attenuation line. In this way, a dtarst pattern around each point in the image

that degrades contrast and blurs the edges of objects as seen in figure 8b, is eliminated (Greg, 2001).
However, because of the limitations concerning resolution when dealing witty XCT, all material
boundaries are blurred to some extent (Ketcham & Carlso@120
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Figure8: The principle of simple bagkojection is illustrated in figure 8a and 8b. In figure 8b, the reconstructed point is
surrounded by a staburst pattern because the measured attenuation profiles (8a)raegely progcted along the image
plane. This is resolved thanks to a filter function (8c) added to the projection. ThBwtrpattern is eliminated in figure
8d. This figure is from Greg, 2001.

The UGCT developed special softwayel Y SR & h @ itakd Joaee £ofthis very computer
intensivereconstruction procesévlassenbroeck et al., 20PBy using this softwardhe images can

be corrected for multiple possible errors such as a possible tilt or skew in the images due to the fact
that the sample did not have a vertical position during the séafirst step in the reconstruction is

the socalled preprocessing. Irthis phase the 2D projections are corrected to remove acquisition
specific effects in the data before the actual filtered back projection can be déwery scan is
therefore accompanied by a number of open beam images or flat field images and dark iorages
offset images. Open beam images are images taken while-thg Xource is working, but the sample

is absentwhile dark images are images taken while the source is not working. The dark images
are needed to correct for detector features and asebtracted from every projection image and
open beam image. With the open beam images the projection images are normalized. a bigfs
whichis necessarin orderto correct forerrors from within the Xay sourceFor statistical reasons

the open bearmand dark imagesan betaken at different times during scanning, not oblgfore and

after the samples havieeen scanned but also during the scanning period of the sartipehowever

only important when dealing with very high resolutions, or a longatdan of scanning. Following the
normalisation, a spot filter is applied. It is used to correct for overly dark and bright pixels in the
images, resulting from directpay impacts on the detector (Vlassenbroeck et al., 20@ipther pre
processing step hich is necessary is ttapplication of a ring filter. It tracknonlinearities from the
detector pixel by pixel and removes them. If these are not removed, they would give rise to the
formation of ring artefacts in the reconstructed cressctions (Vlagnbroeck et al., 2007As a last
pre-processing step sinograms have to be generated. They contain the projection data of a single
detector row for all normalised projections (Vlassenbroeck, 2010). All these operations can be
implementedin one step in thd JN2 I NJ YIdza B QG K26 SOSNI Al Aa NBO2YYSyH
them separately in order to ensure that the correct reconstruction parameter are used. For all of the
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reconstructed scans in this research, the normalisation and ring filter were applietheygevhile
the spot filter and siogram generation were carried out separately.

The next step in the process is the actual reconstruction. The obtained sinograms are processed via a
filtered back projection algorithm after which a stack of cresstion § generated through the
sample. In this algorithm, the sinograms are filtered once more with theafled ramp filter. After

this, the data of every projection angle is projected back to the object, in this way reconstructing the
scanned sampld-or the coss sections to be generated in a correct way, Octopus implements several
parameter input options for the usefhe first of these options concern the geometry of the scan.
One can determinethe precise rotationahxisof the sample, the amount of tiltred skew the sample

had during scanningthe precise horizontal and vertical centre of the images and the correct
distances from the source to the detector (SDD) and from the source to the object. (Hizidg
parameters are of high importance for the rectmistion, because if they are not adjusted correctly
the obtained images will be blurry.

After adjusting the parameters concerning the scanning geometry, one can adjust the quality of the
images. To do this, a noise filter is implemented. Angiar intepolation algorithm compareshe
attenuation of individual pixels to these of their neighbouring pixels. The noise filter can be set from
0% to 100% and for the reconstructions of scans in this research values of 40%ueZgenerally

used. Another imprtant parameter in the quality reconstructionis the correction for beam
hardening. This is an effect in which tbentresof the reconstructed crossections seem to have a
lower attenuation than the sides of the sample. Here thaays had to penetratdurther into the
sample which will lead the detector to record a higher energy spectrum which corresponds to a
lower average attenuation coefficieriBrooks & DiChiro, 1976) The beam hardening effect can be
avoided by usindnardwarefilters, like analuminium plate placed in between ther&y source and

the scanned samp]déut when it is still present an algorithm exists in Octoptéch corrects for this
effect. In Octopus one can insert different values for the beam hardening correction aesksdss
correction factor viaa vertical or horizontal line profile through the cressction in which the
attenuation values along this line are shown. When these values can be fitted by a horizontal trend
line, the beam hardenmcorrection factor is correct.

In the Output subdivision of Octopus, one selects the type of files in whichati@esthiould be saved.

The optiors are 8 bit files, 16 bit files or 32 bit files. Once reconstructed the attenuation values of
every voxel will be remapped to integer valugberefore it is important to know which type of file

to choose. An 8 bit file can hold an integer value up to 255 while a 16 bit integer can be up to 65535
and a 32 bit integer up to*2 It is advised to choose the 16 bit files in order to have a largeigh

range of grey values. One can also adjust the contrast of the reconstructedsesmns by
changing the original grey values, used by Octopuigst correction factor added in the software is
one for ring artefacts which can be still present aftee preprocessingOnce all of the correction
factors are filled in, the entire volume can be reconstructed.

2.3.3 Analysis

Once the scan ireconstructal the images can banalysedusing the software developed by UGCT
Ol f £ SR a(Wlasdehbroeck @10). In this toolkitthe CT imageof the rock sample can be
analysedn 3D Before starting, Morpho+ offers a selection of noise filters. If necessary these can be
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used, but since similar noise filters are already implemented in the reconstruction gtiastep can

often be skipped. Then the volume of intere@fOl)can be selected by defining a circular or
rectangular region in one of the cressctions of the image stackhis selection is then propagated
over the other crossections. ltcan be inteesting if the user plans on analysing only a part of the
volume of the scan. In this way irrelevant data which would give rise to wrong results are discharged.
In this research for example, the porosity distribution in the sample is an important featare. T
analyse it, the air outside the sample has to be discharged.

Once the VOI is definedifferent mineralsas well as the porositgan be separatedor thresholded,

based onthe different grey valuesresulting from different Xay attenuations Duringthresholding,

voxels are categorized as foreground or background voxels depending on whether or not their grey
values lie within a certain interval. Thresholding can be carried out automgfiball this often fails

when applied to real data. Therefore maal selection and evaluation of the threshold values is the
recommended strategy to obtain correct results. Morpho+ provides the option of dual thresholding
in which a weak threshold and a strong threshold value are chosen. This is based on the difficulty
identifying voxels as objects or as background based solely on its grey value. The voxels with a grey
value lying between that of the weak and strong threshold value will be categorized as foreground
voxels only when they are connected to one or moogels that satisfy the strong threshold value. In

this way the sensitivity to residual noise is redudédhe thresholding is carried out, the foreground
voxels form a mask on top of the original image. To remove white or black voxels which have been
wrongly labelled, different morphological operations can be performed. For example, one can
remove isolated background or foreground voxels, expand or shrink the mask with a number of
voxels, invert the mask and many other options are available.

Once thedifferent components such as porosity, clay, quartz grains ae&thresholded, they can be
labelledasobjects In this study the main focus lies on the porosity of the rocks so mainly this will be
what is labelled.Because of connections inside objdttis often necessary to separate them in
different subcomponents. To do this, first an euclidean distance transform is calculated for the
objects. For every foreground voxel of an object, the euclidean distance to the nearest border voxel
is calculated. fis is also used when calculating the maximum opening of objects. It is defined as the
diameter of the maximum inscribed sphere fitting inside the object. Following the distance transform
is a watershed segmentatioftis segmentation method can be compatedhe filling of the objects

with water so different catchment basins will form in the objects. With an increasing water level, the
water from different basins will meet. Where they meet, watersheds are forriiéd. original object

will be separated alonghese watersheds so that each catchment basin will define a new object.
These separated objects can then be characterized quantitatively by several parameters. One can
obtain the volume of the separated objects in relation to the volume of interest, wikicialled the

total porosity, whether or not the labelled objects actually represent pores or another material. A
distinction can be made between objects which are connected to the border and those which are not
by calculating the open and closed porositfythe sample has a heterogeneous distribution of the
porosity, or any other material which can be labelled as a separate object, the partial porosity is a
useful parameter to describe the distribution of this material in different chosen blocks of the
sample. These can be defined in any direction (X, Y oFaf).each individual object following
parameters can be extracted: the maximum opening, as described above; the equivalent diameter,
which is the diameter of a sphere with the same amount of voxekha object; the sphericity, which

is defined as the ratio of the maximum opening and the equivalent diameter and gives an
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approximation of the shape of objects; and the orientation of the equivalent ellipsoid in which the
object is modelled as an ellipgofrom which the orientation in the sample can be calculated. All
these analysis results are written to a spreadsheet, together with additional information such as the
voxel size and information about the construction of the volume of interést. each bject, the
binary data and distance magan be exported, allowing further visualization in different computer
programs or to reload them into Morpho+ for further analysis

Specifically dr analysis of fractures within the samples a Multiscale Hessiaoturea Filtering

da{l CcCcO0O aONRLIW Ay (GKS LINPIN}Y d&CA 2A(R013)allowsza SR ®
segmentation of narrow fractures in 3D image datithout also thresholding porosity which is the

case if they would be thresholded in Momph In this script, one must specify the minimum and
maximum pixel width of the fractures of interest, as well as the average and maximum material
greyscale value, excluding the fractures, and the conservative threshold value of the fractures which
estimates the greyscale value present in thehinese are all parameters which can be extracted from
analysis of the crossections using FijThe MSHFF script divides the data set in a given number of
blocks (blocksize) according to the available RAM memorthéocalculation, the number of cross
sections in the data set, the width and height of these cisEsions expressed in pixels and the
maximum width of the fractures. If for the blocksize a value highan the amount of crossections

is given, the bldcsize has to be defined as the number of creastions. In a defined region of
interest, the scripthen starts its search for fractures and segments these from the sample material
with the use of a mask of foreground pixelEhese are not binary and thusave a variance of
greyscale valuedfter this, a calibration of the segmented fractures is often necessary. To do this,
two values are required in order to simplify the mask: a loweraftifor noise and an upper cuuff

F2NJ aYl EAYdzy L3N Ilask ihreshdld vauk bdddke the minimum width of the
fractures, as defined previously, gets too wide (Voorn et al., 2013). In order to define this value,
control lines were added to the crosgctions with widths from the minimum fracture width toeh
maximum fracture widthOne must threshold these control lines so that every line has the correct
width. The threshold value which is obtained in this way is then used as the uppeif ealue.After
calibrating, the obtained images are saved agah ke exported to Morpho+to be labelled as
individual objects.Figure 9 gives an impression of the fracture segmentation before and after
calibration. In Morpho+the fractureswithin a sample casubsequently be described witkgards to

their opening and orientatior® A § K G KS LINRP3INI Y do5 *+*ASHSNEZ RS@OSt
projections can be made out of the exported objects from Morpho+. These are useful in order to
evaluate trends in object orientations and are sifieally used in this research to plot the
orientations of segmented fractures.
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Figure9: Comparison between nenalibrated fracture segmentation (a and c¢) and calibrated fracture segmentation (b and
d). Figures 9a and 9b ammages taken during fracture segmentation of sample T2. In this sample the fractures were first
segmented in the Xlane after which the images were converted to thelZne. In figures 9¢ and 9d fractures in sample T5
are segmented in the-glane.

Althoughthe programavGStudio MA® can also be used to reconstruand analyse CT datat the

UGCTit is mainly used torender the rock samples and the exported objects in 3Dis is because
Morpho+ was specifically designed to be ufendly and have a pesfmance and coding flexibility

in order to be able to add extra functionalities when desired. VGStudio®hadXever uses the scan

data and analysis results in order to create a 3D model of the volume. This can be displayed in 3D or
in 2D slice images. ¥ also possible to visually cut into a volume in the 3D display area. When this
option is used, one can for example visualise the distribution of certain segmented objects in the
entire sample.There are also different types of light sources available framith one can choose

and form combinations. Depending on the rendering method, realistic shadows can be added in the
3D view.

2.4 Rockmodelling

A numerical model of the rocks can be mdused upon the8D imagesanalysedin Morpho+ The
program used toR2 (1 K202 NB& o4 9 G NI Ay 3 T NI Which #& pordiyhist G A y 3
labelled as suchhe pore network can bextracted.As a result of simplifying the labelled porosity, a
skeleton of the pore space is made. This skeleton is defined asohamtels at equal distances from

two or more points of the solid material (Bakke & @ren, 1997 thus extracted by an ultimate
dilation of the solid grains followed by detailed measurements alongadibi&ined skeleton The
combination of thevoxelsat equal distances of the solid materigives centre lines as a spatial
representation of the pore network. Two or more lines meet at the centre of pore bodies and form
the network nodes. They are connected to other nodes via links called pore throatpofdé nodes

and throats forming the pore network can easily tepresented by a bakndstick model.In this
simplification of the network following statistical parameters are calculated: the maximum inscribed
radius in pore bodies for volume calculatgrihe minimum inscribed radius in the pore throats for
drainage capillary pressure and hydraulic conductance; and the pore shapes for describing the
simultaneous flow of two or more fluids in one pore (Bakke & @ren, 1997).

Using Ecore thissimplified network can be used to compute rock and fluid flow propertigbis is

based on the fact that several macroscopic properties of rocks, such as absolute permeability,
capillary pressure and relative permeability, are determined by the microstructure of thes roc
themselves and the fluids occupying the pore sp&mmne of these propertiesuch as the absolute
permeability are determined by numerically solving differential equations directly on the virtual
rock.In order to minimise boundary effects, the caktibns of the permeability are performed on a
OSYiNIf NBIAZ2Y 2F (GKS LRNB ySig2N]l P hy | Fdf f &
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Laboratory characterizationor these simulations a lattice BoltzmafuB) method (Ramstad et al.,

2010 is used to characterize the fluid flow. The fluid partictea LB model move and interact on a

regular lattice with very limited degrees of freedom. Detailed descriptions of the LB method and
possible lattices can be found inc®i (2001) and Chen & Doolen (1998 spite of the limitations of

fluid particle movenent, the LB model can closely mimic typical experimental settdipaever, these

calculations areso computer intensive that it has to be carried out by a supercomputérthe

University of Ghent the High Performance Computing (HPC) Team offers a sumeriogn
environment. A total of six computer clusters are available and on one of them (Gengar, with 156
computing nodes) these calculations are carried out.

Other properties such as relative permeability, aerformed on a simplified model of the pore
space (ball and stick model), whichlésscomputer intensiveso theyR2 y Qi ySSR G2 065 Ol
Gengar.The relative permeability is the permeability measured at a specific fluid saturation and is
expressed as a fraction of the total or absolute peatiéty. When there is only one fluid phase
present in a rock sample, the relative permeability in that rock is thus 1. Therefore relative
permeabilitiesare determined from multiphase flow simulationBhere are several assumptions that

are used whersimulating multiphase flowBakke & @ren, 19973he flow is laminar in every point,

with all the fluids as Newtonian, incompressible and immiscible; the pores, as defined by pore bodies
and pore throats can be occupied by one or more fluids simultanepnstywetting fluid is the bulk

fluid while wetting fluid is retained as films in the corners of pore bodies and throats; fluid pressures
are only defined in pore bodies, which are considered to be large enough for the capillary pressure
across an invadinimterface in the pore body to be negligible; when occupied by one bulk fluid pore
bodies are called full as where those occupied by two bulk fluids are characterized as interface
nodes.The multiphase flovsimulationsare based on capillary dominated drage displacement of
fluids. Theystart with the balland-stick model of thegorosity from which the open porositys filled

with water which acts as a wetting phasAfter this there is a primary drainage with a raetting

fluid. As a standarth Ecorethis is oil, but the properties of the fluid can easily be adjusted to those

of liquid CQ, with a density adaptable to the injection depth, pressure and temperattoore gives

a visual and statistical representation of the amount of pores which isfilled with water, trapped
during the primary drainage, and the nevetting fluid representing liquid GOWhat follows is a
secondary drainage, filling the open porosity again with water. Now a statistical and visual
representationis given of the poresdlfed with water trapped duringthe primary drainage, trapped

CQ and waterfilling the pores after the secondary drainagdiis very important to pay attention to

the scale of the sample sincecBre will only use the largest pore clusters to determihe relative
permeability An increased resolution will thus lead to a better estimate ofrilative permeability

in relation tg for example the porositywithin a rock

Another experiment which can be simulated witkcére is the Mercury Injection Cdpily Pressure
(MICP)analysiswhich otherwise is a destructive testhe setup of the experiment is illustrated in
figure 10:the sample of interest is placed in a chamii&yure 10a)which is flooded with mercury
(figure 10b) Duringthe approximately 3hours during experiment, the pressure on the mercury is
incrementally increased. In this way mercury is forced through progressively smaller pore throats
(figure 10c) At the end of the experiment, pores which are accessible through pores as sid@lfas

(1 A = 1.0 x 18 m) are intruded. The volume which is forced into the sample is equivalent to the
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pore volume of the sample. To constitute the pore size distribution of a sample, mercury volume
measurements are carried out after each incremental increafspressure. Because the pressures
can be related to pore throat sizepore size distributions can be made in this walgis method is
especially very usefdibr determining porosity distributions in samples with low porosities and very
low permeabilities, making it difficult for the distribution to be analysed in another way (Olsen &

Grigg, 2008).

Glass holder s==ip»

Sample

A. B. &

Figure 10: Experimental setup for the MICP test: the rock sample of interest is placed in a chamber (a), which is then
flooded with mercury (b). The pressure in the chamber is subsequently increased after which mercury is forced in the
sample. This gives a drop in the level of mercury, which can be measured through a glass holdgs f@ure was
Y2RAFTASR | Fi{ SNIAZ yyoC 2aNval(iSANSEy Co2aiaol Gy 2 1S4 FTNRBY Df 2 3SNJ
Intable 1 a summary is given of all physicatk properties as well as the overall rock characteristic
and transport properties thatan be computed in-Eore starting from Gdata provided that some
extra irformation is added. For example the characterization of grain types is a result of earlier
segmentation and labelling of different grains in Morpho+ or anothed&# analysingrrogram

Tablel: Physical properties, transport characteristics and rock attarsstics that can be compute
from 3D digital rocks. Table from Cnudde (2011).

Physical Properties

Porosity (total, effective, and neconnected)

Absolute permeability (matrix and fractures) iy-z directions
Elastic properties in-y-z directions

Formation factor (resistivity) inyz directions

Mechanical strength

Fluid flow characteristics (twphase flow simulations)
Relative permeability in-y-z directions

Capillary pressure

Irreducible water saturation
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Residual oil saturation
Oilwater wettability

Rock characterization

Grain type distribution (quartz, feldspar, carbonate, clays,)
Surface area and volume of grains

Pore size distribution

Grain size distribution

Grain sphericity and roundness

Clay mineralogy analysis

Total organic carbooontact (connected and neconnected)
Silt fraction

Bedding plane orientation

Geologic setting and origin of the rock

2.5 Summary of the methodology per sample

In table2a and table2b an overview is given per sampletbe work that has been carried outn the

tables the samples are listed according to their altitude, so the field samples are listethfizble

2a, followed by those from Dh4 and then the samples taken from, Ddgether in table2b. As can

be read from table2a, porosity measurementaiere performed on all samples except for S4 and S1.

For S4, sample S7 which was taken at Criocerasdalen can substitute. They both are conglomerates
with an ironrich matrix from the Brentskardhaugen Bed. The porosity of S1 was not measured
becaus€er3 can gbstitute for it. T3 was taken at exactly the same location, 8 days after sampling S1.
This second day of sampling was necessary in order to take larger samples which are easier to drill.
The field samples were taken in order to compare their results ® résults obtained from the
samples of the drill cores. The field samples are much more fractured due to weathering so fracture
analysis will be important for these sampl@&nly the field samples were used in order to make thin
sections. Thin sections weemade from the following field samples: T1 to T5, S3, S6, S7 and S8. They
were subsequently etched and stained on one side of the thin section with Alizarin red S in order to
stain calcite and aragonite; and on the other side with Potassium ferricyamidedér to stain iron

rich dolomite and calcite. Siderite will not react with Potassium ferricyanide and will thus not be
stained.

Four samplesall from Dh4, weresent to Pariferra Geoconsultants B.V. (The Netherlands)
permeability measurement. Frothese samples, C1 is the only sample from which a target value is
known from previous studies. This target value is 0.84F which was measured at the Petroleum
Laboratory of Sintef Petroleum (Braathen et al., 201
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Table2a: Overview per sample of thevork that has been carried out on the field samples.

Sample Location Altitude Poro. | Perm. | Thin | Scan 1| Scan 2| Scan 3| E
(m) sect. core
S8 | Criocerasdaler 150 X X X
S7 Criocerasdaler 149.5 X X X X
S6 Criocerasdaler 149.4 X X X
T5 Konusdalen 91.0 X X X
S5 Konusdalen 90.8 X
S4 Konusdalen 90.5
S3 Konusdalen 85.1 X X X
S2 Konusdalen 77.7 X X
T4 Konusdalen 75.1 X X X
T2 Konusdalen 74.1 X X X X
T3 Konusdalen 71.9 X X X X
S1 Konusdalen 71.9
T1 Konusdalen 69.8 X X X X
Table2b: overview per sample of the work that has been carried out on the core samples.
Sample| Core | FHom To Poro. | Perm. | Thin | Scan 1| Scan 2| Scan 3| E
(m) (m) sect. core
C9 Dh4 | -671.92 | -672.00 X X
C8 Dh4 | -674.48 | -674.56 X X X
Cc7 Dh4 | -677.12 | -677.20 X X X X X X
C6 Dh4 | -680.94 | -681.00 X X X X
C5 Dh4 | -687.10 | -687.12 X
C4 Dh4 | -689.64 | -689.70 X X X
C3 Dh4 | -691.00 | -691.08 X X X X X
Cc2 Dh4 | -693.96 | -694.00 X X X
C1 Dh4 | -695.22 | -695.28 X X X X X
D1 Dh2 | -736.73 | -736.81 X X X
D2 Dh2 | -741.67 | -741.72 X X X
D3 Dh2 | -752.30 | -752.38 X X X X X

Scans were carried out aampleswith 3 different sizes. First of all large samples, with a diameter of

34 mm to 40mm were scanned with a resolutioanging from4>Y (3 Y@c ¢KSaS aol ya
executed for all samples with the exception of: S1, for which T3 can substitute; S2 which was a too

small sample for drilling a cylinder with a diameter of 8#; S4 and S5 for which the analogue

samples S7 an88taken at Criocerasdalen can substitiaad C5 which was too smalh table 2

GKSaS ao0lya FNBE O0NRdAzZAK( AfASs)KiBSadplezyvRStblkeniwatita G A G €
diameter of 6mm and scanned with a resolution of~Y Bor the field samigs T1, T2, T3 and S2 this

was done in order to have a look at the faults inside them specifically; while for the samples from

Dh2 and Dh4 a more general view of therositywas givenThe scans with a resolution of 3.89Y

FNBE ONRdzZAKG G23S0GKSNI dzy R Afted sonte $irst 8cans tatShis defolitioff H € 7
samples C1, C3 and C7 were analyseddor& The MICP data, gathered ircBre showedhat the

resolution still was not high enough for accurate as@yof the porosity. Thus some samples were

selected to drill subsamples with a diameter of 2mm. These were subsequently scanned with a
resolutionof 28 > Yand analysed using-&re. Analogous to the previous scans, scans with this
NE&az2ftdziA2yOl WBo & 2XBRIIGGE S
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3. Results

3.1 Field work

The field worktook place from 8 June 2012 to the™8f June. Thiperiod started withmandatory
safety training necessary for moving out of Longyearbyen to have a look at the outcrops. The trip
from Longyearipen to the outcrops was madthree times spread ovethree days.To give an
impression of the field figurdl is inserted below. It shows Professor Dr. Snorre Olaussen (in red)
and myself (in blue) walking in Konuetatowards the first outcrops.

Figurell: A picture takerby Drs. Tim De Koct the first day of field worl(lO‘h of June2012) in Konusdalen while walking
alongside the outcrops of the Wilhelmgya Subgroup. In the distance the inner Isfjorden is visibl¢ astiveemountains
on the other side of the fjord.

Two of the days the field work took place in Konusdalen where a succession of rocks from the
Wilhelmgya Subgroup of approximatel$ mthick was described and sampled in detail. Diieer

day of actual fil work was carried out in Criocerasdalen. In this valley to the east of Konusdalen
rocks of the Brentskardhaugen Bed are found in outcrop. Wbk carried out duringhese three

days in the fieldresulted inthe composition ofone litholog which combinesthe observations in
Konusdalerandthe Brentskardhaugen Bed in Criocerasdaketotal of 13 samples were taken in the
field. These are labelled S1 to S8 and T1 to T5. Haenples were taken durinidpe secondday at
Konusdalen with the purpose of takihgrge samples of interesting sections. The same location as
where S1 was sampled for example was sampled in more dateil resulting in sampld3. The
same facies from samples S4 and S5, taken at Konusdalen,algereampled at Criocerasdalen
duringthe second day of field worlso these samples can be substituted by S7 and S8 respectively

Two other lithologs were subsequently made from the sections of the Wilhelmgya Subgroup taken
from the available cores from Dh2 and Dh4. In B8t2n of core were described from wth 23m is
part of the Wilhelmgya Subgroup. Anothéi02 m from Dh4 were describedrom which
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approximately 25 ms part of the Wilhelmgya Subgrouprom the section in Dh2 8amples were
taken (D1 to D3 and from Dh4 $ampks were taker{C1 to C® Figurel2 shows the three lithologs
with sample localization and the correlation between Dh2 and Dh4.

a. Field log

Figurel2: Three lithestratigraphiclogs as a result of the field work that has been carried BigurelZ2a isthe litholog as a
result of the combined work at Konusdalen and Gsrasdalen; figurel2b representsthe litholog of Dh4 from 671m to
696m deep andigure 12c isthe litholog of Dh2 from 732m to 755m deep.

As can be seen on figud?, the thickness of the Wilhelmgya Subgroup as found in outcrop is not
comparable to the Subgroup identified in Dh2 and Dh4. On the field, there were two gaps in which
rocks in situ were missing. These gaps were approximately 3 to 5m thick and reflect theasignific
lateral variations typical for the Wilhelmgya Subgroup in Western Spitsbefdgenfact that some

parts are missing on the field does not mean that the field and the cores from Dh2 and Dh4 cannot
be correlated. In spite of lateral variations this idll gbossible thanks to some distinguishable
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horizons. Within the cores ddh2 and Dh4 some sections are misging to previous sampling for
research purposes, but it is at most @@. In both Dh2 and Dh4 the Wilhelmgya Subgroup isn2@

25 m thick and therefore very condensed compared to the type section at the island Wilhelmgya
where it is 109n thick in the stratotype.

The different correlated sections in figu® are numbered from 1 to seven in dgr to describe

them. Section 1 ranges from &jpth of 754.90 nto 75000 m in Dh2 and from 695.70 m to 690.80 m

in Dh4. In DA the section starts with an erosional surface above which a thin conglomerate bed is
deposited. This is followed by a coarsening upwards sequence of homogeneous sandstones. This
sequence ends with a conglomerate bed at a depth of 694.10 m. In Dh2 the same sequence can be
found, but more condensed, ending with a conglomerate bed at a depth of 754.45 m. Following both
conglomerate beds$n both Dh4 and Dh2 are fine sandstones interruptey several coarse levels.
They are partly (Dh4) or fully (Dh2) characterized by flaser beddimg. is a croskedding with
numerous intercalated mud flasers (Reik& Wunderlich, 1968) and the origin of this bedding type

is relaed to the alternationof currentor wave actio and slack waterln the field, the section is
represented by heterolithic sandstones which are bioturbated and hold several siderite nodules.
Section 2, from 750.00 m depth in Dh2 to 747.04 m and from 690.80 m to 688.68 m insDh4,
predominantly characterized by siltstones whbrizontal to wavy bedding. These are interrupted by
several levels with an increased amount of sand. Depending on the ratio of silt and sand, flaser
bedding or lenticular bedding can be distinguished iesthlevels. In lenticular bedding, thidt forms

the base material in which sand forms lenses or ripples that may or may not be con(@efadck &
Waunderlich, 1968)In the field there is a similar distribution of facies. The siltstones have horizontal
bedding and the sandstone layer found between themnmigeralogicallyimmature. This sandstone

layer appears to be a drainage layer along which water exits the outcrop. Therefore sample S1 and T3
were taken hereThe third section represents a sequence sisting of sandstones and siltstones
which are in Dh2 related to each other via a coarsening upwards sequence and in Dh4 by three
successive fining upwards sequences. The silt is found in flaser bedding in the sandstones while the
sand is found in lenses Biltstones, thus constituting a lenticular beddirig.the field this section
consists of fine to medium grained sandstones, part of a coargarpwards sequence. In a 2thick
sandstone layer there are clearly identifiable wave ripplgsction 4, raging from746.00 m to
741.62 m deep in Dh2 and from 685.86 m to 682.35 m in Dh4, represents a succession of horizontal
bedded siltstones which argparselyintercalated by layers in which the sand content is elevated.
These are characterized by a lenticut@dding. In Dh2, this section ends with the presence of nearly
vertical fractures filled by secondary minerals. It is from this part of Dh2 that sample D2 was taken.
This section is missing in the outcrops at Konusddles. transition from section 4 teection5 can

be found in both cores asn erosional surface followed by the presence of conglomerate layers. In
Dh2, the conglomerates shomotable large sandstone clasts, resembling sandstones as found below
the erosional surfaces. These sandstone clasts strikingly larger than the other clasts in the
conglomerate, indicating a close provenante.Dh2, the approximately 10 cm thick conglomerate
layer is followed by horizontally bedded siltstone until a depth of 739.60 m. In this succession a layer
can be found at a depth of 740.94 m made out of pyrite nodules. In Dh4 the conglomerate is
followed by a succession of sandstones which are bioturbated and have silt incorporated in flaser
bedding. These two different successions in Dh2 and Dh4 however rmetated due to the fact that

they both start with an erosional surface on top of a lithology they obviously share (section 4) and
due to the shared thickness of the initial conglomerate layer. The different successions on top of the
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conglomerate layer cabe explainedvy lateralvariations.In the field the conglomerate layer, as well

as the erosional surface is missing. However, the section starts with a siderite layer which is an
indication of a condensation event (GoOmez & FernarAdézez, 1994). Thistisen followed by a silty

clay shale oft0 cm thick after which iron rich, bioturbated sandstones are deposited with horizontal
and vertical burrowsSection6, only found in Dh4, atts with an erosional surface whichfidlowed

by a 3.52 nthick successn of conglomeratesThe conglomerates in this succession are part of a
fining upwards sequence in which the amount of sand as matrix gradually increases while the
amount of clasts decrease$he last section starts with an erosional surface in both Dit @h4,
followed by a conglomerate layer. In Dh2, this continues as a sandstone package with flaser bedding
after which it is again followed by a conglomerate layer, this time without an erosional surface. What
follows is very coarse grained sandstone wjtieenishsand grainsThis is sparsely intercalated by

thin mud layers. At a depth of 733.10 the sandstones abruptly turn into siltstones with horizontal
bedding.This is where the Wilhelmgya Subgroup ends in Dh2. In Dh4 the conglomerate is followed
by coarse grained sandstones with an Hroch matrix. From a depth of 672.00 m onwards there is a
fining upwards sequence towards a siltstone package with pyrite esdnbm 671.20 m onwards.

This is where the Wilhelmgya Subgroup ends in Dh4he field, this section is represented by
depositions of tle Brentskardhaugen Bed. ThesenZhick conglomerates are directly followed by a
chamosite layer and a siderite lay&bove these, the clayof the Adventdalen Group forthe seal

of the Wilhelmgya Subgroup reservoir.

The samples taken on the field are described in tablalthough they were sampled at a different
location, S5 and S8 are treated as @aanple since thg have the same facieJhis is also the case

for S4 and S7. For further analysis S8 and S7 were chosen. Therefore the pictures in table 2 also are
those of S8 and S7. T3 was sampled at exactly the same location as S1 and therefore S1 and T3 are
describedonce.

Table 3:Overview of the samples from the field section in which the sample is illustrated w
picture, the location and a facies description

Sample name Picture Location Facies

T5 Konusdalen Bioturbated medium
sandstonewhich is very rich in
quartz and hasmall burrows
The rock shows fractures alof
which enrichment in clays is
noticeable.

S5: Konusdalen | Chamositerich sandstones
S8: Criocerasdaler typical for the top of the
Brentskardhaugen Bed.The
chamosite occurs in the forr
of ooids and is probabl
formed as a result of storm
(Maher, 1989).

S5 & S8
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S4 & S7

S4: Konusdalen
S7: Criocerasdaler

Conglomerates with
phosphatic clasts, quarzand
chert-clasts which are part g
the Brentskardhaugen Be(
They are characterized by &
iron-rich  matrix. Like the
chamosite in S5 and S8, tf
conglomerates are the resu
of storms.

S6

Criocerasdalen

Conglomerate, part of an iren
poor lens  within  the
Brentskardhaugen Bed.This
lens has got a length (¢
approximately 6 m. The rock
below this lens are poor i
clasts, while abové they are
rich in chertclasts.

S3

Konusdalen

Bioturbated medium
sandstone with small burrow
with a similar appearance &
that of sample T5

S2

Konusdalen

Medium sandstone witlclear
wave ripples as part of
coarsening upward sequenc
The ripples consist @
alternating sanerich and mud
rich layers.

T4

Konusdalen

Sandy siltstone with way
bedding, but no clea
alternation between sandand
silt-rich layers.

T2

Konusdalen

Sandstone with elongate
wave ripples consisting ¢
mud-rich layers bedded in thg
sandrich matrix. Along the
mud-rich layers fractures arg
formed.
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S1&T3

Konusdalen

Greenish sand layer of
approximately 3 mthick. In
outcrop this layer tends tq
form a migration pathway fo
water. Clayrich layers arg
present along which the
sample tends tdracture.

T1

Konusdalen

Medium sand wit wavy
interbedding of clayThe clay
rich material seems to form
network of shaftavhich can be|
recognized as the ichnofoss
GCKIflaaAy2AiR

Table4 gives an overview of the samples taken from Dh4 and Dh2se samples were chosen in

such a way that there is a maximum in variety of facies, with the constriction that the samples are

interesting as reservoir sectiomithin the Wilhelmgya Subgroud herefore they are chosen from the
silt- to sandrich intervds in both Dh2 and Dh4.

Table 4:0Overview of the samples taken frooores Dh4 and Dh2 with for each sample a picture of
sample, the depth in the core and a short description of the facies which is present.

Sample Picture Depth Facies
name
Dh4
C9 From 671.92m to 672.00m Claystone, part of thg
overlying cap rock sequenc
Some black sand grains &
incorporated in the sample
C8 From 674.48m to 674.56m Chamositerich sandstone.
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C7

From 677.12m to 677.20m

Iron-poor conglomerate.

C6

From680.94m to 681.00m

Medium grained bioturbated
sandstone with a significar
amount of clayrich material in
flaserbedding.

C5

From 687.10m to 687.12m

Siltstone.

C4

From 689.64m to 689.70m

Fine grained sandstone with

significant amount otlaytrich

material in flaserbedding.n

certain parts of the sample th
flaser  bedding become
lenticular bedding in whick
sand lenses are found withi
the clay material.

C3

From 691.00m to 691.08m

Sandstone with admixture of
clay in flaserbedding.

C2

From 693.96m to 694.00m

Coarse grained bioturbate
sandstone with some claych
material.
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C1

From 695.22m to 695.28m

Medium grained sandston
with admixture of clayich
material.

Dh2

D1 dcm

From736.73m to 736.81m

Chamositerich coarse graine
sandstonewith some clayrich
material.

D2

From 741.67m to 741.72m

Sandstone below erosion{
surface with vertical fracture
and secondary mineralization

D3

From 752.30m to 752.38m

Sandstone with doublé
lithology. The lower part of C
is fine grained bioturbated
sandstone while the uppe
part is very coarse grained
sandstone. The transitio
between the two facies i
sudden.

From Dh4 another 77 m were described which are not part of the Wilhelmgya Subgroup. They

consistlargelyof the Upper Tiassic De Geerdalen Formatjatescribed from a depth of 770 snd
partly from the Adventdalen Group laying above the Wilhelmgya Subgr@ggause the De
Geerdalen Formation contains important sandstone g, the succession from 770 depth to
the stat of the Wilhelmgya Subgroup 885.70 mwill be described briefly. From 770 m to 764.50 m,

the formation mainly consists of bioturbated fine sandstones with horizontal to wavy bedding and

widespread pyrite nodules. These sandstones are interrupted tsjyosie layers of 10 cm to 20 cm
thick with horizontal bedding. In this 6 m thick section there are 5 horizons witlsegimentary
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fractures. These can be found at a depth of 7697§5/6930 m, 768.92 m, 767.36 m and 766.70 m.
This interval rich in sandsties is part of a larger interval, reaching to a depth of approximately 800
m and was considered one of the potential intervals for, €@rage in the first phases of the UNIS
CQ project (Farokhpoor et al., 2010. has an average open porosity of 11 %mnd an average
permeability of 0.03 mD and is rich in sandstones because the ealdconment in which it was
deposited is that of a flood tidal delt8aathen et al., 202). From 764.50 no 752.35m the De
Geerdalen Formation consists of siltstonathwsparsely distributed sandstone intervals of 5 cm to 10

cm thick. The siltstones are horizontally bedded and have significantly less bioturbation than the
above mentioned sandstones. The pyrite nodules however are evenly distributed in the siltstones as
in the sandstones lower in the section. Above the siltstone interval, a 6 m thick sandstone interval
follows. In these sandstones the overall trend is one of fining upwards ingiltyaclaystone.
However, at a depth of 750.20 m, there is a coarsemnipgards sequence from fine sandstone into
conglomerate. This sequence has a thickness of 32 cm. In one of the fining upwards sequences, the
sandstones are bioturbated and have ssedimentary fractures. This is found at depths of 747.45 m
and 747.70 m. Thishort interval rich in sandstones ends at a depth of 746.50 m where a new
interval of clayrich siltstones beginsThese are characterized by horizontal bedding alternating with
ripple structures, which give rise to the formation of lenses filled in veilh or sand, cross
laminations and other cutting relations within the rocks. At a depth of 735.80 m there is-a syn
sedimentary fracture, as well as at 731.06 m and 731.60 m deep where the fractures are filled with
sandy material. Fossils are found at tthepths of731.86 m and 730.92 m (shell fragments), as well

as at a depth of 722.95 m and 722.50 m where plant fossils are found in the neighbourhood of a coal
layer of 4 cm thick. Starting from a depth of 719.10 m, several coarsening upwards sequenoes can
found. They grade from silt to fine sandstone which are usually bioturbated. Siltstones are
characterized by horizontal bedding, lenticular bedding or wavy bedding, as where the structures in
the sandstone alternate between haorizontal bedding and flasedding. This last section in which
several sandstone levebccur ends at the depth of 69® m in an erosional surface which indicates

the start of the Wilhelmgya Subgrouphepaleoenvironment of the entire section from 764.50 m to
695.70 m is a lagmal setting (Braathen et al., 2D

In Dh2 a total of 60 nof the core was described, resulting in 37 m which is not part of the
Wilhelmgya Subgroup. 5 of these 37 m are part of the De Geerdalen Formation. They consist of an
alternation between two silt®ne bodies and two sandstone bodies in which the siltstones are
characterized by horizontal bedding and the sandstones by lenticular bedding. The other 32 m which
are described are found above the Wilhelmgya Subgroup and are thus part of the Adventdalen
Group which forms a seal. The lowest 7 m of this secisostill characterized by the admixture of a
significant amount of sand in the siltstones, resulting in wavy bedding alternating with lenticular and
flaser bedding. This is then followed by a decreiaseand content and the siltstone is characterized

by horizontal bedding. At a depth of 708.40 m the facies of the rock has shifted to a clay rich siltstone
with horizontal bedding and this facies does not change up to the highest described point & ®h2
depth of 700 m. Within theseocks there are pyriteich beds, as well as a pyritised wood fragment.
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3.2 Laboratory results

3.2.1 Open porosity

From the field samples a selection was made for the porosity measurements. S1 and S4 were not
measured lecause they can be replaced by T3 and S7 respectively. The results for the other samples
are expressed in the tables beloWableb5a lists the samples taken in the two valleys, while tdite

and table5c give the porosities of the samples of Dh4 and Rispectively.

Table 5a: Calculatec Table 5b: Calculatec Table 5c: Calculatec
open porosities of the open porosities of the open porosities of the
field samples. Dh4samples. Dh2samples.

Sample# |, 0902 Sample# |. 6 @2 Sample# |, 6 @2
Tl 9,68 C1l 12,58 D1 1,83

T2 5,13 Cc2 10,71 D2 1,05

T3 9,03 C3 3,92 D3 4,71

T4 7,00 C4 1,81

T5 5,78 C5 13,86

S2 7,85 C6 7,54

S3 5,96 C7 12,96

S5 7,26 C8 7,09

S6 16,76 C9 1,24

S7 4,47

S8 12,09

As can be seeim table &, b and anost of the rocks areharacterised by an open porosity lower
than 10 vol%. From all field sampldisted in tableba, only S6, the irospoor conglomerate, and S8,

the chamositerich sandstone, have a porosity exceeding 10 vol%. S6 is comparabl¢ftonCiable

5b) as conglomeratédut lacks aniron-rich matrix.C7 also exceeds the 10 vol%. It is however not the
only sample from Dh4 with a relative high porosffjl, C2 and C5 also show porosities higher than 10
vol%.In spite of their sangtontent C3 and C4 show porosities almost as low as the porosity of the
clay-rich sample C9 which is already part of the cap rock sequence above the Wilhelmgya Subgroup.
Apparently C6, which has a similar facies as C3 and C4, still has an open porosity of 7G8,\his.
chamositerich sandstone from Dh4 has a significanthwér porosity as the analogue S8 in the field.
Also D1 from Dh2 which is also chamosité has a very low porosity. One cassume that the
samples taken in the field have undergone more physical weathering, thus showing higher porosities
than their equvalents in the coresSpecifically for thee chamositerich sandstones one can assume
values between those of D1 and C8 to be more correct, dependent on the amount of the rock
affected by the formation of chamosit&@he value foopen porosity of D3 mustébapproached with
attention. Since D3 is very heterogeneous it is likely that the porosity in the upper parts of the
sample is higher than the one in the lower parts where the rock consists of less coarse material.

In general the average open porosity dietsamples taken in the field (S & T) is 8/8PB6 with a
standard deviation of 3.5801%. The average porosity of the selected samples from Dh4 i¥31%7
with a standard deviation of 4.861% and for the samples from Dh2 this is 2.53vol% with a stdnda
deviation of 1.93/01%.
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3.2.2 Permeability

Permeability measurements were carried on four samples taken from Dh4. Prior to the
measurements PanTerra Geoconsultants B.V. also calculated the ambient He porosity. This is
another way of calculating thepen porosity and can lead to small differencesmpared to the

open porosity measurements as described aboVkerefore, the results from the open porosity
measurements are listed side by side from those calculated by PanTerra Geoconsultants B.&. in tabl
6. Then the gas permeability was measured together with the empirical Klinkenberg permeability. As
a last factor the grain density was calculated. These four factors are listed below i% table

Table 6:An overview of the results ByanTerraGeoconsultats B.V. with regards to the porosity an
permeability of samples C1, C3, C7 and C8.

Sample Core depth | He Porosity Open Gas Emp. Klink. Grain
(m) (vol%) Porosity | Permeability| Permeability| Density

(PanTerra) (vol%) (mD) (mD) (g/ml)

C1 695.25 12,6 12,58 0,23 0,14 2,69

C3 691.04 7,1 3,92 0,05 0,03 2,68

C7 677.16 15,3 12,96 1,11 0,77 2,73

C8 674.52 10,9 7,09 0,18 0,11 3,17

Concerning sample C1, the permeability as measured by PanTerra Geoconsultants B.V. corresponds
accurately with the results from thiaboratory results of Sintef Petroleum (Braathen et al., 201
There the permeability of the fine bioturbated sandstones of the same section was determined to be
0.247 mD and the permeability with Klinkenberg effect was 0.144 Ai&n for sample C7, from
which the facies is represented by four different measurements from the Sintef laboratory ranging
from depths of 678.32 m to 675.49 m, there is a fairly good agreement with the average permeability
previously measuredSintef Petroleum determined a gas rpgeability of 1.158 + 0.429 mD as an
average for four conglomerate samples in the above mentioned section and with the Klinkenberg
effect incorporated the permeability for this section was 0.892 + 0.474 mD. The permeabilities
determined for C7 areloselyrelated to these values and fit within the boundaries of the standard
deviation. The measurement of C8 can be linked to a medium to coarse sandstone higher up in the
section with a permeability determined to be 0.140 mD and a Klinkenberg permeability1df oD.

These values are conform those of the permeability measured by PanTPerfar sample C3, no
previous measurements were made to whitttese, displayed in tablé, can be linked. However

since the close correspondence found between the measurements made by PanTerra and those
made by Sintef for the other samples one can agree these low values of 0.05 mD and 0.03 mD of
permeability without and with Klinkenberg effecspectivelyare correct.

3.2.3 Thin section analysis

Thin sections were made from nine field samples in order to give a general idea of the minerals
building the rocks. However, the thin section made from S6 failed to visualise the matrix of the
conglomeate. The results from the remaining thin sections are illustrated in figure 13. These 8
samples are: S3 (A), S7 (Bi & B8 (C), T1 (D), T2 (E), T3 (F), T4 (G) and T5 (H).
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Figure13: Thin sections from sample&®3 (A), S7 (Bi Bii), S8 (C), T1 (D), T2 (E), T3 (F), T4 (G) and irfigtires a, d, e
and h, fractures are indicated with blue arrows. Blue colouring indicatesckecalcite and red to pinkish colouring
indicates calcite.
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Sample S3 (figure 13a) is characteribgdounded quartz grains which are found in a matrix of4ron

rich calcitecement coloured blueWithin this main facies, some layers are found in which the calcite
cement is absent. In these layers, it is replaced by a clay matrix. These are typicplhct®in the

rock where fractures can be found. As accessory minerals, glauconite and siderite can be
distinguished. Also some smaller opaque minerals which seem to have a rather cubic shape can be
recognized. These are possibly pyrite. Figures 13bi I8idi both represent the conglomerate
sample S7. Figure 13bi is made from an area of the thin section, coloured by potassium ferricyanide.
This reveals an irerich calcite cement in which swounded quartz grains can be found. Mark
(2013) identifies a derite-phosphate cement in comparable conglomerate samples. However,
siderite or phosphate would not be stained using potassium ferricyanide. This conglomerate is poorly
sorted and grain supported. Chert pebbles and quartz pebbles can be recognizeflsraitcessory
content, feldspars are founds, as well as glauconite arghnic debris. Siderite can be found as
individual minerals, which tend to form linear structures in the rock. In figure 13bii, siderite can be
distinguished as a rhombic mineral witholwn appearance in a crogmlarised thin section.

Sample S8 (figure 13c) is characterized by a siderite matrix in which ooid grains are found as most
distinctive features. In these ooids, the central part is often composed of chamosite, therfee
membe of the chlorite group. The outer parts however are composed of-iircim calcite, which
reacted with the potassium ferricyanide and coloured blue. This probably replaced the original
chamosite of the ooidsThe ooids probably formed in distal parts of delta whee clastic
sedimentation is lowSpread over the thin section, one can also identify small quartz grains in the
siderite matrix as well as larger phosphate graBample T1, illustrated in figure 13d consists mainly

of quartz found in an irooor calcite cement, with the presence of dispersed iron oxide hydroxides.
Between some quartz grains, quartz cement is present. The fracture which is visible in figure 13d is
possiblydue to the making of the thin section

In figure 13e, sample T2 is shownhis characterized by a layered distribution of clay minerals along
which fractures originate. Sutmunded quartz grains are found in an irpoor calcite cement in

which also some accessory mica and glauconite are found. Also siderite minerals can be
diginguished. Figure 13f shows sample T3 in whichasgular quartz is the most abundant mineral.

Clay fills the available space between these grains and some glauconite can be found as accessory
mineral. Sample T4 is represented in figure 13g. This samelstample shows a patchy distribution

of clay and some dispersed iroith calcite.Rhombic brown siderite and accessory mica can also be
identified. In T5 (figure 13h) fractures are found along an iron oxide hydroxide matrix. In this grain
supported sand®ne quartz is the most abundant mineral. Also siderite and some opaque minerals
can be identified. Some quartz boundaries are characterized by sutured contacts.
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3.3 Clidata

In this chapter, lhe samples and scans will be discussed according fo ldeation andresolution.

First the field samples(S and Fsamples) will be discussed going from low resolution to high
resolution. Doing so different features will be highlighted at two différenNB a 2 f dzi A 2y a Y nn
> Y ®hen the samples taken fromhB® and Dh2 will be discussed. The same principle in which
different features are described at different resolutions will be used. Because these samples were

wider to start with, the first resolutiorat which they were scanned was 56Y ®hen subsamples

were taken with a diameter of 6 mm and 2 mm which were respectively scanned with a resolution of

n >Y YR H®T >YO

3.3.1 Field Samples {8nd T-samples)

3.3.1.1Scans at resolution 41 um

From the field samples, seven were chosen to be scannedralative bw resolution These are

samples T1 to T5, S3, S6, S7 and\B®&f the samples were scanned witt5®Dof 132.43 mm and

obtained a magnification factor of 6.12dditionally, to limit the beam hardening in advance, two

hardware filters were placed betweethe Xray source and the sample. It concerns a 1 mm thick
aluminium plate and a 0.3 mm thick cupper plateK S NB & dzf G Ay 3 NBREeXstadgi A2y &
were subsequently analysed for theiaftures, fossitontent, homogeneity or heterogeneity and

porosity. Especially the fractures appear to be striking features in the field samples.

3.3.1.1.1Facies

A first distinction that can be made from looking at the scans of the samples is the distinction
between samples which are homogeneous and those that aterbgeneous concerning the
distribution of minerals. A sample consisting of different minerals is homogeneous when the
minerals exist side by side and their relation to one another does not change throughout the sample.
However when there is a clear drstiion between different areas concerning the mineralogical
composition, the samples has a heterogeneous ftistion of minerals.Five of the field samples
have a homogeneous distribution of the minerals. These are T1, T3, T4, T5 fanch Séhich the

scans are displayed in figurkd.
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Figure14: Visualisation of samples T1, T3, T4, S3 and T5. They are linked to the field litholog in order to locate them. In
every sample fractures can be identified. Another feature in commaémeisiomogeneous distribution of minerals found in
all 5 samplesAs scale a corresponding square centimetre is given.
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Figure 15: Visualisation of samples T2, S6, S7 and S8, linked to their location in the field litholog. Theles save a
heterogeneous distribution of minerals and are all characterized by fractures, although these are very subtle in samples S6,
S7 and S8. As a scale, a corresponding square centimetre is given.

The heterogeneous samples T2, S6, S7 andl&rated in figurel5, are characterized by different
reasons of heterogeneity. T2 for example is a sample in which a horizontal bedding structure causes
the heterogeneity. Layers of quastch sandstones alternate with more clagh layers in which
corroded irontrich minerals can be found. In the scans, this layering can be noticed due to the
presence of these minerals since they are very bright thanks to theircmatent. In S6, the
conglomerate sample with a matrix generally poor in iron, there are re¢\@atches within the
matrix where the porosity is decreased due to infill of iieh minerals. This is the reason why this
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sample is heterogeneous and as with sample T2, it can be seen on the scan thanks to the bright
character of these minerals. Sarap57 has an overall higher irgontent than S6 but is also
heterogeneous due to the occurrence of different types of matrix. A total of three different matrixes
are distinguishable. A first matrix consists almost entirely of anii@n cement and appearvery

bright on the scanned images; the second one still has theriobnminerals but they do not occur in

a cement type distribution so that this matrix has an overall lower greyscale value; the last matrix has
a similar appearance as the second ordtghaugh now it is mixed with a cement which appears to be
iron-poor. These three types of matrite distinguishable in both the croessection in the Zlane and

the crosssection n the Xplane of S7 in figure 13When examined closely one can identifg tthree

matrix types in the hand sample as well. In the last heterogeneous sa@®fhe heterogeneity is
accomplished due to the irregular spreading of ooids in the sample. There are regions rich in ooids
and regions which are poor in ooids. As mentiBne Ay (G KS &ddzo RAGAaA2Yy aGaFNI O
are generally located in the oojabor areas of S8. Overall these areas are brighter in the scanned
images, not because the matrix here contains more iron, but because the signal of the matrix is
diminished by the ooids which contain less iron.

3.3.1.1.2Fractures

Fractures are important and prominent features in the field samples. All seven of the samples which
were scanned show the presence of fractures in one way or another. However it is unclear to what
fraction these fractures are primary to the rocks. Mosttloé fractures seem to be related to the

frost weathering the samples have undergone. This is probably the case for all fractures in samples
T1 to T5 as well as for those in S3. This interpretation can be supported by the fact that the fractures
are concentated along the clayich sections of the rocks. The clays have water within their
mineralogical structure and thus are prone to expansion and contraction in freezing and thawing
conditions as present in Spitsbergdn ths way the fractures come abautvhen looking in detalil

one can see the fractures originate in areas of low attenuation which are rich in clays and follow a
path interlinking these clagich regions of the rock. Especially for sample T2 it is obvious that the
presence of fractures is coanted to a change of mineralogy of the rodlie to the fact that they
follow changes in grey scale values in the scanned imalgk the MSHFF script of Voorn et al.
(2013) the fractures from sample T1 to T5 and those in S3 were segmented. Inl@aneverview

is given of the observed fracturerientations in these samples. This is done via stereographical
projections of objects which were made from the segmented fractures using Morphbe
stereoplots which will be used differ from normal geolog@reoplots. Since the scans cannot be
oriented, there is no specified northeast, south of westdirection in the stereographs. The dip of

the fractures is not linearly distributed on the stereoplot, but the dip angles are always indicated on
the figures. For further information about the construction of these stereographical projections,
reference is made to Brabant et al. (2011).
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Figure16: Stereographic projections of the fracture objects from samples T1 (a), T2 (b), T8 (d), T5 (e) and S3 (f). The
bleu subset groups the (se#hihorizontal fractures in figureséb, 16c and 16e. In the same figures, the yellow subset
represents (sem) vertical fracturesin figure 16e, the greesubset representdractures resulting om sampling.n this
stereograph the dip of objects is not linearly distributed. Therefore the dip angles are included in the figures.

For T2(figure 16b) and T3 (figure 16c) the distribution ofthe observedfracture orientations can
clearly be divided ir2 separate regions. The best example to illustrate this separation is sample T3.
The fractures, are either horizontally distributedith a dip of maximum 16%r vertically. Mosof

the fractures of samples T2 af@® have aqub) horizontal orientation.These are the objects which

are found in close proximitwith the outer border of the stexogaph in figurel6b and16c and are
encircled in blue. Nonetheless there is a second group of fractures which have avguasil
orientation. They plot close to the centre of the stereograph and are encirclgéliow. A similar
differentiation can be made in the orientations of fractures in sample T5, although all fractures seem
to be tilted so that the vertical fracturedo notplot in the centre of the stereograph and the semi
horizontal fractures are removed further from the border. A sgmdivision is made in figure6é as

with the stereographs of T2 and THowever, a third subset is added in green. These represent
fractures due to sampling. From the field sample, a cylindrical core was dfitégidrilling did not

take place perpendicular to the horizontal bedding, but with a slight afgis. is the reason why the
horizontal and vertical fractures seem to bddi in the stereographic projectionn sample T2 the
vertical fractures form a connection between different horizontal fractureffigure 17a).
Measurements in Fiji reveal they can connect fractures with a height difference of up to 2.7 mm. In
sample T3 th vertically oriented fractures do not connect two separate horizontal fractuiboes

form steps along which one horizontal fracture shifts vertically inside the saffiglee 17b). These

AN o oA oA
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step has a vertical distance of 0.7 mm.
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A.Sample T2 1cm

B.Sample T3 1cm

Figurel7: Fracture analysis in samples T2 (a) and T3 (b). Vertical fractures form connections between horizontal fractures,
or act as a step along whithe horizontal fracture moves in order to propagate in the vertical direction.

Sample T5 has a distribution of fractures which are closely related to the areas with a lower greyscale
value in the images. They are the ctagh areas in the sample alonghigh fractures originate.
Consequently, the orientation of these enrichments influences those of the fractures. This results in
the stereograph as illustrated in figuse. From T2, T3 and T5 this is the sample in which the
fractures can be described asetleast horizontal. Almost 50 % of the orientated fractures have a dip
between16° and36° and can hardly be described as horizontal. The most vertical fractures have an
average dip 060°. Also in S3, a large part of the fractures show a horizontal orientatiufe some
fractures can be defined as vertical (figutéf). Again, they can be linked to clay material in the
sample (figurel4).

The fractwes cannot only be described byheir orientation, but also byheir maximum openingln

figure 18 an overview is given concerning the maximum opening of fractures in samples T1 to T5 and
{od LG A& SELINB&EASR Ay lYz2dzyid 2F @2EStazr 6A0K
represented by separated objects, so one fracture can be represented by more than one object. This
gives a better characterization of theafitures themselves. From figur& tne can observe that the
fractures are dominated by a maximum opening of 3voxels $1¥30 = SaLISOALF ff & Ay
where the fractures are represented by a higher amount of objects than in the other samples. The
largest fracture openings are found in samples T5 and S3 where a part of the fractures are
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have a maximum opening of an even amount of voxels.
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Figure18: Graph showing the distribution of the maximum opening of fractures from samples T1, T2, T3, id SB @ne
G2ESt Sldz2fta nm >YO
Not all fractures fand in the field samplesan be explained by physical weathering. In the two
conglomerate samples S6 and S7 and in the chamdshesandstone sample S8 there are fractures
which are not related to clayis the rocks. S6, the conglomerate with an ipoor matrix, shows two
kinds of fractures. The first kind can also be seen a8V is characterized by the fact thtte
fracturesare found inside thgebbles ofthe conglomerateTheycan be found in phgshatic as well
as chertpebblesand do not affect the matrix. The second kind of fracturesichis foundin S6 but
notin S7F NB FNJ Ol dzZNBsa Ay (GKS YI GNAE 27F (KS NREOl ® ¢

around them. Unlike the fractures in thesamples and S3, they are not related to clay in the rock,

but are probably enhanced isize due to frost weatheringdoweve, this type of fractursis only

present once in the entire sample Skherefore, no stereograph was madeée fractures in sample

S8 are restricted to the regions in which the rock has a low abundance of ooids as can be seen in
figure 15. The fracture inS6going through the matrixs characterizedy openingsof 2 to 3 voxels

wide 82¢cmHO >YU0 YR Aada (Kdza 2F 2LISyAy3 -sahpkd &d O2 Y LI |
S3. Those however which are found in the clasts of the conglomerates, both of S ame wider.

¢KS YIFIEAYdzZY 2LSyAy3a F2dzyR Ay {17 INB p @2ESta ¢
vertical and horizontal orientation follow the same fracture opening distribution in which most of

them are characterized by a maximum openifgoo @2ESft & 6ARS OMHO >Y0 O

3.3.1.1.3 Fossdontent
I a YSYGA2ySR Ay ail ot S usampleyTl i© fokmetl B/ Ngallgries doi
Thalassinoides tunnels, however this is not immediately visible on scHms. ichnofossil

Thalassinoides in the hd sample however is easily recognisaliteforms mazes of -branched
shafts which are unlined and unornamentdd. crosssection, it can be seen that the sides of the

CAS
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tunnels are plastered by clays while sand fills in the tunfiéigs can be the explatian for the fact

that the structure is not visible on scafsA y OS (G KS NBaztdziazy 2F GKS &aol
than this will not be visible as a distinct feature. So if the rim of clay, which forms the outer sides of

the tunnels, is smaller #n this resolution, it cannot be revealed on the scan.

Another sample in which a fossil can be recognized @i@8e 19). The feature of interest is dens,
elongated and shows perforations. Although it is difficult to name from these general chardcserist
it resenrblespossiblycertain species of algae.

1cm

A. Cross-section X

B. Cross-section Y

C. Cross-section Z

Figure19: Three perpendicular crossections through sample S3 in which a dens and elongated object with perforations is
visible.For the ease of recognition it is encircled in all three csExgions.This assumed to be algae fossil is 2.087 mm in
length.

3.3.1.1.4Porosity

Without regarding the fractures as porosity, the porosity was visuahly two of the 9 field samples

at this resolution. This is the case in samples S6 and S7 which respectively had an open porosity of
16.76 vol% and 4.47 vol% according to the laboratory t&gten extracting the porosity in Morpho+

however, S6 has a total porosity of 10.85 vol% and S7 6094 vol%. This means not all of the

porosity is visible at this resolution and at least 5.91 vol%3B8vol% of the porosity of S6 and S7
NEaLISOGABSte Aa NBLNBaSyidSR 0 ¢sintdxhdBalculaied bperf SNJ (0 F
porosities for tlese samples were higher in the laboratory tedtee porosity as seen on scans with

this resolutionis not suitedfor extracion of a pore networkn ECore because the sample size would

be too big in comparison to the size of the pores #&mel connectiviy between the different pores is

poor. Also, since the scans fail to visualize all of the pores in the sample, the results would be false.

33124 Ol ya |G NBaz2tdziAzy n >Y

Five samples were drilled in order dbtain subsamples wita diameter of 5.0mm. These are S2, S7,
T1, T2 and T3 hey were subsequently scanned witls@Dof 27.41mm which gave a magnification
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plate was usedThe resulted scans are illustea in figure20.

Figure20: Acrossa SOG A2yt NBLINBaSydGlrdAzy 2F GKS &l YLXsétions,deéehyy SR
taken in the Zand Xplane are linked to the location of the samples in the field logsathples have a homogeneous
distribution of minerals, except for T3 in which a layer of ctagerals breaks up the homogeneity. In T1 and S7 porosity is

visible.
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Two of the sample$T1 and T3have a homogeneous distribution of the minerals at a resotutd

nMm >Yo ¢KS SEIFOG t20FGA2y 2F (GKS &domal YL S& O2d
a subsample was taken at a location that was not affected by fractures in theelmiution scans.

Samples T2 and S7 were characterized with a hetereges distribution of minerals. Therefore

special attention was given to the exact spot of subsampling. In S7 a subsample was taken at a
location characterized by the absence of an ir@h matrix, because this irarich infill tends to

destroy the porody in the sample. The subsample in T2 was taken from the-dandnated parts of

the sample. Due to this targeted way of subsampling, all samples, except for T3, have a
homogeneous appearance at this resolutiom.T3, there is one layef clayspresent,which breals

up the otherwise homogeneous sample.

Since heterogeneous sections and fractures are avoided via targeted subsampling, and no fossils
were recognized in the samples, the porosity distribution is the most impoffizaiiure in these

scans. The saples were chosen according to the open porosity results of the laboratory tests.
Samples T1 and T3 are among the samples with the highest open porosity at 9.68 vol% and 9.03 vol%
respectively S2 iswith a calculated open porosity of 7.85 volie sandtone sample with the third

highest porosity and can thus be especially interestingesiicwas not scanned athe lower

resolution2 ¥ n.\sampl¥ T2, with an open porosity calculated at only 5.13 vol%, is expected to

have a higher porosity in clapoorregions of the rockS7, the conglomerate sample with an irdoh

matrix has a much lower porosity than the conglomerate sample poor in iron, but is more
representative for the Brentskardhaugen Bed than S6. Therefore it is interesting to characterize the
pores in this sampldn two from the five samples (T1 and S7) the porosity was clearly visible at this
resolution. However, in T1 the observed porosity is much lower than the calculated open porosity. In

total 2.56 % of the scanned volume represeptse space Since the porosity was not visible at the
NBazfdziaAzy 2F nm >Y SAGKSNE GKA&A AYyFSNBR GKFG |
NBLINSASYGSR o0& LI NBisis BowWdvdr bry/NbrrécKwhgh the fraetdias in the

sample can beansidered as a negligible factor in the porosity, which is probably a false assumption

for sample T1The selected subsample of S7 is characterized by a thresholded pordzibg afol%.

Although this is open and cled porosity combined, it i6.79 vol% less than the calculated open

porosity from laboratory tests. Since S7 was not characterized by fractures through the matrix of the
NREO]l Fd | NB&azfdaZiaAzy 2F nm >Y |FyR y2 FNI OlGdzNB&
inferthattKk S NB Yl AyAy3a LR2NRBAAGE A& NI UiNoodef daBples,0 & LI2 N
the scans show hints of porosity: in T3 0.9 % of the scanned volume can be thresholded as porosity

and in S2 0.68 %. From previous scans, one can conclude that iactizes are probably important

O2y GNROGdzI2NE (2 (GKS LRNRAaAAGEXT |fUiK2dAK LR2NBa a°
previous scans are available so the question remains whether or not fractures are important for the
porosity in this sample, arormal pores smaller than the given resolutiare the main contributors.

In the last sample, T2 not a single pore could be extracted from the scans. Also in this sample,
FNF OlGdzNBa OAaAo6tS G | NBazfdziAzy 27Fsiynm >Y aSSy

55



3.3.2 Dh4 Samples {€&amples)

3.3.2.1Scans at resolution@®61> Y

The samples ddh4 havea diameter of 4.m. All of them were scanned except for C5. They were

scanned with a SOD of 182.57 mm which resulted in a magnification of 4.44 andutioesof 56.61

>SY® ¢KAA NBazfdziAzy Aa FfNBIFIRe KAIK Syz2dzaK G2 y
but it is too low to extract a pore network from it in order to conduct flow simulations with it. One of

the features which can be distingied within the samples is the occurrence of fractures. However,

as with the field samples, an overview is given of the fossil content, the facies and the porosity within

the rocks as well.

3.3.2.1.Facies

All scanned samples have a heterogeneous mineas#iildution in one way or another. The scans are
illustrated in figure2l, in which samples C1, C3, C4 and C8 are visualised and in28gubhere an
overview is given of samples C2, C6, C7 and C9. This division was made to visualise samples with
fractures (figure2l)separately from those without fractures (figu2).
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Figure21: An overview of the scanned images in which fractures are visible. They are connected to the litholog in order to
locate them. Images of samples C1, C3, C4 and C8 are given in which the fractures are encircled in green. Although it is
subtle the fractures @n be identified due to their low greyscale value. Apart from the fractures, which are described in the
aS0GA2Yy 47T Nchaptériabiss érassektins ar&used in order to describe the general facies of the samples.
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Figure22: An overview of the scanned images of samples C2, C6, C7 and C9. They are connected to the litholog in order to
locate them. In all four samples a heterogeneity can be observed in one way or another.

In both C1 and C2 the heterogeneity is visible do the fact that the images can be subdivided in

two distinct parts. On the one hand both samples haveas within them in whiclporosity can be
observed, while on the other hand regions with a clearly decreased porosity signature are present.
The diference between both samples is found in the grain size distribution in both samples. In C1 the
different quartz grains in the regions with enhanced porosity cannot be distinguished from each
other while those in C2 can. In C2 several gtaigrain contacs can be observed thanks to the
slightly larger grain size. In both samples the areas with elevated porosity can be segmented and
visualised. This can then be used as a base for deciding where to take subsamples. This process is
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illustrated for C2 in figw 23. First, the actual sample is compared to the 3D visualisation. Special
attention is given to striking features such as the two vertical wick areas inside the sample.
These are both visible in figu28a and23b. Now that the sample is orientatethe segmented
porosity can be added to the picture. In figu28c a clipping box is used in order to evaluate the
distribution of the pores within the sample. In this way, the areas which are interesting for taking
subsamples of can be identified.

Area with elevated porosity

Area with decreased porosity

Figure23: Subsampling strategy explained with the example of C2 from which theipooosild be extracted. Figure3a is

a normal photograph of the sample in which two vertical mud features can be distinguished. The same features can be
found in the scatter HQ visualised image in fig@8b. Once the sample is oriented, a clipping box is used (figBcin

order to exract areas of low and high porosity in the sample.

¢tKS YIAYy a2d2NOS 2F KSGSNp3ISySAde Ay alyLX Sa /o
section of this chapter. However, also in the matrix in which a system of burrows is incorporated one
canfind a heterogeneity. This is due to the fact that a difference can be made between two ground
masses. In crossections it is very difficult to see this difference. However, when visualised in 3D it is
easier to identify the heterogeneous nature of thaseks. In figure24a the overall heterogeneity of
sample C3 is illustrated. One can identify two pyrite filled chambers, fractures and the dual matrix in
which these features are incorporated. Fig@eb gives a same impression of sample C4: one of the
pyrite filled chambers is visible as well as some tubes part of the burrow system. There are several
fractures visible and two different ground masses can be identified. Fgdoeshows that similar
structures can be found in sample C6. All three samptescharacterized by flaser to lenticular
bedding. This explains the different ground masses. There are sandstone fragments ata silt
claystone fragments which are intermixed with each other.
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Figure24: Scatter HQ 3D visualisations of samples C3 (a), C4 (b) and C6 (c). In botR4maret24b pyrite chambers are
indicated (py) as well as fractures (fract) and the heterogeneity of the ground mass of the sample (Ma 1 and Ma 2). In figure
24b some pyritetubes can be recognised.

In C7, the conglomerate sample taken from Dh4, clasts with different mineralogies can be identified.
It is known from Backstrem & Nagy (1985) that the main pebbles are quartz, chert and phosphates.
When plotting apatite and quartin an attenuation graph such as illustrated in figure 7 (chapter 2.2
Methods: CT), one can see that apatite, which is the main phosphatic mineral group, has an overall
higher attenuation than quartz. This makes it possible to distinguish these diffelasts an the
scanned images. The quartz and chert pebbles have a greyscale value comparable to the overall
matrix of the conglomerate and are well rounded, as where the phosphatic pebbles are characterized
by an elevated greyscale value and thus appeahber in the images. They often have a more oval
shape than the quartz pebbles which corresponds with the observations of Maher (1989).
Concerning the matrix, one can differentiate between two types. A primary matrix consists mainly of
quartz grains. In tis matrix, a hint of porosity distribution is visible. In the second type, the same
matrix is found, but with an elevated clapntent distributed within it. This diminishes the porosity

in this matrix type. The difference however is very subtle.

Sample 8 is characterized by the occurrence of ooids and two different matpgs. The ooids can
be found in both types while fractures are only found in the ipmor matrix. The distribution of the
iron-rich and irorpoor matrix can be described as a horizaintayering with frequent vertical
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connections between layers of the same type of matrix. This explains the spotted appearance of the
sample in scanned images. C9 has a more chaotic distribution. This very dense rock sample in which
sand grains are incorpated in a claystone is characterized by three different ground masses which
are interwoven in a disorganized manner. Comparison with the hand specimen shows that these
consist of a sandstongch matrix, a claygominated matrix and an irerich matrix.

3.3.2.1.2Fractures

One can divide the samples of Dh4 in two different categories: those with visible fractures at a
resolution of 5661>Y | YR (K24S ¢gAGK2dzid {F YL Sa / wmX /oZ
fractures. Tley areillustrated in figure2l. In this figure the samps are visualised by cresections

in the Z, X and ¥plane, perpendicular to each other. They are also linked to their location in the
core. The fractures are encircled in green and are visual in the -@®d$ons because thegre
characterized by a lower attenuation than their surroundingle fractures in these samplegere
subjected to the fracture filtering script developed by Voorn et al. (2013) which successfully
segmented the fractures in three from the four samples. €ar the script was unable to segment

the fractures. Possibly this is the result of the fact that this sample has a heterogeneous distribution
of density in which there are areas with increased porosity and areas with an increased presence of
dense minerd. It is mainly in these dense areas that the fractures occur. This heterogeneity
however makes it more difficult to extract the fractures from the sample because the MSHFF script
requires the definition of an average material gseale value. Specificatlyis input factor is difficult

to define unambiguously. Also in Morpho+ the fractures could not be separated as individual objects
due to their location witin the more dense areas of the rock. This has the effect that the fractures
have an increased gregale value which is similar to that of the matrix material. However, from
crosssections made in Morpho+ one can see that the fractures in C1 are nearly horizontal. Therefore
the fracture size is more distorted in thepkane than in the Xand ¥plane. D get an idea of the
fracture opening, their diameter can be measured in Fiji. This is illustrated in #§ube the Xplane,

the fractures are characterized by a diameter of 2 to 4 voxels. ddrresponds to a width of 113.2 to
226.4> Y @ course theaccuracy in size of the fracture measured in this way is dependent on several
parameters. First of all it is dependent on the resolution of the scanned image. A fracture with an
opening smaller than the resolution will not be visible on the scans. Therdfe higher the
resolution is, the smaller the fractures will be that can be visualized. This also means that the
accuracy in which a fracture can be described is dependent on the resolution. Another parameter is
the dip of the fracture. The true openiraf a fracture can only be measured perpendicular on this
fracture. The true opening of a horizontal fracture can thus be measured on-the ¥lane while

for a vertical fracture, measurements on thelane are necessary.
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Figure25: lllustration of a cross section in thepkane of C1The fracture, located within the more dens fractions of the
rock,has a width rangin§om 2 to 4 pixels or 13.2to 226.4um.

For C3, C4 and C8 the fractures were successfully segmented e/ithSHFF script in Fiji after which
they were exported to Morpho+. Here the fractures were visualized as objects from which the
orientation and maximum opening could be calculated. figure 26, the three stereographic
projections of these objects in C3, &4d C8 respectively are illustrated.

Figure 26: Stereographic projections of the fracture objects from C3 (a), C4 (b) and C8 (c). In this stereoplot the dip of
objects is not linearly distributed. Therefore the dip angles actigred in the figures.

Although the fractures are represented by a smaller amount of objects, a similar observation as with
the fractures in the field samples can be madethia stereograph of C3 (figuresd) and thatof C8
(figure &c) one can differentite between fractures with a serhiorizontal orientation with a dip
lower than 16° and fractures with a vertical i@ntation and a dip between 75° and 90Fhe
stereographic projection of fractures in C4 shows a more differentiated pattern of orientation.
However 22 from the 35 fracture objects of C4 hawdipasmaller tharil6°. Thus a significant fraction

of the fractures in C4 can also be described as $wmzontal. In both C3 and C4, the fractures are
found in close proximity of dense structsraithin the rocks6 RS&E ONA G SR Ay (KS &dzR.
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Especially in C3, this structure which forms chambers and pathways seems to be the nucleation point

of the fractures. In C4 they are related to an overall denser matrix which can be identified as more

clay rich in the hand sample. The fractures form at the transition between clay and sand lenGés.

the fractures are linked to the regions of the rock with a lower icontent. These are also the

regions in which lessoids are foundas compared to théron-rich areas Some of the fractures are

found at the boundary between the irgpoor and ironrich regions, but at least as much are located

in the centre of an irompoor area. To characterize the fractures in C3, C4 and C8 a representation of

the maximum openings of the fractures is made in relation with their frequency. This is illustrated in

figure 27a. The fractures were segmented in different objects in order to characterize one fracture by
different measurements of maximum aperturéor C3 and C8 ¢hmajority of fractures have a

maximum opening of 3voxelsor16%:8Y ® hyS (¢St FiK 2F GKS FNI O0 dzNB:
in C8 have a maximum opening ofvéxels(283.1>Y0 ® C2NJ / n GKS RAadNRO dzi
majority of fractures can be described with a maximum opemih§ voxels while two seventh of all

fractures have a maximum opening of 3 voxels wide.
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Figure27: GraphA. isshowingthe distribution of the maximum opening of fractures from samples C3, C4 arld @&ph
B. the fractures are characterized according to their diameter of the circumscribed sghere/oxel equals 561> Y ®
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Another way of characterizing thieactures ina rock is by the length of the individual fractures. To
determine this, each individual fracture was approached as one unique object. Subsequently the
diameter of the circumscribed sphere around this object was calculated.draw the graph
illustrated infigure 2Z7b, the diameter of the circumscribed spheres from all objects representing
fractures were listed in descending ordé@ihe largest circumscribed sphere is obtained for fractures

in sample C4. The ten largest fractures are ranged between diamet@&&3ovoxels and 62 voxels.

This equals distances of 21.68 mm and 3.51 mm respectively. When all fractures are included
however, the average diameter of the circumscribed fracture sphere is 3.58 mm. C8 is the sample
characterized by the second largest ldmgTwelve fractures were evaluated, from which the five
largest were characterized by a diameter of circumscribed sphere of 307 voxels (17,38 mm) to 64
voxels (3.62 mm)As an average diameter 84.83 voxels was calculated. This equals a distance of 4.80
mm. In C3 only 1 fracture was obtained. This is characterized by a circumscribed diameter of 143
voxels which equals 8.10 mm.

3.3.2.1.3 Fossdontent

Both in sample€3 and C4 network of dense material runs through the rodkis material is found

to be pyrite upon inspection of a polished section under the microscope wgitacted light.The

pyrite in the samples forms both in C3 and C4 a networtulés connecting different chambers.
Thanks to the descriptions and sketshi@ Bromley & Frey (1974) this network can be identified as
the burrow system otJpogebia affinisor coastal mud shrimp. Presedéy species are often found

in mud- or siltrich sediments in an estuarine setting (Williams, 1984pical for their burrows is that

the chambers have rough surfaces, while the tubes are smoother (Bromley & Frey, 1974). Forbes
(1973) described similar burrows with chambers in which the swellings acted as breeding chambers.
This is howevemnot the function of the chambers of Upogebia affinis, because the larvae are
regularly found in the oceanic plankton (Sandifer, 1974). Simebdurrows in sample C3 and C4 are
now filled with pyrite it is fairly easy to extract them and visualise themvVGStudio MAX The

result of this visualation is illustrated in figure 28n sample C3 (figur@8a and 28), four large
chambers are interconnected. Here the thresholding was carried out in Morpho+ after which the
result were exported to VGStudio M&XSample C4,omsisting of a number of tubes and smaller
chamber than those in C3, was visualised and segmented fully in VGStud® MAX
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Figure28: Visualisation of both outer look of samples C3 (a) and Cér{d)the distribution of pyrite iside the samples in

which the sample was visualised with a transparency of 60 % so that the coloured pyrite would be visible. In C3 larger pyrite
chambers (b) are formed than in C4 (d). The dense network in C3 was extracted by segmentation in Morphar Gahiil

was directly visualised in VGStudio MBAX

3.3.2.1.4Porosity

When fractures are not regarded as porosity, ofigee samples from Dh4, scanned at the resolution

2F pcodcm >Y aKz2g | HowavgrRio® of tha pordsit2oF thelsipi@éBaariotibe ®
visualised at this resolution. This indicates that most of the pores in the samples are smaller than
pcdcm >YP ¢KS GKNBS al YL Sa Ay oKAOK adnoS 27F
surprisingly these are the three samples whichve the highest porosity from the 8 scanned
samplesPorosity thresholding in Morpho+ gives averallporosity (open + closeddf 5.75 vol% in

C1. This is 83 vol% too little in order to account for all the open pores in the sanagleletermined

by laboratory tests A similar story can be told for C2 and C7. The thresholded porosity in C2 only
accounts for 1.93 % of the entire sample volume as where the calculated porosity in laboratory test

was determined at 10.71 vol%n C7, whih has a calculated porosity of 12.96 vol%, &7 vol%

2F (GKS LBR2NRBAAGE Aa NBLINSD A dyilluSried indiguld2hsdeder, he NH S NJ
fact that some of the porosity is visualised can be used as a base to decide where to sk Slels

for a following scan with a higher resolution.

3322{ Ol ya | i NBazftdziAzy n >Y

Three subsamplesvith a diameter of 5 mmwere taken from Dh4 and were scanned with a
resolution ofo ddpp >YPd ¢KS&@ HGSNB LI OSR G I+ {ohéf314F HT dnH
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times. Between the samples and the source a 1 mm thick aluminium plate was placed as a hardware
filter for beam hardening effects. The samples, C1, C3 and C7 will be discussed in this order.

3.3.2.2.1C1

The subsample in C1 was taken from thgion in the sample in which porosity could be seen in the

a0l ya ¢AGK GKS NBaz2ftdziAzy 2F pcdcm >YdD CKAA g 3
sample with a higher resolutiorthe images, illustrated in figure 29, reveal a fairly homogeneous

rock sample in which beside the quartz grains also some glauconite can be recoBeixeskn the

grains an interparticle porosity can be differentiated. At some places, evenly distributed within the

sample, this pore space has undergone a secondarlf with a material of clayor ironrich

signature. This leads to a decrease in porosity. Some of the pores might originate from a preferred
dissolution of materiaind could be described as moldithey are characterized by a circular to hook

shape as emasized in figure @ Analysis of the porosity in Morpho+ resulted in a total porosity of

4.48 vol% from which 3.20 vol% was characterized as open porosity.

Figure29: Crosssections along the-glane (a) and Ylane (b) of Cl.rgircled in green are pores with a circular to hook
shape which represent dissolution features. The bleu arrows indicate the location of a fracture. The area between this
fracture and the side of the sample is only wide enough for one grain. In the redéaragea indicated in red (figuredg),

the pore space is taken by clays.

In some crossectionsin the ¥ and Z direction small fractures can be observed. However, when
present, these fractures are found at the side of the subsample with a verticaitati@n. They
propagate through the sample by following existing grain contacts and the maximum distance from
the side of the subsample is precisely one grdiherefore, i is unsure to what degree these
fractures are primary to the rock, owhether they are the result of the drilling during the
subsampling phase.

3.3.2.2.2C3

A subsample of C3 was taken in order to characterize the ground mass in whigyrtheed
a0NHzOGdzNBaz aSSy Ay GKS aoOlya g¢AiK-settiorstaught dzi A 2 v
this scan along the-And Xplane are illustrated in figure 30a andIR0
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Figure 30: Crosssections of sample C3 along theplane (a) and the Jlane (b). In both crossections one can identify
fractures along area wbh are enriched in clay. They are indicated with blue arrows.

The crosssections illustrate a homogeneous rock sample in which small fractures can be identified.
After segmentation of these fractures, a stereographic projection was made of ghieintations.

This is illustrated in figureld. The fractures can be classified in two groups: one with orientations
plotted along the blue line and a second group with orientations indicated by the yellow crosses.
fractures with orientations along thblue line illustrate fractures which are lying in a plane along the
Z-direction of the subsample. When this orientation is brought back to a lower resolution, this equals
a horizontal direction in the core. The fractures with an orientation around tHiewecrosses then
equal those lying in a plane perpendicular to the fractures in the horizontal plane. From the scans at
lower resolution, it is known that fractures occur with a horizontal and vertical component.

For the characterization of aperture anength of the fractures, figures1® and 3c are givenln

figure 3lb, the distribution of the maximm opening of fractures is illustrated, as it was calculated on
segmented parts of the fractures in order to give a better distributibtost of the fracture are
characterized by maximum openings of 3 voxels, although a significant amount of them shows
YIFEAYdzY 2LSyAy3Ia 2F p G2ESt&ad ¢KAA Sljddta mmodpT
counted objects in which the different fractures were segmentedrelias a maximum opening of 7
@g2ESt & 0 #nTomldrdo giveranddea of the lengths of the fractures, the distribution of
diameters of circumscribed spheres is given in figure For this calculation, the fractures were not
segmentedb68 voxels ishte maximum circumscribed diameter measured in the fractures. This
equals 2.27 mm. Besides from this fracture, 17 other are characterized by a circumscribed diameter
larger than 100 voxels. The average circumscribed diameter from the fracturesisSrbZ.28 voxels
gKAOK SljdzZrfa I RA&aGFIYOS 2F HHpPpOPMp >YO
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Figure31: lllustration of the stereographic projection of the fracture orientation in the subsample taken from C3 (a). Most
of the fractures are plotted along the blue line, whilesecond group of fractures is plotted around the yellow crosses. In
figure 3lb, the distribution of the maximum opening of fractures is giveéigure dc gives the distribution of the diameters

of circumscribed spheres for the fractur&ne voxel equals ®hdp > Y ©

3.3.2.2.3C7

In C7 a subsample was taken in a region of the rock poor in iron. This was done, because this is the
region of the rock in which traces of porosity were visible when scanned with a resolution of 56.61
> Y @lthough there were still sne parts where the pores were filled with a secondary
mineralisation, a large part of the porosity could be extracted. The grains seem to be more loosely
packed than those in C1, resulting in a larger interparticle porosity. Also the pores seem to bie bette
connected. A total porosity of 10.11 vol% was obtained in this sample with an open porosity of 9.81
vol%. These seem to be excellent values for flow simulationscoree Further, the sample was not
characterized by any fossils or fractures. A csetion along the Zplane of the sample is shown in
figure Pa. Figure 3b is a 3D rendered image of a part of the subsample in which the porosity was
extracted and visualised in blue. A clipping plane allows for a 3D visualisation of both the sample, in
which the individual grains can beeidtified, and the porosity, visualised in blue in figugi3
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B. 2.5 mm

Figure 32: Crosssection along the -plane of subsample C7 (a) in which pores and ffitlieg mineralisations can be
observed. In fjure32b, a 3D visualisation is given from the subsample in which the porosity is extracted and visualised in
blue.

3323{ Ol ya 4G NBaz2tdziAzy wHody >Y
¢tg2 alYLESas /n FyR /¢ 6SNB alOlyySR gA0GK | NBaz
resulted ina magnification of 44.96 times. Only the beam hardening filter implemented in Octopus
was used since no hardware filter was placed between thrayXsource and the sampld&oth
subsamples were taken from sandstone intervals in the heterogeneous samplbe snbsample
taken from C4, the distinct pyrite tubes can be recognized due to their elevated attenuataran
be seen in the crossections through the sample illustrated in figur8a3and 3b. However, the
most important features which can be recaged in this sample are the fractures.

Figure33: Crosssectional representation of subsample C4 along th@ane (a) and the ¥lane (b) of the subsample. With
blue arrows, fractures are indicated, while the purple arrows iatgianinerals with a high resolution, probably pyrite tubes.
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The fracturesvere segmented with the script from Vooet al. (2013) and the orientations of the
fractures were plotted in figure 4a. However, since the calculation speed is dependent on the
amount of crosssections in the vertical directignthe fracture segmentation was limited to a
representative section of the scahlost of the fractures plot within the neighbourhood of the blue
line indicated in figure &a. This indicates an overall orientat along the zlane of the subsample.
When translating this to the core it represents a horizontal direction.
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Figure 34: Stereographical projection of the fracture orientations in the subsample C4 (a). Most of the fractures are
orientated along the blue line, indicating an overall orientation along th@arde of the subsample. In figuredl3 the
distribution of the maximum opening dhe analysed fractures is given and figu8dc gives the distribution of the
circumscribed diamer of the fractures. For both figuregiBand ic,oy S @2 ESt Sljdzt t & Hody >YO

In figure 3lb the distribution of the maximum fracture openings is visualideat. this calculation,
individual fractures were segmented in different objects. Doing so, the amount of information which
can be subtracted increaseblost of the fractures are characterized by a maximum opening of 5

@2 ESt & Howener, a dghifizaramount of the fractures (44 of the 175 segmented objects) is
OKIF N} OGSNAT SR o6& | YIFIEAYdzZYy 2LSyAy3 2F ¢ @2ESE a
I YFEAYdZY 2LISYyAy3 2 7T Figwe 3cdiRdir&ds dhe distributign of>thed ©
circumscibed diameter of fractures. For this calculation each fracture was treated as an individual

202800 ¢KS fFNBS&alG OANDdAzYaONAOSR RAI ¥igkateNd Y S|

fracture at issue is found to be present in the lowaost analysedrosssection,this value ignost
likely not the true circumscribed diameter of thisacture. This fracture probalglcontinues in the
rock sample in the area which was not analysed for fractures. However, it is the only fracture in this
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subsample for with this observation is true. The other circumscribed diameters are calculated for
fractures which have their start and end in the analysed fraction of the scan. The average
OANDdzYAONRAOGSR RAIFYSGSNI F2NJ GKS FTNI OGdzNB& A& cH®nN

The subsampl taken from C6 consists mainly of quartz grains. A eesBon of this scan along the

Z-plane is illustrated in figure5&. The grains, as well as the porosity, were thresholded in Morpho+

and visualised in 3D in figurésl® In this figure, the quartzrgins are represented by a different

greyscale value according to their classification on the base of the surface value of each grain. This
value is a measure for the size and counts the amount of voxels out of which the surface of the grain
consist.The prosity of the sample was determined at the value of 6.86 vol% and is illustrated in blue

in figure 3b. In some crossections small fractures can be identified. However, doenot occur

sufficiently in order to segment them with the MSHFF script. Mestsents directly on the cross
aSO0GA2ya NB@SIt | LISNIdzZNBa 2F o (2 p @O2ESta 6KAOK

B. 1 mm

Figure35:Crossa SOG A2y 2F &l YL S /¢ Fa | NBaztdziAzy 2F udgge >Y 0+ 0O
are represented in figure 3% this 3D rendered image shows the quagtains classified according to their surface value
and the porosity in blue.

3.3.3 Dh2 Samples (Bamples)

The samples taken from core Dh2 are characterized by an initial diameter af4.Thds is slightly

smaller than the samples of Dh4. A first set of scans was carried out with a resulting resolution of
CH®Ppc >Y® {dzwaSldsSyiate adzmal YL Sa 6SNB GF 1Sy 6Ai
NBazftdziAzy 2F n > Y llesstiddnplesavaré takgnIren®D2 auid Y. These had a
RAFYSGSNI 2F H YY YR 6SNBE a Gdrihe dhdtysigsok theksantplasNBS & 2 f dz
slightly differentapproach is useds with the samples of Dhthe scans will be discussed from low to

high position in the core. So first D3 will be discussed, followed by D2 and then D1. In these
discussions scans from differemésolutiors will be used to characterize the samplepe@al

attention for the general structures which are visible at thiwen resolutionwill be highlighted

Neither in 01, D2 or D3 fossils were found. To start with, a general illustration is given from all three
samples at aesolutionof ¢ H ® p ¢figure¥3§. For thisset of scans, the samples were placed at a

SOD of 2143 mm which resultechia magnification of 4.02 time¥wo hardware filters were placed
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between the Xray source and the sample in order to limit the beam hardening effect. It concerns a 1
mm thick aluminium plate and a 0.3 mm thick cupper pl&@&ce Dlonly represents a sandstone
sample in which a heterogeneity is given by a difference in matrix, it will not be described in detail.
Special features such as fractusvisible porosity are lacking from it.
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Figure 36: Overview @ the scanned samples from Dh2, linked to their location in the core. Neither in sample D1 or D3
fractures can be distinguished. In these samples the attention is drawn to the heterogeneity of the samples. In D1 two
different matrixes are present while D8 composed of two entirely different lithologies. In D2 the fractures are the most
important features. They were already visible in the hand specimen, but now it is possible to visualise the fractures in 3D.
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3.3.3.1D3

D3 is clearly heterogeneous: the splim is composed of two different lithologieshich pass into

each other via an abrupt transition. The upper part consists of coarse sandstone mainly built of
quartz. The lower part is made out of generally smaller grains and an important amount offitay.
gives rise to a secondary heterogeneity within this sample. In none of both lithologies fractures can
be distinguishedWhat can be distinguished is the porosity. Laboratory tests calculated the open
porosity at 4.71 vol%. However, atetmesolutiongiven in figure 8, porosity is only visible in the
upper part, consisting of coarse sandstone. If only this part is considered, the porosity that can be
extracted in Morpho+ accounts for only 2.06 % of the total volume. Although the upper part is likely
the main contributor of the porosity of D3, most of the pores cannot be visualised. Therefore, there
KFE@gS (2 0SS LI2NBa avl ff $&ait KIDY and in tiheplawer to¥accdunt fod 2 G K
a total open porosity of 4.71 vol%. It is thus interesimgubsampling both the upper and lower part

of the sample in order to check the porosity distribution.

A subsample with a diameter of 5 mm was taken from the upper part of D3 and subsequently

a0l yySR gAGK | NBadzZ GAy3 NBG thé smndle2ig/ repiedented dyhp > Y ¢
another subsample. This subsample was characterized by a diameter of 2 mm. The scan of this
adzoal YLX S KIFIa  NBazfdziazy 2F Hody >YWFiguie8a NB & dzf

represents the coarse uppgart and figure 3b the subsample of the lower part.

Figure 37: Crosssection along the -plane of subsamples taken from D3. Figure a represents the upper part of D3,
consisting of coarse sandstone. It was scanned with& & 2 f dziA2y 2F n >Y® CAIdzNBE o6 Aa (K
a0FLYyySR gAGK I NBazftdziazy 2F nHoy >Yo

N

In both the upper part and the lower part, the porosity can be extracted from the scanned images. In

the coarse sandstone a total porosity of 2.25 v@d%btained. This is slightly more than the porosity

obtained from the same sample scanned with a lower resolution. In the lower part the porosity,

limited by a resolution ofi @y >Y gl & OFf Odzf I GSR (G2 0SS Hodnp @2
indicatesthat the porosity in both the upper part and lower part of D3 is similar.
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3.3.3.2D2

The most important features in D2 are without doubt the fracturlseyoccupy more than 10 % of

the entire volume in the sample andre predominantly closed, although senpores can be
distinguished within themln total, the pores represent 0.2 % of the entire rock voluifieanks to

the morphology of the fractures, one can conclude that they were formed during two different
stages of faulting. This resulted in two setsfraictures with the latest set superimposed on top of
the previous. This superposition occurred with an angle of approximately 60°. Both fracture sets are
nearly vertical and filled in with the same material. This implicates that the infilling took pire a
the formation of the secondary fracture set. The fractures canhibesholded in Morpho+ and after
segmentation of each fracture in different objects, a stereographic projection of the fracture
orientations can be made. This is given in figdBa. The fractures which are plotted on the blue line
are lying in anearly vertical plane. They are part of the first set of fractures. The second set of
fractures plots around the yellow cross.

Figure38: Stereographic projection of the fracture orientatiomsd OF y& ¢ A G K | NXB satfled@®Bd).awo cH dPpc >
main orientations can be observed. They are indicated with the blue line and yellow Imdigure 38b, a characterization
is given of theground mass in which these fractures occur. This ¢i0§0G A2y A& aOl yySR gAlGK | NBa

shows porosity.

The statistical analysis of the fractures shows that most of them are characterized by a maximum

width between 8 and 10 voxels wide.y G KA & NB a2t dziAzy GKAa NBadzZ G
However ten of the fractures segmented from the scan had a maximum opening between 24 and 28
voxels. This corresponds to spheres with diameters from 1.5 mm and 1.75 mm.

In order to characteriz the ground mass in which these fractures occur, a subsample was taken from
a section in D2 which is not affected by the fractures. This subsample had a diameter of 2 mm and
was scanned at a slightly higher resolution than the other samples of this dtaniéie obtained
NBazfdziaz2y & &sedtiohalgng theyptane! throOgihis Subsample is illustrated in
figure 38b. This illustrates the overall clapntent of the sample withthinly distributed coarser
grains and a porosity which is visibie0o83 vol%.
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3.3.3.3D1

Sample D1 is a sandstone sample characterized by the presence of ooids and two different matrixes.

LG o1& OKINIOGSNAT SR o6& alOlya +id (g2 NBaztdzirzy
which a subsample waaken. THswas scanned at a resolution 809> Y ® Ly a®Ad3amw& o ¢
results of both scans are illustrated by a cresstion perpendicular to the-direction of the sample.

This corresponds ta horizantal crosssection for figure 38 and a vertical crassection for figure

39b when they are linked to the cordhe scan with the lowest resolution (figur®ad shows a
heterogeneous distribution of an irerich matrix in which ooids and mineral grains are found. The

scan at higher resolution (figure9B3) stows an overall porosity 00.96 vol%as well as fractures

separating different grains in the sample. Due to the heterogeneous nature this subsample it was not
possible to separate the fractures from the pores witte tMSHFF script by Voorn et al. (2013).
Measurements on crossections along the -glane of the subsample however indicated thae

fracture apertures are 2 voxels to 6 voxels wide. At this resolution, this corresporti®ge ¥ G 2
2394>Y® hyS Oly (Kdza ¢ A (fa@westo dRaadzeride thiedelST {1 2 F YA ONE

Figure39: Horizontal crosst SOG A2y FTNRY | a0ly 2F 5m gAGK  NBaztdziazy 27
iKAad aldlys AYyRAOIGSR ®a A swhshmple Ras kakéRm tis dample® MaAlyThiFsulBaingle o
gla aldOlyySR gAGK | NBA&2 f-sedtianofthisssdbsaplabighlipstrated dn figure AEBNE drdwst  ONER & &

indicate micrefractures in this subsample.

3.4Rock nodelling

Four scans were selectddr analysis in fore on the basis of their open porosity and the results

from the high resolution scans. They are all sampled from Dh4 and are, starting from the deepest: C1,

C3, C6 and C7. The scans which formed the basis of the analysis all hadizirésdly 2 F o ®dd
SEOSLIi F2NJ al YLX S /c 6KSNB OfteseBamplésipgrs retwdils & 2 f dzi
were extracted, which formed the basis for flow simulations when possible. Subsequently MICP tests
were simulated and for C6 and C7 the abselpermeability was calculatedin the extracted pore

space The results are listed below according to the simulation. First the different pore networks will

be discussedogether with MICP resulidollowed by the flow simulations of G@nd the absolute
permeability measurements on C6 and C7.

75



3.4.1 Pore network characterization

To visualise the pore network in the samples, the pofiest were segmented in Morpho+.
Subsequently, the image stack in which the pores were thresholded was cropped into a baeto ¢
shape so the entire image stack represented the rock and the air outside of the sample was
eliminated. The pores and grains then were given a designated greyscale value sadhatcBuld
recognize them as such. Subsequently, the image stack wastedpm Ecore after which the
analysis could start. The pore network of the four sampldiisrated in figure 4@s a baland-stick

model in which the pore bodies are represented as red balls and the pore throats as white sticks.

Figure40: Representation of the pore networks in C1 (a), C3 (b), C6 (c), and Glét{cg. the scaldar difference between
figures 40 a, b, d and figure d0For visualisation reasons, only a part of the total volume which was used for the analysis is
represented in these models.

In figure40a the pore network of sample C1 is givAnporosity of 4.48 vol% is obtained from which

1.653 vol% represents the petlating, or openporosity of the rock. The pore network is built from

17942 nodes from which 17931 have a triangular shape. The average radius of the pore bodies is

OF £ Odzft F GSR G mm®do >Y GAGK | YIEAYdzY Lighth NI RAdz
order to simulate flows through the pores, or to calculate an absolute permeability fro&iniilar

results are found for C3 (figure BY) with a total porosity of 2.9 vol% and a percolating porosity of

only 0.3215 vol%. The network consists of @6pore bodies, from which the majority, 26240 pore
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LI2NB NI RAdzA ¢AGKAY GKAA &l YLXS A& ocdnc >Yd ¢KA

the porosity in C1. Therefore it is not suited for flow simulations or permeability measuremBEmss.

MICP data for both C1 and C3 shows a stepwise intrusion of mercury with increasing pressure instead

of a smooth curve. However, it does give an idea of the ovpaaik size distribution. In C1, most of

GKS LB2NBa NB OKINIOGSNART SR o6& | NYRAdzA 2F | NE d:
pressure 0f.66 bar, which corresponds to a pore radiusldf> Y® Ly [/ oX GKS &0l NI A\
significant mecury intrusion is found at 41 bar. Mercury started to intrude in pores with a radius of

5>Y o

The poe network in sample C6 (figure @Orepresents a total porosity of 7.2 vol%. A percolating

porosity of 5.67 vol% is obtaineds with samples C1 and @Be majority of pores have a triangular

shape: from the 47398 pore bodies in total, 47345 are triangdlae average pore body radius is

cdpoy >Y odzi LRNB& 2F YIFIEAYdzZY tTHdnn >Y | NB LINB3
curves. However, they atd continue calculating up to a mercury saturation of 0.92. The most
important intrusion phase takes place at pressures higher than 1.35 bar. At this point pores smaller
GKFY Tdp >Y @mérdurdIihe p&e thFoats &re gererall smaller thha pore bodies

FYR KIFE@S |y | @SNIF3IS NIYRAdA 2F nodmm >YO lh /1 |
entire rock volume (figure 40). 9.26 vol% is represented by percolating porosity. Also in this model
triangular pore bodies are representéar the majority of the pores. The average pore radius is 11.81

>YZ 6KAETS YFEAYlL 2F cyody >Y |NB 260l AySRd ¢KS
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3.4.2 CQflow simulations

For the flow simulations, in which the pore network, filled with waterdergoes a primary drainage
with liquid CQ, followed by a waterflooding and a secondary drainage of, @@ density of the
liquid CQ is set at 900 kg/m3. Thesensilations were carried out on two samples: C6 and C7. In
figure 41, the end state distribution of the pore network is given of C6 after the primary drainage (a),
subsequent waterflooding (b) and the secondary drainagedft@r the primary drainage, 3% of the

total porosity remains filled with water. This means the liquid €@ered61 % of all pores. The data
suggest that the liquid GQlid not enter the pores in one smooth flow. With increasing pressure,
several jumps in GQaturation could be otesved. This is an indication that either the resolution of
the scans is too low, or that the thresholded porosity lacks effective connections between the pores.
In this phase of the simations, a permeability of 0.481D is obtainedAfter the waterfooding, one

can see in figure 4dthat some of the liquid Chas been trapped in the poreklowever, some CO

has been replaced by water. The residua} €uration now i0%. A secondary drainage results in

a similar end sti@ as the primary drainage: 3®of the entire porosity is filled with water, leavirtgd

% of the pores filled with GO Absolute permeability measurements on gengavey a total
permeability of 8.2mD. This result however is too high for this specific sample. Therefore, not only
the reailts of the absolute permeability must leeated with great caution but also those obtained
from the flow simulations, even though the permeability obtainieom these simulations (0.48D)

are closer to the range of permeabilities as known in the WillsgianSubgroup in Dh4.
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Figure4l: End state of the flow simulations in C6 after: primary drainage with (@0 waterflooding (b) and secondary
drainage (c). Pores shown in blue are filled with water, red pores are filled witin@®llow pores water is trapped and in
orange pores C{s trapped.

The flow simulated in C7 is illustrated in figur& figure La gives the end state after a primary
drainage, figure Zb the end state after waterflooding and?d gives the end statdistribution of
phases after a secondary drainage. The primary drainage resulted in an uptakeiof82Gxb of all
the pores. This uptake was carried out at a calculated permeabilitlahD. The COstarted to
enter the pores at a pressure of G.®@ar and already at the low pressure of 0.1 bar the,©Ccupied
60 % of the pores in the rock volemAfter waterflooding still 59 of all poresverefilled with liquid
CQ. A secondary drainage brought that level back up to 87 %. However, these resultoHawe t
handled with care, since the permeability of this sample was calculated at Pardesnsultants
B.V. at only 0.77 mD. The value Idf mD is high above this calculated one and too high for all
permeabilities measured in the Wilhelmgya Subgroup id.DAIso the absolute permeability as
calculated on gengawas high above the expected value from laboratory tests.
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Figure42: End state of the flow simulations in C7 after: primary drainage with (@09 waterflooding (b) and sendary
drainage (c). Pores shown in blue are filled with water, red pores are filled witinG®llow pores water is trapped and in
orange pores Cgs trapped.
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