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Preface

This PhD thesis entitled “Assessment of dynamiwflpressure and geomechanical behaviour of a
CO, storage complex” is based on the research cawigdas part of the CEGS project
(http://co,gs.geus.ne)/ funded by the Danish Strategic Research CoulmxdH-09-067234) and
Vattenfall AB. The work was supervised by Profesktar Lykke Fabricius at the Department of

Civil Engineering, Technical University of DenmalRTU) and co-supervised by senior reservoir
geologist Peter Frykman at the Geologic Survey efifdark and Greenland (GEUS). As Vattenfall
employee, | was co-supervised by senior researologist Finn Dalhoff at Vattenfall Vindkraft
A/S. This research has been accomplished in colidioo with Vattenfall Vindkraft, the
Geological Survey of Denmark and Greenland (GEUS®) the Danish Geotechnical Institute
(GEO). The laboratory experiments in this thesisengarried out at DTU, GEO and GEUS. Five
weeks external research (reservoir simulation &ithpse-Schlumberger tool) was performed at the
Heriot-Watt University under the supervision of iserecturer Dr. Gillian Pickup at the Institute of
Petroleum Engineering Heriot-Watt University Ridoar Edinburgh EH14 4AS Scotland, UK. As
Vattenfall employee, the knowledge generated is tirioject was distributed within Vattenfall
through a number of internal presentations. Sifyilaresentations and discussions were done at
international conferences and EU-project techniaktings to secure that forefront knowledge
forms the base of the research made in this project

The thesis consists of four main chapters (2-Bstituting journal papers (a-d) of which two (a &
c) are published in Journal of Petroleum Sciena#g Bngineering and International Journal of
Greenhouse Gas Control, and the other two are s$igohto Journal of Petroleum Geosciences and
International Journal of Greenhouse Gas Controaddition, five peer read extended abstracts (I-
V), which were converted into the four journal papéave been included. Only the published

manuscripts and peer read extended abstracts eosed as appendices (chapter 8) to this thesis.

a) Mbia E. N., Fabricius I.L., Collins, O., 2013yivalent pore radius and velocity of elastic waves
in shale. Skjold Flank-1 Well, Danish North Sea.urd@al of Petroleum Science and
Engineering, 109 (2013) 280-290.

b) Mbia E. N., Fabricius I.L., Krogsbgll A., FrykmaP., Dalhoff, D., 2013. Permeability,
compressibility and porosity of Jurassic shale fribvd Norwegian-Danish Basin. In Press. 2014,

Journal of Petroleum Geoscience.



c) Mbia E. N., Fabricius I.L., Frykman P., Bernsta@., Pickup G., Nielsen, C. M., 2014. Caprock
Compressibility and Permeability and the Conseqgeerfior Pressure Development in £8torage

sites. International Journal of Greenhouse Gasrélo??, 139-153.

d) Mbia, E. N., Frykman P., Nielsen, C. M., Faligil.L., Pickup G., Sgrensen T., 2014.
Modelling of the pressure propagation due to,@{ection and the effect of fault permeabilityan
case study of the Vedsted structure. (In Press4,20tternational Journal of Greenhouse Gas

Control).

[) Mbia, E. N., Fabricius, I.L., Frykman, F., Krdgall, A., Dalhoff, F., 2014. Quantifying Porosity,
Compressibility and Permeability in Shale. Extahdbstract and presentation at the Fourth EAGE
Shale Workshop 6-9 April 2014, Porto, Portugal.

II) Mbia, E. N., Fabricius, I.L., Frykman, F., N&&n, C.M, Bernstone, C., Pickup, G., 2013.
Caprock compressibility and the consequences fesgoire development in GQtorage sites.
Extended abstract and presentation at the 7th TimmdCCS Conference (TCCS-7), 04—-06 of June
2013 in Trondheim, Norway.

[lI) Mbia, E.N., Fabricius, I.L. & Krogsbgll, A. Dfierent Methods of Predicting Permeability in
Shale. Extended abstract and presentation at thee EAMGE Shale Workshop Shale Physics and
Shale Chemistry, 4—7 June 2012, Copenhagen, Denmark

IV) Mbia, E. N. & Fabricius, I. L, 2012. Pore Radiand Permeability Prediction from Sonic
Velocity. Extended abstract and presentation at3itte EAGE Shale Workshop, 23-25 January
2012 in Barcelona, Spain.

V) Mbia, E.N & Fabricius, I.L., 2011. Petrophysict Shale Intervals in the Skjold Field, Danish
North Sea. Extended abstract and presentation eat78rd EAGE Conference & Exhibition
incorporating SPE EUROPEC, 23-26 May 2011 in VieAnstria.



Summary

The increasing global temperature is of much canderthe present and future society and is
drawing much attention to climate change causescandequently, significant efforts are being
made to mitigate global emissions of greenhousesgg®m the atmosphere as one of the main
causes. Carbon dioxide (g)Qs the primary greenhouse gas emitted throughamuactivities. Over
7,500 large C@emission sources (above 0.1 million tons,G@ai') have been identified (IPCC,
2005). These sources are distributed geographiaediynd the world but four clusters of emissions
can be observed: in North America (the Midwest #m&l eastern freeboard of the USA), North
West Europe, South East Asia (eastern coast) anth&o Asia (the Indian sub-continent).One of
the ways in which global emission of €€an be reduce is by capturing large volumes of fé@n
point sources (carbon emitters such as coal-fimdep plants) and injecting it into deep formations
(e.g., saline aquifers, oil and gas reservoirs, emalbeds) for storage. This process has drawn
increasing consideration as a promising mitigatoethod that is economically possible. Deep
saline aquifers offer the largest storage potewtiall the geological C@storage options and are
widely distributed throughout the globe in all sedntary basins. COstorage cannot have a
significant impact on reducing atmospheric levelsgoeenhouse gases if the amounts of,CO
injected and sequestered underground is not exlydarge. However, there is concern that storing
extremely large amounts of supercritical /®deep formations will introduce additional fluitheat
may cause pressure changes and displacement o baties thereby affecting subsurface volumes
that can be significantly larger than the £f@lume itself. If this happens it will be of great
environmental concern especially to the ground maitel other subsurface resources implying that
quantifying pressure changes in £€ltes is very important for monitoring purposesonder to

prevent this phenomenon.

Large scale C@storage has previously been considered for thestéddstructure located in the
Northern part of Jylland in Denmark. In the Vedss#@ the primary caprock is the 530 m thick
Fjerritslev Formation sealing the Gassum Formatidme Fjerritslev Formation extends from the
Norwegian-Danish Basin to the Northeast and Nogh Sentral Graben to the Southwest. The
magnitude of pessure buildup and transmission from the reseimtorthe surrounding formations

will depend on the properties (compressibility gaimeability) and thickness of the sealing rock



and presence of faults. Pressbudupin the Gassum reservoir and transmission to thiBoshex
Chalk Group where the briffeesh water interface resides need to be investigahd quantified
through simulation studies as part of site quadiian, as overpressure can push brine into thé fres

water zone and thereby affecting aquifer perforreanc

In order to estimate the sealing potential andk rpooperties, samples from the deep wells,
Vedsted-1, in Jylland and Stenlille-2 and -5 on I&jae were studied and compared to samples
from Skjold Flank-1in the Central North Sea. Minegacal analysis based on X-ray diffractometry
(XRD) of shale cuttings samples obtained from tiree different locations show a clear trend in
composition from the Northeast presently onshorethaf Norwegian-Danish Basin where we
encounter a more silty shale with up to 50% queotztent to less silty shale of about 30% quartz
content in the Southwest, offshore section of tleat@l Graben. lllite and kaolinite dominate the

clay fraction.

The equivalent pore radius that links permeabditgl porosity of a porous medium was calculated
from specific surface and porosity data measurethénlaboratory. In this study we demonstrate
that elastic moduli as calculated from bulk denaitg velocity of elastic waves relate to equivalent
pore radius of the studied shales. This relatignsgstablishes the possibility of calculating

equivalent pore radius from logging data. We foemxgonential relationships between equivalent
pore radius and elastic moduli, and these empiraationships were used to calculated equivalent
pore radius for the Cenozoic, Cretaceous and Jarakale sections in Skjold Flank-1 well from

elastic moduli, calculated from sonic velocity adensity logs. The calculated equivalent pore
radius logs vary from 27 nm at 500 m to 13 nm &®6 within Cenozoic shale and from 12 nm to

about 6 nm in the deeper Cretaceous and Jurasdeistervals.

Porosity of shale was measured from three indepgnaethods including helium porosimetry-
mercury immersion (HPMI), mercury injection capillapressure (MICP) and nuclear magnetic
resonance (NMR) and the results on same materal shat MICP porosity is 6% to 10% points
lower than HPMI or NMR porosity. Compressibilityom uniaxial loading and velocity of elastic
waves were measured simultaneously on saturateglesnunder drained condition at room

temperature. Uniaxial loading causes both elastid plastic deformation at low stress, but



unloading at stress corresponding to in situ stgpess stiffer material with high elastic moduli
close to values calculated from mass density @&hatity of elastic waves. This result indicated tha
shale is significantly stiffer in situ than normalissumed in geotechnical modelling. Permeability
can be predicted from elastic moduli and from coratli MICP and NMR data. The predicted
permeability from BET specific surface using Kozanfprmulation for these shales being rich in
silt and kaolinite fall in the same order of magdit as measured permeability from constant rate of
strain (CRS) experiments, but is two to three ardef magnitude higher than the predicted
permeability from the Yang and Aplin model, whichbased on clay fraction and average pore
radius. We also found that taking Biot’s coeffidiemo account when interpreting CRS data has a

significant and systematic influence on resultiegnpeability of deeply buried shale.

The second part of this project is focused on agsgswo scenarios including sensitivity of
caprock permeability and compressibility on pressalevelopment and transmission to the
shallower Chalk Group where the brfiesh water interface resides due to large scalgstfdage

in Vedsted structure when faults are ignored an@nnfaults are considered. The measured
compressibility for the Fjerritslev Formationdss x 10° bar®, which is an order of magnitude
lower than the standard compressibility (4.5 *°Hr") normally used for reservoir simulation
studies. The consequences of this lower comprdiggibie investigated in a simulation case study
by injecting 60 million tons (Mt) of Cgat a rate of 1.5 Mtla into the Gassum Formation for 40
years. The results indicate that overpressurerdiifge of about 5 bar is created in the reservalr an
the caprock between the case with measured amnstahdard compressibility case. Overestimating
caprock compressibility can therefore underestinmaterpressure within the storage and sealing
formations and this can have significant implicatia thepresence of highly permeable fractures
and faults. The sensitivity of pressure developni@nthe caprock permeability has been studied by
varying from one to three orders of magnitude higined one to two orders of magnitude lower
than the measured permeability value of fD1 The results show that with permeability above
1.0uD which is higher than the measured value, ovesgpirescan be transmitted through the 530 m

thick Fjerritslev Formation caprock and furtheriof the overburden layers.

Seismic profiling of the structure shows the presenf Northwest-Southeast trending faults of
which some originate in the upper layer of the @asseservoir and some reach the base Chalk
Group layer. Two faults in the upper Gassum resehave been interpreted to be connected to the
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base Chalk Group. In order to evaluate potentskisrassociated with vertical pressure transmission
via the faults through the caprock, a number ofutition cases have been run with various fault
permeabilities spanning orders of magnitude toesgmt both the worst and best case scenarios.
Fault rock permeability data were obtained fromitardture study and range from 1000 mD
(common in crystalline rock environment) for thergtocase scenario down to 1.0 uD (common in
sedimentary rock environment) for the best casaate The results show that after injecting 60
million tons (Mt) of CQ at a rate of 1.5 Mt/year for 40 years, overpresssirdeveloped in the
reservoir and about 5 bar is transmitted to the l&dsalk Group for the 1000 mD fault permeability
(worst) case, while for the 1.0 uD (best) caseptfessure buildup was confined within the primary
caprock. The results also show that, approxim#&eyto 5.0 bar overpressure can be transmitted to
the base Chalk Group when the fault permeabilighisve 1.0 mD. The evaluation of Vedsted site
from this work has been based on pressure develupamnel CQ plume distribution 40 years after
injecting 60 Mt of supercritical C{nto the Gassum Formation. The results based tmbest and
worst case scenarios show no potential short threat to CQ storage in Vedsted site. This work
underscores the importance of obtaining site sigeddta for simulation study of potential €O
storage sites. Laboratory data generated and matwpdemployed during this study can be useful

for other simulation work and scientific investiigaus.
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Dansk sammendrag

Den globale temperaturstigning har skabt bekymrisgmfundet, og opmaerksomheden er henledt
pa drivhusgasser og deres mulige indvirkning p@n&éit. Carbondioxid (C£ regnes for en
vaesentlig drivhusgas og atmosfaerens indhold af @§@s gennem menneskelig aktivitet. IOCC
(2005) har identificeret over 7500 store LXilder, der udleder mere end 0.1 millioner ton &M
aret. Disse kilder findes over hele verden, mendiglger seerlig teet i fire omrader: Nordamerika
(midtvesten og gstkysten), Nordvesteuropa, Sydiestéastkysten) og Sydasien (Indien). En mulig
made at nedbringe Gelastningen pa er at samle gassen op ved putidatkidg injicere den dybt
ned i jorden, for eksempel ind i saline akviferdaulbrintereservoirer eller kullag. Denne strategi
regnes for teknisk og gkonomisk mulig. Dybtliggersadine akviferer kan have stor lagerkapacitet
og findes i alle Klodens sedimentaere bassiner,enkideves netop meget stor lagerkapacitet for at
CO; lagring kan have malelig effekt pa indholdet i Asfeeren. Imidlertid kan der veere grund til
bekymring for, om store maengder superkritisk,C@ybtliggende lag vil forarsage trykaendringer
og forskydninger af det oprindelige porevand ogwiat pavirke volumener, der er veesentlig starre
end den injicerede CO Dette kunne have konsekvenser for miljget spedietelation til
grundvandet, og det er derfor ngdvendigt at kviaetié de mulige trykaendringer og deres rumlige
fordeling i forbindelse med CQagerpladser, sa at vidtraekkende konsekvensenkagas.

Det har veeret planlagt at lagre £0Gassumformationen i Vedstedstrukturen i Nordjyt. Den
primaere forseglende bjergart over Gassumformationéadstedstrukturen er den 530 m tykke
Fjerritslevformation. Fjerritslevformationen daekletrstort geografisk omrade fra det Norsk-danske
Bassin i nordgst til Centralgraven i Nordsgen iv&gll. Hvor meget trykket vil vokse og hvor meget
tryk, der transmitteres fra lagerbjergarten til ai@kringliggende formationer afhaenger at den
forseglende bjergarts kompressibilitet, permeaibig tykkelse, samt den mulige tilstedeveerelse af
abne spraekker eller forkastninger. Det er derfansiggen gennem numeriske simuleringer at
undersgge, hvor meget tryk der vil kunne bygges@assumformationen og hvor meget af trykket,
der vil kunne transmitteres til den overliggenddkigeuppe, hvor greensen mellem fersk og salt

grundvand befinder sig, og hvor grundvandsakvifésam blive pavirket.

For at undersgge effektiviteten af den forseglebgegart, blev der indsamlet skyllepragver fra

falgende dybe boringer: Vedsted-1 i Jylland, Sterl og -5 pa Sjaelland, samt Skjold Flanke-1 i
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den centrale del af Nordsgen. Prgvernes miner&®g@mmensaetning blev undersggt ved hjeelp af
rentgendiffraktion (XRD), og det viser sig, at daod nordgst i det Norsk-dansk Bassin er en
hgjere siltholdighed (op til 50% kvarts) end i Gafgraven mod sydvest (omkring 30% kvarts).
Lerfraktionen domineres af mineralerne illit og kaib. Ud fra laboratoriemalinger af specifik
overflade og porgsitet kan den akvivalente porasatberegnes, og vi vil her vise, at for de
undersggte lerbjergarter kan den aekvivalente pdiresaidtrykkes som en exponentialfunktion af
elastisk modulus som beregnet ud fra massefyldbastigheden af elastiske bglger. -Egenskaber
som typisk bliver malt med geofysiske borehulsson¥ed hjaelp af det fundne udtryk, kan vi
saledes konstruere logs for aekvivalent poreradlagbjergartslagene fra Keenozoikum, Kridttiden
og Jura i boringen Skjold Flanke-1. Den beregnedeivaente poreradius i de keenozoiske
lerbjergarter varierer fra 27 nm ved 500 metersddyil 13 nm pa 2000 meters dybde, mens den for
de dybereliggende kretassiske og jurassiske Ig/dojar varierer fra 6 nm til 12 nm.
Skyllepravernes porgsitet blev malt pad 3 uafheengigeler: He-ekspansion kombineret med
kviksglvimmersion (HPMI), Kviksglvskapilleertrykskeer (MICP) og kernemagnetisk
ressonnansspektrometri (NMR). MICP metoden giveuisty veerdier der er 6-10 procentpoint
lavere end HPMI og NMR. Ved hjeelp af enaksede d¢widke deformationsforsgg (CRS) ved
stuetemperatur pa kerneprgver fra Stenlille kurorageessibiliteten males direkte samtidig med at
densiteten blev beregnet og den elastiske bglgghadtblev malt, s& der derudfra kunne beregnes
en uafhaengig kompressibilitet. Under de enaksettgrdationsforsgg skete der ved lav spaending
bade plastisk og elastisk deformation. Ved aflagtrfra spaending svarende til det niveau hvor
prgven stammer fra, har prgverne stor stivhed agésslen man beregner ud fra massefylde og
baglgehastighed. Det betyder at lerbjergarten neldeden er betydeligt stivere end normalt antaget
ved geoteknisk modellering. Permeabiliteten kameses ud fra elastiske moduli i kombination
med porgsiteten fra MICP og NMR data. Den kan aggéneres fra specifik overflade malt med
BET og porgsiteten ved hjeelp af Kozenys ligningddlig kan den estimeres ud fra trykopbygning
under de geotekniske CRS-forsgg. De to sidste raetpder veerdier i samme stgrrelsesorden; men
resultatet for de undersggte lerbjergarter, deerjoige pa kvarts, illit og kaolinit, er to til tre
st@rrelsesordner starre end forudsagt ud fra Ygngpdins model, som er baseret pa poreradius og
indholdet af lerfraktion i smectitdomineret ler. d&/dolkningen af CRS forsggene fandt vi
yderligere, at det har en signifikant effekt at eaBiots koefficient med i beregningen af
permeabilitet.



| anden del af projektet blev det lagt veegt pa addellere CQ-lagringsscenarier for
Vedstedstrukturen af to typer: med og uden ledeiodeastninger i den forseglende bjergart.
Modellerne for trykopbygning og tryktransmissiorewlundersggt for falsomhed med hensyn til

varierende kompressibilitet og permeabilitet.

Den mélte kompressibilitet for Fjerritslevformaten (0.5x10 bar') er en stgrrelsesorden mindre
end standardveerdien (4.5%1@ar'), som mange bruger ved reservoirsimulering. Derer
kompressibilitet betyder at efter injektion af 6@&dhton CQ over 40 ar med en rate pa 1.5 Mt/ar
opnas et 5 bar hgjere poretryk i reservoir og fiiesele bjergart med den lave kompressibilitet end
med den hgje. Ved at bruge for hgj kompressibilifetien forseglende bjergart vil man saledes
kunne undervurdere det mulige overtryk. Det harr ib&tydning nar permeable spraekker og
forkastninger er til stede. Den modellerede trykapiings falsomhed med hensyn til permeabilitet
blev undersggt ved at bruge en til tre stgrrelsesor hgjere og en til to starrelsesordner lavere
permeabilitet end den malte (D). Resultaterne viser at permeabiliteten skal vesiere end
1.0uD, altsd hgjere end den malte, far overtryk kamsmitteres gennem den 530 m tykke

Fjerritslevformation og op i de overliggende lag.

Pa seismiske profiler gennem Vedstedstrukturennkan se sydvest-nordgst lgbende forkastninger,
hvoraf nogle har udspring i den gvre del af Gassamditionen og andre nar den nedre del af
Kalkgruppen. Det skgnnes at to forkastninger faternGassumformationen med Kalkgruppen, og
for at vurdere den potentielle risiko for tryktramssion via forkastningerne, udfgrte vi modellering
med varierende permeabilitet af forkasningerneatshade et veerst taenkelige scenarie med hgj
permeabilitet (1000 mD svarende til spreekker i tafjime bjergarter) og et bedst teenkelige scenarie
med en flere starrelsesordner lavere permeablitétuD —svarende til lavpermeable sedimentasere
bjergarter). Resultaterne viser at efter injek@d60 millioner ton (Mt) CQover 40 ar med en rate
pa 1.5 Mt/ar er der opbygget overtryk i reservoogtnar permeabiliteten af spreekkerne er hgjest
teenkelig, er der transmitteret 5 bar overtryk dpKalkgruppen, mens der ved lavest tenkelige
spraekkepermeabilitet ikke transmitteres tryk genneten forseglende bjergart. Nar

spraekkepermeabiliteten er over 1.0 mD kan dermiteses et tryk pa 3-5 bar Kalkgruppen.

Vores evaluering af Vedstedstrukturen med henbBk GQ-lagring i Gassumformationen har

saledes taget udgangspunkt i situationen efterrdOngektion af i alt 60 Mt superkritisk GO



Resultaterne baseret pa bade vaerst teenkelige stplsednarie viser ikke nogen umiddelbar trussel
mod grundvandskvaliteten. Undersggelsen demonstrges, hvordan evalueringen af et potentielt
lager bgr bygge petrofysiske data, der passeratiigt pageeldende sted. Vi mener dog at den

beskrevne procedure og de indsamlede laboratoaidaatveere af interesse for andre mulige-CO

akviferlagre.
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1 Introduction

1.1 Statement of problem

Increasing global warming is drawing much attenttonclimate change and efforts to mitigate
global emissions of greenhouse gases from the atmeos, and one of the ways in which this can
be done is by capturing large volumes of,@@m point sources (carbon emitters such as coed-f
power plants) and injecting it into deep formatides)., saline aquifers, oil and gas reservoird, an
coalbeds) for storage. This process has drawnastrg consideration as a promising method to
mitigate the adverse impacts of climate changel@daly, 1996; Gale, 2004; IPCC, 2005; Hepple
and Benson, 2005). Deep saline aquifers offeralgebt storage potential of all the geologicabCO
storage options and are widely distributed througihtbe globe in all sedimentary basins. £O
storage cannot have a significant impact on atmersplevels of greenhouse gases if the amounts
of CO; injected and sequestered underground is not egtydarge (Holloway, 2005).

However, there is concern storing extremely lang@ant of supercritical COn deep formations.
The concern can be positive or negative, positivihat the storage process can stimulate reservoir
oil during enhanced oil recovery (EOR) in some dtgad reservoirs with very low matrix
permeability (Gozalpour et al., 2005; Darvish et 2006; Ferguson et al., 2009; Alam, 2011). On
the other hand, it can be negative in that stoerggemely large amount GQill introduce
additional fluids in the formation that may causegsure changes and displacement of native brines
thereby affecting subsurface volumes that can peifgiantly larger than the COplume itself
(Birkholzer et al., 2009). If this happens it wik of great environmental concern especially to the
ground water and other subsurface resources. RieJiovestigations have been focused on
evaluating under which hydrogeological conditiohg injected volumes of GOcan be safely
stored over a long time (hundreds or thousandseafsy. Some of these investigations include;
long-term efficiency of structural trapping of @0Onder sealing layers, mineral trapping, solubility
trapping and residual GQrapping (Han et al., 2010). Thus, even if thedgd CQ itself is safely
trapped in suitable geological structures, pressiv@nges and brine displacement may affect
shallow groundwater resources, for example, byemsing the rate of discharge into a lake or
stream, or by mixing of brine into drinking watejyuafers (Bergman and Winter, 1995).



Less emphasis has been placed on evaluatingrtfeedaale pressure changes caused by industrial-
scale injection of C@into deep saline formations or understanding &te 6f the native brines that
are being displaced by the injected fluids (Van Mer, 1992; Holloway, 1996; Gunter et al.,
1996). Although a number of studies on pressur&bpidue to C@storage has been carried out
lately (Birkholzer et al., 2009; Buscheck et ald12; Zhou et al., 2008), they are based on
conceptual models and not site specific. Consefue@O, storage based on conceptual models
will inherently embody much uncertainty regardihg input parameters which will result in weak
decisions in the site specific risk assessmentgamdviany potential deep saline formations which
can be use for CQ3torage often have limited data and experience.

The Vedsted structure located in the Northern pérflylland is among a number of onshore
potential units for C@storage in Denmark. The site comprises of the @adsormation which
forms the primary reservoir and is about 1900 nowemean sea level. Sealing the primary
reservoir is the 530 m thick low permeable shal¢hef Fjerritslev Formation overlying the entire
sequence constituting a flow barrier due to thénlagpillary pressure and very low permeability.
The reservoir is underlain by the Skagerrak Foromatvith uncertain properties. Overlying the
primary caprock is the Haldager Sand Formation flegnan upside storage potential with excellent
reservoir properties. This formation has a netkiféss of about 80 m with porosity of about 17 %
and permeability of 200-300 mD. The geologic sgtf Vedsted structure and its proximity to the
Nordjyllandsveerket coal power station at Aalborg head to (in the period 2007-2012) the
consideration of a Carbon Capture and Storage (Qeé8jonstration project. The project would
involve the post-combustion capture of £fiom the Nordjyllandsvaerket coal power station at
Aalborg followed by geological storage of the £@ a nearby onshore saline aquifer (Gassum
reservoir) within the Vedsted structure (Christens al. 2012). The project was temporarily
stopped in 2011. The investigation license wasvadiuring 2011 and as a part of that, research
activities were initiated related to key technicsues, one being to gain better understanding of
formation pressure buildup and pressure transnrms#iwough the caprock Fjerritslev shale
formation to the base Chalk Group hosting the bhiash water interface. Pressure buildup and
CO, leakage are quick events that can occur duringtiti@ge process. The pressure buildup in the
base Chalk Group may push brine water into frestemequifer thereby affecting the fresh water
guality which is of great environmental concerrhe surrounding communities.

The core of this research study is to predict htne obverpressure created by injection of

supercritical CQin the Gassum reservoir, possibly can be transdhitp to the base chalk Group



via the Fjerritslev (shale) caprock, and at whagni@de this pressure rise is recorded at the base
Chalk Group with groundwater interests. The pressuansmission can arise by at least two
mechanisms: 1) vertically through the caprock viaw compressibility and high permeability 2)
through fault-zones connecting the reservoir laygh the shallower zone, i.e. a combination of

horizontal and vertical pressure propagation.

The first effect is related to the tensile strengtid the vertical permeability of the caprock
overlying the reservoir layer. Seal compressibilapd permeability have been investigated
(Birkholzer et al., 2009) to have a significant mgsp on pressure buildup and brine displacement
behaviour within the storage formation. Seal wihatively high permeability but still suitable for
long-term trapping of C@allow for considerable brine leakage out of tharfation vertically
upward and/or downward. As a result, the pressuildup in the storage formation can be strongly
reduced compared to a perfect seal with zero @eelo-zero permeability. In such cases, one needs
to ensure that vertical pressure propagation amuke bmigration have no negative impact on
freshwater aquifers. The second effect is govehyethe pressure wave reaching a fault-zone with
potential permeability, which can transmit the prgs. The timing, the velocity and the magnitude

of this are governed by parameters like tensilengfth and fault permeability.

Accurate quantification of these parameters thatiulee the geologic system are fundamental to
the quality of the simulation and prediction. Pagten quantification will rely on laboratory
measurements on formation core samples, theoigtidatived values and availability literature
data.

Regardless of the quantification method, uncefaia frequently associated with parameters
describing natural systems, resulting from both difficulty to quantify a parameter and the
variability exhibited by many parameters. Sendyianalysis will be carried out for parameters that
have significant influence on pressure developnenihe Vedsted site to provide insight into the
impact of this uncertainty on the predictions.

Caprock properties and fault permeability that eegponsible for pressure propagation in,CO
storage sites have been addressed in this projeobrducting laboratory experiments on Jurassic
shale material from the Fjerritslev Formation. Retdn on some of the properties has been made
from laboratory. Finally for the case of fault peability, available literature data have been used.
The aim of this project is to provide input paraemstfor the caprock lithology required for
reservoir simulations and the sensitivity of theltfgpermeability in predicting and quantifying

pressure propagation in G&torage sites.



1.2 Scope of study

CO, sequestration in saline aquifers requires the nstaleding of the properties of the sealing
layers in order to evaluate the potential risk asged with storage site. Petrophysical and
geomechanical data of the caprock sealing thevesen a specific site will give information as to
whether the caprock is a good seal or not. For elamh information on permeability is known,
high caprock permeability which allows @@ leak through or overpressure to propagate tirou
will of course act as a poor seal. In order to @®ersa site for the potential industrial scale CO
storage, the caprock must be studied and charaetkesince it is the caprock that confine the,CO
and pressure within the storage formation. Charnaatg shale caprocks can be time consuming
and sometimes in situ material of the deep caprockations may be scarce and more so
determining some of the properties (porosity, pedoigy, compressibility, etc) may be more
difficult than for sandstone or chalk formationsvailable conceptual models for pressure
propagation in storage sites have used literatat® fr caprocks in their simulations (Birkholzer e
al., 2009; Buscheck et al., 2012; Zhou et al., 200Bich are not site specific and even use data
(compressibility) from other lithologies (sandstepe

Pressure development due to 0 Gassum Formation and the potential transmistfiovugh the
sealing shale layers to the overburdens in Vedsitedcan be investigated through simulation
studies. In order to carry out reservoir simulatstndies of the Vedsted site we need to know the
input parameters of the various formations with pumary concern on the sealing formations. The
characterisation of the deep Jurassic shale (pyinsaprocks) through laboratory experiments

constitutes the first part of this project.

This study contain 4 main chapter or papers: ayiadent Pore Radius and velocity of elastic
waves in shale Skjold Flank-1 Well, Danish NorthaSbk.) Permeability, compressibility and
porosity of Jurassic shale from the Norwegian-Darigasin, c.) Caprock compressibility and
permeability and the consequences for pressurdagsuent in CQ storage sites, d.) modelling of
the pressure propagation due toG@ection and the effect of fault permeabilityarcase study of
the Vedsted structure, Northern Denmark. Chapterand 3 describe petrophysical and
geomechanical properties of shale in the Norwe@ianish basin but with more emphasis on the
Jurassic shales which form the primary caprock. Taprocks properties have been quantified
through laboratory experiments and some of the tifieath properties are related to each other and



these relations have been used to form empiridatioas (Chapter 2). Chapter 3 also deals with
laboratory measurements and modelling of the c&ppoosity, compressibility and permeability.
Chapters 4 and 5 deals the usage of the measupedckagproperties as input parameters for the
simulation study of pressure propagation in the sted site and the movement of £f@ont from

the injection well during and after end of €f@jection into the Gassum reservoir. The simufatio
studies have been carried out using conventiorialare (Schlumberger Eclipse-100).

Chapter 2: This study deals with the study of egl@nt pore radius which links permeability and
porosity of a porous medium. This property is lgasiedicted from the laboratory data of BET
specific surface, grain density and porosity antfraom field data. Laboratory data measured on
shale material from Skjold Flank-1 well in the No$ea, and synthetic material of kaolinite and
smectite have been used to demonstrate that elasiitli as calculated from bulk density and
velocity of elastic waves relate to equivalent p@éius of the shale. This relationship establishes
the possibility of calculating equivalent pore ralifrom elastic data which can be obtained from

laboratory or field measurements.

Chapter 3: This study focuses mainly on Juradsades mainly the Fjerritslev Formation in an
attempt to evaluate the caprock properties inclyidimneralogy, porosity, compressibility and
permeability. Jurassic shale material from the destls from the Norwegian-Danish Basin
including Vedsted-1, in Jylland and Stenlille-2 aStenlille-5 on Sjeelland were studied and
compared to samples from Skjold Flank-1in the Gentiorth Sea in order to estimate the sealing
potential and rock properties.

Mineralogical analysis of the caprock material veasried out based on X-ray diffractometry in
order to identify and quantify both the clay anchfubay minerals present in Jurassic shale and their
distribution from the onshore to the offshore mater The composition of Jurassic shale
mineralogy influences how permeable, compressibte ta some extent how porous the caprock
can become.

Shale porosity values reported in the literatungy wgnificantly (Howard 1991; Yang & Aplin
2007) depending on its solid properties and stoesslition but also on the method used in the
guantification process. This part focuses on thaleshporosity measurements from three
independents methods; Firstly, the Helium porosiynetethod which is one of the most reliable

methods used for determining porosity in this ctmee Helium Porosimetry-Mercury Immersion



(HPMI) technique is used in determining porosity tmttings samples. Secondly, the Mercury
Intrusion Capillary Pressure (MICP) method was iedrrout on cleaned dry cuttings samples.
Porosity was determined from cumulative fractiortlod pores intruded as mercury is forced into
the samples as a function of increasing pressumedly, Nuclear Magnetic Resonance (NMR) was
used to determine porosity. In this method we usdég saturated core samples to measure the
total porosity. We then compared the porosity tssubm these three methods.

Laboratory measurements were also carried out oninceter-scale core plug samples from
analogue onshore wells to determine shale compikiysi The experiments were performed under
drained conditions. A series of uniaxially confineading and unloading stress paths were applied
up to the in situ stress level. Static compresgjbivas determined from the loading and unloading
stress paths. The loading experiments were undartakth continuous ultrasonic recording of
compressional and shear wave velocities. At resemenditions, dynamic compressibility is
similar to the static compressibility at the begngnof the unloading stress path corresponding to
elastic deformation. The analysis of both data setEates that compressibility might be order of
magnitude lower than the standard values (Busdhat 2012; Birkholzer et al. 2009; Zhou et al.

2008 etc) normally used for shale compressibitityeservoir simulation studies.

Permeability prediction was made from three indeleat approaches; from 1) measured BET
specific surface, grain density and porosity, frailncombined BET specific surface and nuclear
magnetic resonance (NMR) data, and from 3) elatia. Further experiments were carried out on
centimeter-scale core plug samples from analoggbae wells to measured shale permeability in
the vertical and the horizontal (permeability atigpy, an input parameter in simulation studies)
direction based on excess pore pressure buildum ugeotechnical approach of constant rate of
strain experiments (Wissa et al., 1971). The sasnplere loaded uniaxially to their in situ stress
condition. This method of permeability measuremastéound to be comparable with the flow

through method (Mondol et al. 2008; Daigle & Hug&009). The predicted permeability was

compared with the measured permeability in ord@viuate the certainty of the predictions.

Chapter 4: This study deals with simulation casesgolving injection of large volume of
supercritical CQ@ in Gassum Formation to investigate and quantifespure buildup and
propagation in Vedsted site as a result of theamppermeability and compressibility data from
section 3. The sensitivity of caprock permeabiiihhd compressibility to pressure build up and,CO

migration are investigated. In order to carry ¢ simulation studies, a 3D geologic model is build



from seismic data that was obtained in 2008 ustigusnberger Petrel modeling tool. Even though
the storage capacity for G@n this case is dependent on the compressibity@ermeability of the
caprock, the properties of the reservoir and tirerolayers in the storage site are also important.
The assessment is carried out by injecting 60 onilions (Mt) of CQ into the Gassum reservoir
over a period of 40 years at constant injectioe @t1.5 Mt/year and 100 years after the end of
injection period using Schlumberger Eclipse 100.e T&imulation results of the caprock
compressibility value measured in the laboratorgampared with the standard compressibility of
4.5 x 10° bar* (was measured for unconsolidated reservoir rogksddwman (1973) normally used
for caprocks in reservoir simulation studies (Bokter et al., 2009; and Buscheck et al., 2012; Jin
et al., 2012; Pruess et al., 2002; Zhou et al.8200he sensitivity of permeability was also catrie
out by varying caprock permeability in several esdef magnitudes higher and lower than the
measured value. Sensitivity study on caprock cosgibdity and permeability is carried out to
evaluate possible worst and best care scenarigsréssure development in the base Chalk Group
hosting brine-fresh water interface.

Chapter 5: This paper deals with modelling of thesspure propagation due to £i@jection and the
effect of fault permeability in a case study of Medsted structure, Northern Denmark. Seismic
profiling of the structure shows the presence oftNeest-Southeast trending faults of which some
originate in the upper layer of the Gassum reserad some reach the base Chalk Group layer.
Two faults in the upper Gassum reservoir have letenpreted to be connected to the base Chalk
Group. In order to evaluate potential risks asgediavith vertical pressure transmission via the
faults through the caprock, a number of simulatzases have been run with various fault
permeabilities spanning orders of magnitudes toessmt both the worst and best case scenarios.
We obtained fault rock permeability data from @rkiture study and evaluated vertical pressure
transmission plus the migration of €@ithin the reservoir based on changing fault pexpildy
orders of magnitudes from the upper to the lowagea Quantification of the pressure buildup in
the Vedsted site especially in the base Chalk Greag carried out. Base Chalk Group pressure
data is very important input for hydrogeologic stud ground water movement but this is beyond

the scope of this work.



2 Equivalent Pore Radius and Velocity of Elastic Waes in
Shale Skjold Flank-1 Well, Danish North Sea

2.1 Summary

Equivalent pore radius links permeability and itsoof a porous medium. This property can be
calculated from specific surface and porosity daeasured in the laboratory. We can obtain
porosity information from logging data but spec#igrface information can only be obtained from
laboratory experiments on cuttings or core samhethis study we demonstrate that elastic moduli
as calculated from bulk density and velocity ofsétawaves relate to equivalent pore radius of the
studied shale intervals. This relationship estabksthe possibility of calculating equivalent pore

radius from logging data.

We used cuttings samples and available well logh#wacterize Cenozoic, Cretaceous and Jurassic
shale sections in the Skjold Flank-1 well of Dan\trth Sea. Logging data and well reports were
used to select 31 shale cuttings samples and expetal data for porosity, grain density and BET
specific surface were obtained from these sampdesykaolinite and smectite as reference. The
cuttings samples were also characterized with ptsjge mineralogical composition, content of
organic carbon and cation exchange capacity.

Equivalent pore radius was calculated from poroaitgd BET data. It varies from 5 nm for some
Cretaceous and Jurassic shale samples to aboun2b some Cenozoic samples. Pore radius is

controlled by shale mineralogy and the degree ofgartion.

We found exponential relationships between equntgb®re radius and elastic moduli, and these
empirical relationships were used to calculatedwedent pore radius for the Cenozoic, Cretaceous
and Jurassic shale sections in Skjold Flank-1 irelin elastic moduli, calculated from sonic

velocity and density logs. The calculated equivafmre radius logs vary from 27 nm at 500 m to

13 nm at 2000 m within Cenozoic shale and from 2@ about 6 nm in the deeper Cretaceous and
Jurassic shale intervals. Cross plots of the edprnivgore radius with neutron porosity and gamma
ray data separate the Cenozoic shale section vwgthdguivalent pore radius from Cretaceous and

Jurassic sections.



2.2 Introduction

Equivalent pore radius links permeability and payowhen modeling flow through porous media,
but it is not straight forward to predict this pesfy for shale. In gas shale plays, gas flow ogcur
mainly through interconnected fracture network eyst which is constantly recharged by gas
flowing through the shale matrix which is dominateg micropores € 2 nm) and mesopores
ranging from 2 nm to 50 nm (Kuila et al. 2011). G@a% in nanometer pores may be a combination
of Knudsen diffusion and slip flow while larger psrare dominated by Darcy-like flow. Modelling

this flow requires knowledge of pore radius andepsize distribution (Kuila et al. 2011).

Shale is known to forms source rocks for hydrocarlgeneration and seals to hydrocarbon
reservoirs and aquifers. Shale can be rich in ocgaratter £ 2 % weight fraction Total Organic
Carbon (TOC)) and contain huge estimated gas reserfvabout 1000 TCF in North America and
200 TCF in Europe (Jaffe, 2010). Recently the témeservoir” is being used for shales with huge
gas potentials. In shale clay minerals typicallystdute the load bearing framework containing
sub-micrometer pore size resulting in low permegbilPearson, 1990). Several authors have
discussed the inter-relationship between clay rmaingical composition and petrophysical
properties of shale and have shown that changemperature and effective stress causes diagenetic
transformation of clay minerals as reflected ineotipetrophysical properties (Bjgrlykke, 1998;
Colten-Bradly 1987; Dypvik 1983; Hall et al. 198dpward & Roy 1985; Hower et al. 1976;
Marcussen et al. 2009; Peltonen et al. 2008, 2&08;Pollastro 1985).

Prasad (2003) used a collection of velocity, paypsand permeability data from limestone and
sandstone and showed that, by grouping the dati#ffarent hydraulic units based on pore space
properties, a positive correlation between veloatyd permeability can be established. For
synthetic clay samples an exponential relationsiag found between equivalent pore radius and
elastic moduli (Fabricius, 2011, partly based otadieom Mondol, 2007).

The objective of this work is to predict equivalgrire radius from elastic moduli as calculated

from density and sonic logs. Shape factor deterimnan shale is beyond the scope of this study.
We base the work on cuttings data for porositycsigesurface and density. Secondly, we will then

assess relationships between the predicted eqnivadee radius and other logging data. We have
used logging data and available reports to selgitings samples from Cenozoic, Cretaceous and
Jurassic shale sections in Skjold Flanke-1 weljol8kFlank-1 is located in the Central Graben of

the North Sea Basin (Figure 2.1). The well penettdive litho-stratigraphical units including



shale-dominated Cenozoic Post Chalk group (73-2&P8 the chalk-dominated primarily
Cretaceous Chalk Group (2128-2773 m), the Cretacebale rich Cromer Knoll Group (2773—

2857 m), the shale-dominated Jurassic (2857-441%nd) Triassic units (4411-4599 m). The

Chalk Group and the Triassic units are not inclugtethis work, so we will group the data into
“Cenozoic shale”, “Cretaceous shale” and “Juraskale”.
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Figure 2.1 Skjold Flank-1 well is located near tBkjold field, Danish North Sea (Modified after
Fabricius et al., 2007).
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2.3 Methodology

2.3.1 Logging data

The logs used for this study include; mud log, pelj resistivity, gamma ray, density, neutron, as
well as P-wave and S-wave velocity logs (Figure.2ZThe mud log was compiled during drilling
operation and records the lithology. The calimay tool measures the hole-diameter. Resistivity
logs measure the formation’s resistivity to the gage of an electric current. The following
resistivity tools were recorded: Micro-sphericdibcused Resistivity (MSFL), Laterolog Deep
Resistivity (LLD) and Laterolog Shallow ResistivifiyLS).
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Figure 2.2 Petrophysical well logs showing Cenoz@cetaceous and Jurassic shale sections in
Skjold Flank-1 well. Cretaceous chalk section i©oveh as blank. The NTPHI is limestone
calibrated porosity from neutron log and Den. pasoporosity from density log assuming 100%
water saturation and a grain density of 2.71 gicm

The natural gamma ray log records the gamma raiifdgicof the formation. The radiation
originates from the radioactive decay of naturaltgurring Uranium, Thorium and Potassium. The
radioactivity is measured in API units. The dendilg records bulk densitypg). Porosity is
calculated from the bulk density log data by coesith the average grain density of the solids from



laboratory data as shown in Table 1. All sectiorsenvassumed to be saturated with brine with
average density of 1.18 g/éniThe neutron porosity log is used as an indicafoporosity and
lithology in combination with the density log. Theeutron density log is given in porosity as

calibrated in 100% water saturated limestone.

Table 2.1 Cuttings data. Semi-quantitative minegglbased on X-ray diffractometry (XRD) of bulk
and <2um fractions). In Cenozoic and two youngest Cretaseshale samples, smectite and illite
are semi-quantified as separate phases, althougdy tthay occur as inter-layered phases.

Period Depth | Non-clay minerals [%] | Clay minerals [%]
(m, msl) Quartz K-feldspar Plagioclase Calcite Dolomite Pyrite Smectite lllite Kaolinite Chlorite
552 37 6 10 2 9 16 14 6
707 38 2 7 1 2 8 31 6 5
863 41 4 3 4 2 10 23 9 4
872 34 3 3 2 14 11 19 9 5
8 1009 31 11 9 2 10 9 13 11 4
N 1164 34 4 5 1 12 10 14 16 4
% 1338 28 1 1 9 9 32 17 3
3) 1484 24 1 1 10 10 33 19 2
1622 22 2 1 2 7 11 35 15 5
1768 23 2 10 8 36 11 10
1923 21 2 2 4 11 39 12 9
2070 20 1 1 4 10 38 20 6
2691 20 1 19 9 12 27 10 2
] 2719 22 28 5 11 25 6 3
8 2746 13 3 34 6 30 9 5
3 2774 25 35 7 23 6 4
= 2807 26 33 5 27 4 5
o 2829 13 33 4 35 7 8
S 2850 29 2 3 10 8 31 14 3
2871 28 2 3 10 3 5 33 13 3
3051 24 2 7 17 10 4 33 4 2
3200 27 1 3 7 10 9 30 10 3
3353 24 2 3 3 3 7 40 15 3
o 3520 22 1 7 4 6 5 39 11 5
) 3658 16 5 6 3 8 4 48 10
2 3810 22 2 3 11 6 36 13 7
< 3959 21 1 2 6 7 47 9 7
i 4115 18 2 3 5 7 45 11 9
4270 20 2 2 5 8 43 12 8
4420 23 3 2 3 8 42 11 8
4572 24 1 5 4 9 38 11 8

The sonic data were obtained by the SDT log. Itsdogt have a separate shear source, so we are
dependent on shear waves that were refracted bdgkaden larger than the mud velocity. The
recorded shear is thus sometimes uncertain whearded with this log. The sonic log records
velocity of elastic waves in the formation as esgesl in travel time, quoted da$ which is the
inverse velocity. We recalculated travel times twdve and S-wave velocitie¥{ andVs). Cross

plots of gamma ray with bulk density, neutron pagosompressional and shear wave velocities
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(Figure 2.3a—d) split Cretaceous and Jurassic sealgons from the Cenozoic shale section, which
show higher gamma ray response in some intervegsehneutron porosity, lower bulk density, as

well as lower compressional and shear wave velocity
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Figure 2.3 Cross plots of gamma ray log versus okbgging data from Skjold Flank-1. The data
are split according to geological age: Cenozoicetaceous and Jurassic. (a) Gamma ray versus
bulk density. (b) Gamma ray versus neutron porogdy Gamma ray versus P-wave velocity (d)
Gamma ray versus S-wave velocity.
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2.3.2 Cuttings-data

The sample material consisted of unwashed cuttggl logs and final well reports were used to
develop a sampling strategy for the well, and ngisamples were taken at approximately 50-100
m spacing in shale intervals, so as to represeahgds in the petrophysical logs. The well is
vertical with only minor deviation and all depthse agiven as vertical depth, in meters from sea
level. Thirty-one shale cuttings samples were ctdie for this study, 12 samples from the Cenozoic
section, 8 samples from Cretaceous shale, and hplea from the Jurassic. The samples were
carefully washed with deionized water several tinreesemove all the drilling mud and left in
methanol for two weeks to dissolve salts. Silvérate was used to check for the presence of salts.
It is worth noting the difficulty involved in cleamy shale samples with very low permeability
which may prevent methanol from getting into themipores to dissolve all the salts. The cleaned
samples were then dried in an oven at abofE 66r three days. Upon completion of this cleaning
process, each sample was handpicked for cavingsfimal samples weigh from 55 to 95 grams,

and the following parameters were determined aaddhults are presented in Tables 2.1 and 2.2.

2.3.2.1 Mineralogy from X-ray diffractometry

Bulk samples were ground in an agate mortar ansspceinto a sample holder for X-ray dffraction
(XRD) analysis. For analysis of the clay fracti@pproximately 0.5 g samples were shaken with
distilled water for 15 minutes, mixed with 10 ml d# NaCl, and then repeatedly dispersed and
centrifuged to recover the g#n fraction. This suspension was treated with acatid to remove
carbonate minerals. The §2n clay fraction (using the Navier Stoke’s equatiomas extracted with

a pipette to a frosted glass slide. Then the waderallowed to evaporate overnight to achieve basal
orientation of the clay minerals for XRD analydtr identification of clay minerals four X-ray
diffractograms were taken: air-dried, ethylene glgolvated at 6XC for 2 days, subsequently
heated to 35/2h and 558C/2h. The XRD pattern was obtained by Ca-K-ray radiation by
using Ni filter with variable divergence slit thigihu 2 to 65 26. The XRD data and intensities
versus angle of diffraction were used to calculatice distancesdfvalues) by using Bragg’s law,
and minerals were identified. The bulk mineral cosipon was assessed semi-quantitatively
according to method used at University of Aarhubjgrslev. On bulk samples net peak height,
h was measured on the following peaks where a ciwrefactor was applied: Quartz: 0.25 h(100);
K-feldspar 0.10 h(220); Plagioclase: 0.10 h(0023|ciEe: 0.076 h(104); Dolomite: 0.076 h(104);
Pyrite: 0.085 h(200); Clay minerals 1 h(020). Semmantification was then done from the relative

corrected peak height. Clay mineral groups were gemiquantified from the glycolated oriented
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samples. The peak area of the 17A, 10A, and 7Apeake measured and corrected by factors 1, 3
and 1.15 respectively. This allows an estimateootents of Smectite, lllite, and combined Chlorite
and Kaolinte. Chlorite and Kaolinite were then sguantified from the ratio of the height of the
14A peak after heating to 5%D to the height of the 7A peak corrected by a fadt& on the
untreated oriented sample.

2.3.2.2 Determination of porosity by He-porosimetryand mercury immersion

We first measured the grain volurtig of each sample by helium porosimetry. To get gdainsity,
pgrain We divided sample weight with sample volume. Simeecould not measure the bulk volume
of the cuttings samples by caliper, we had to egnplonercury immersion method. In order to
carry out this measurement a special set-up wagrasswhich includes weighing balance with a
swing arm and perforated steel basket. The bas&edHid and is attached to the swing arm. A
beaker glass was filled with mercury to an expetdedl.

The following steps were taken to obtain the volusheéhe sample: (1) The weight of the empty
basket was measured in air and in mercury. (2) Whght of the basket plus the sample is
measured in air and in mercury. (3) Actual sampdeght is equal to weight of the basket plus the
sample in air minus weight of empty basket in &4). Actual sample weight in Hg is equal to
weight of the basket plus the sample in Hg minusgkateof empty basket in Hg. To get the dry bulk
volume (Vo) we divided actual sample weight in mercury by tleasity of mercury. To get dry

density {o4ry) we divide actual sample weight by dry bulk volurRerosity @ is then derived as
@= (Vay = Vo) Vary (2.1)

For calibration, similar cuttings were obtained d&yshing a plug with known porosity, and we

found a relative error of +2 %.

2.3.2.3 BET specific surface

The specific surface of the samples (BET) was datexd by nitrogen adsorption according to the
method developed by Brunauer, Emmet and Teller§L98 Gemini 11l 2375 surface area analyzer
apparatus (Micrometrics Instruments Corp.) was uded preserve the sample mineralogy, we
degassed samples for 4 hours &C76n a FlowPrep060 degasser (Micrometrics Instrasn€orp.)

using nitrogen as a carrier gas. The determinatiospecific surface area was achieved in two
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steps: 1) evaluation of the adsorbed monolayermeluand 2) conversion of this quantity to
specific surface area by means of the molecula, &g). The test was carried out in duplicate. The

specific surfaceS, with respect to bulk volume was calculated as;

S = BETuy (2.2)

2.3.2.4 Cation exchange capacity (CEC)

The CEC was measured by Ba-ion exchange. First OBACL (pH = 5.8) solution was added to
each sample so that Badons replace the bases such ad' 04", Mg** and N4. Afterwards the
concentration of the bases was measured with IndlgtCoupled Plasma — Optical Emission
Spectrophotometry (ICP-OES). To analyze the cagixechange capacity which is known as the
effective CEC, the samples were next immerseddilude 0.1 M BaCJ (pH=5.8) solution with an
ionic strength of about 0.01M. Then the’Bevhich replaced the bases was removed with an exces
of MgSQ,. The Mg lost for the exchange with Bas measured with the ICP-OES to determine the
effective CEC.

Measurement of CEC on shale samples with carb@aate significantly higher CEC exchangeable
bases than expected. Analysis showed that calcarbbonate in shale samples increases the CEC
exchangeable bases which gave exaggerated valwgfective CEC. We normally expect that the
effective CEC is higher than the CEC exchangeasded but that was not the case.

We measured the carbonate content of each samglesahzed that the higher the percentage of
carbonate in shale sample, the higher the conioibudf calcium cations. In a sample with 72%
carbonate content, the contribution of calciumaregi from carbonate is about 78% of the CEC
exchangeable bases. While shale samples with Idvorate content of about 8%, contributes only
1% of calcium cations to the CEC exchangeable basewder to correct for this error we treated
selected carbonate bearing shale samples widCOB®H acid at pH = 2, to remove the carbonate
before carrying out renewed CEC measurements. Brese CEC results it was possible to apply a
correction factor to obtain the effective CEC foe remaining carbonate containing shale samples
by plotting the ratio of CEC and CEC carbonate figainst carbonate content. During the removal
of carbonate, also cations from shale supposed tailoot# to the CEC exchangeable base were

leached out and replaced by the acid cation®{H
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Table 2Cuttings data from well Skjold Flank-44 iS grain densityg$ is mercury porosity, Ris
equivalent pore radius, BET is specific surfaceNbyadsorption, CEC is cation exchange capacity,
CaCQ is carbonate presented as equivalent calcium caabey TOC is total organic carbon, Th is
Thorium, U is Uranium and K is Potassium identifledspectral gamma radiometry, ¥nd \{ are
compressional and shear velocities obtained by ayieg ten data points from corresponding
depths in the logging data. Experimental errors:dog pg < 0.03 g/cm;, for CEC < 5%; for BET

< 0.3 nflg; for ¢ <2 %:; for CaCQ< 0.2%:; for TOC < 0.2 %; for Th < 0.5 ppm; for U €.2 ppm;
for K < 0.02%. Data for kaolinite and smectite ageen for reference.

Sample  Depth Pg CEC BET ¢ CaCO; TOC Th u K A Vs
m g/lcm® mEq/100g m%g % % ppm ppm % km/s km/s

Kaolinite 2.61 11 0.55 1.25 0.28
Kaolinite 2.61 11 0.45 1.36 0.34
Kaolinite 2.61 11 0.30 150 045
Kaolinite 2.61 11 0.32 156 0.47
Kaolinite 2.61 11 0.17 1.98 0.77
Kaolinite 2.61 11 0.11 2.18 0.90
Smectite 2.62 25 0.55 154 0.32
Smectite 2.62 25 0.49 1.62 0.37
Smectite 2.62 25 0.45 1.67 0.40
Smectite 2.62 25 0.39 1.88 0.51
Smectite 2.62 25 0.36 1.98 0.59
Cenozoic 552 2.65 38 30 0.35 6 06 1440 498 187 232 0.1
Cenozoic 707 2.65 26 30 0.39 6 09 1290 438 174 225 0.77
Cenozoic 863 2.65 22 30 0.35 4 1.1 1160 458 163 229 0.93
Cenozoic 872 2.74 27 31 0.35 5 1.1 1290 538 168 235 0.97
Cenozoic 1009 2.65 36 30 0.34 4 09 1390 4.38 1.66 250 0.97
Cenozoic 1164 2.68 48 28 0.45 4 0.9 1280 588 181 197 0.72
Cenozoic 1338 2.68 55 28 0.45 2 0.8 940 598 177 201 0.61
Cenozoic 1484 2.68 46 28 0.49 3 2.6 810 358 190 199 0.57
Cenozoic 1622 2.65 43 30 0.46 2 35 740 648 185 210 0.73
Cenozoic 1768 2.65 48 30 0.52 4 14 730 568 222 195 0.71
Cenozoic 1923 2.65 29 30 0.47 2 1.0 1.85 0.71
Cenozoic 2070 2.67 39 23 0.30 5 0.7 2.65 1.15
Cretaceous 2691 2.75 9 23 0.27 56 250 1.12
Cretaceous 2719 2.71 22 18 0.16 27 3.20 1.55
Cretaceous 2746 2.71 7 18 0.20 72 3.13 133
Cretaceous 2774 2.69 8 18 0.15 44 290 1.68
Cretaceous 2807 2.72 15 18 0.15 52 230 468 0.69 330 1.43
Cretaceous 2829 2.74 10 18 0.15 66 4.06 1.60
Cretaceous 2850 2.73 22 18 0.17 10 3.24 152
Cretaceous 2871 2.74 20 24 0.20 11 293 1.38
Jurassic 3051 2.75 9 18 0.21 28 2.0 7.70 468 186 244 1.20
Jurassic 3200 2.73 14 24 0.23 15 24 470 348 142 261 1.41
Jurassic 3353 2.74 17 24 0.26 13 2.5 710 238 134 253 1.22
Jurassic 3520 2.75 14 24 0.26 13 2.3 255 1.22
Jurassic 3658 2.76 12 24 0.25 11 24 7.80 288 168 2.64 1.20
Jurassic 3810 2.75 13 24 0.24 7 2.6 255 1.27
Jurassic 3959 2.75 15 19 0.16 5 1.4 9.60 3.68 1.78 3.20 1.55
Jurassic 4115 2.76 14 18 0.14 7 1.4 900 498 217 321 1.57
Jurassic 4270 2.75 15 18 0.15 6 1.7 820 5.18 215 3.06 1.71
Jurassic 4420 2.76 13 16 0.14 6 2.2 3.16 1.75
Jurassic 4572 2.76 16 16 0.14 5 1.2 10.30 438 194 326 1.85
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2.3.2.5 Carbonate content and total organic carbo(iTOC)

The carbonate content was obtained by means obldism with 1M HCI followed by titration
with 1M NaOH. The error is £ 0.2%. Data are presdras equivalent CaGOThe total organic
carbon content (TOC) was measured by combustianiBCO (CS-200) Carbon/Sulfur Analyzer —

oven with an error of = 5%.
2.3.2.6 Gamma spectrometry

The concentrations of U, Th and K were measuregawdered samples by a Nal-crystal gamma
spectrometer with an error for U: < 0.2 ppm, for 0.5 ppm, and for K: < 0.02 %

2.3.2.7 Equivalent pore radius prediction

Experimental data obtained in this work togethehwidiata from Fabricius (2011) on pure kaolinite
and smectite were used to model the relationsHipdsn elastic moduli and equivalent pore radius.
The experimental data used includes porosgy, BET specific surface, grain densityy),
compressional and shear wave velocities in thergateirated state. For the Skjold Flank-1 shale,
velocity data was collected by averaging sonic sigfolog data in 5 m intervals from the same
cuttings depths which gives approximately the saemelution. For the pure kaolinite and smectite
laboratory velocity data from Mondol et al. (200v@re used. The frequency of elastic waves while
logging differs from frequency of laboratory measuents, but we expect only insignificant
dispersion of wave velocity due to small pore sind consequent high critical frequency.

The bulk densityp,, is calculated as; = l-9+mme (2.3)

whereg is fluid density

Elastic compressional modululd, is given as: M =,o[,V|O2 (2.4)
Elastic shear modulu§, is given as: G = Vs (2.5)
Elastic bulk modulus, is calculated as: K=M-4/3G (2.6)

For modeling pore radius, we need informationgpand the specific surface of the bulk sample S.

The equivalent pore radiug,, is defined as: Ro=2¢6=25 12.

whereS, is the specific surface relative to pore space.
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2.4. Results

2.4.1 Mineralogical composition

Results from XRD analysis is shown in Figure 2l §able 2.1. The non-clay fraction consists
mainly of quartz. Quartz content decreases fromuall6% in the younger Cenozoic sediments to
about 20% in the deeper Cenozoic. In CretaceousJaraksic shales the quartz content varies
stratigraphically between 15% and 30%. Feldspafe{spar and plagioclase) is most prevalent in
younger Cenozoic sediments and in the Jurassicos),lwhereas it is sparser in older Cenozoic
and Cretaceous shale. Calcite content is below h%e Cenozoic and Jurassic shale samples,
whereas in Cretaceous samples up to about 35%ecates found. Dolomite was not detected in
Cenozoic and Cretaceous samples (save the olddsieas 5-10% dolomite was identified in the
Jurassic shale samples. Pyrite is also identifiad these geologic intervals and varies
stratigraphysically in Cenozoic shale from 2% twwb14% and from 4% to about 9% in

Cretaceous and Jurassic shales.

The main clay minerals identified include smecitilée, kaolinite and chlorite. Smectite (10—-15%)

is present in the Cenozoic and in the youngesiaCeelus samples (deepest smectite bearing sample
is from 2719 m, msl). Below this depth no smeatrtes identified. Although Smectite and lllite are
partly interlayered, thery are semiquantified gzasate phases (Figure 2.4). lllite is the domiratin
clay mineral throughout, and most prevalent in ol@e=nozoic (30-40%) as well as oldest
Cretaceous and Jurassic (30-50%) samples. Thentaoftaolinite and chlorite does not vary
much with depth and constitute 5-10% for chloritd &-20% for kaolinite.

2.4.2 Petrophysical properties

The results of grain density, porosity, equivaleote radius, BET specific surface, CEC, equivalent
carbonate content, TOC, spectral gamma data, asticivave velocities, are summarized in Table
2. Plots of these petrophysical properties asnation of burial depth are shown in figures 2.5a—

2.51. Grain density

(Figure 2.5a) show no significant depth trend f@nGzoic shale samples but varies between 2.65
and 2.75 g/cth
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Figure 2.4 Mineralogical composition of cuttingsvgales based on X-ray diffractometry.

There is significant increase in grain density witepth from 2.69 g/ctin Cretaceous shales
samples to about 2.76 g/&m Jurassic samples. Porosity (0.3—0.5) and ecgrivadore radius (10—
27nm) show higher values in Cenozoic shale san{liggire 2.5b and 2.5c) which reduces with
depth to about 0.15 for porosity and 7 nm for egl@mt pore radius in the deeper Jurassic

sediments. Porosity and pore radius show opposjtéhdrend to that seen in grain density.

BET specific surface and cation exchange capatiowshigher values for the Cenozoic shale
samples in comparison with the low values obtaifoedhe Cretaceous and Jurassic samples. The
BET specific surface decreases with depth from 3@ in Cenozoic samples to <2F/qin deeper
Jurassic samples (Figure 2.5d). Cation exchangacidgpary from 25 to 55 mEqg/100g in Cenozoic
shale, while it is significantly lower (10-20 mEQQQ) in Cretaceous and Jurassic shale (Figure
2.5e). Carbonate content is low in Cenozoic aneéroliirassic shales as compared to Cretaceous
and younger Jurassic shale. This reflects the nbofecarbonate minerals by XRD (Figure 2.4 and
2.5f). The total organic carbon content (TOC) isaally lower in Cenozoic samples (0.6—1.4%)
than in Jurassic samples (1.2%-2.6%), but Cenozaioples at 1484 m and 1622 m, ms| have
relatively high TOC of 2.6% and 3.5% (Figure 2.59).
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The variation in TOC is not reflected in the raditaty of these shale samples (Figure 2.5h, 1).& j

The most conspicuous trends are the decreasing thepd of Th in Cenozoic shale (From 15 ppm

to 5 ppm),and the more modest increasing depth trend in Sierakale from 5 ppm to 10 ppm (Figure 5h).

P-wave and S-wave velocity (Figure 2.5k) show similepth trend behaviour as grain density but dpos

to that of porosity and equivalent pore radius fl@enozoic to Jurassic shale samples which incrdes®ms

0.8 to 1.6 km for S-wave and from 2.3 to 3.3 krotsH-wave velocity.
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Figure 2.5 Depth plots of cuttings

data: (a) Gralensity, (b) Porosity, (c) Calculated equivalent
pore radius, (d) BET specific surface, (e) Catiorcliange Capacity (CEC), (f) Carbonate content,
(g) Total Organic Carbon (TOC), (h) Thorium contefit Uranium content,(J) Potassium content,
(k) Compressional wave velocity and (I) Shear waslecity
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Figure 2.6 Cross plots of cuttings data: pore radialculated from BET and porosity versus: (a)
grain density, (b) Bulk density (c) Clay contertt) porosity, (e) specific surface from BET, (f)

Cation Exchange Capacity, (g) Compressional waveciutg, (h) Shear wave velocity. Data for
pure smectite and kaolinite are shown for reference

2.4.3 Equivalent pore radius

We investigated the relationships between the edgm pore radius and the other petrophysical
parameters as shown in figure 2.6 (a—h) and fouedr aelationships between pore radius and
acoustic velocity as well as pore radius and belksity implying that we can possibly predict pore
radius from elastic properties. Elastic moduli weraculated from experimental data from
Cenozoic, Cretaceous and Jurassic shales of Skjaltk-1 well and from artificially compacted
kaolinite and smectite (Mondol et al, 2007) (Fig@réa—c). Compressional modulus vary from 4 to
about 30 GPa, shear modulus from 0.1 to 9 GPa atdrbodulus from 4 to 24 GPa. For pure
kaolinite, the equivalent pore radius from BET sfiesurface and porosity vary from 86 nm to 9
nm with increasing compaction. For pure smetiteivaient pore radius varies from 37 nm to 17
nm with increasing compaction. The cross plotshef ¢alculated pore radius with elastic moduli

(Figure 2.7a—7c) combine the data set into an exmiad relationship independent of the
mineralogy.
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Figure 2.7 Cross plots of cuttings data: pore ralzalculated from BET and porosity versus: (a)
Compressional modulus, M, (b) Shear modulus,} Bylk modulus, K, (d) Pore radius estimated
from M, (e) Pore radius estimated from G, (f) Paadius estimated from K. Data for pure smectite
and kaolinite are used as reference.
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Figure 2.8 Depth plots of logging data: (a)—(c) Bulensity, gamma ray and porosity, (d) Elastic
moduli (M, G and K), (e) Pore radius estimated fioinG and K.
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2.5 Discussion

2.5.1 Cenozoic shale

The younger Cenozoic sediments, above 1200 m, iaslilay shales with high quartz and relatively
high feldspar content. A low content of calcitereflected in low carbonate content and also
relatively high pyrite content is noticed. The yclminerals in order of abundance are illite,
kaolinite, smectite and chlorite. These youngendzeic shales have a relatively low porosity of
0.35-0.40 probably reflecting poor sorting causgdhie high silt content. A relatively high detrital

content is indeed reflected in a relatively hightemt of Thorium. A relatively high specific suréac

(BET) and low grain density probably reflect intgéred clays dominated by smectite and
stratigraphical variation in pyrite content. Poortsyg and smectite dominated clay thus result in

low porosity and high BET and consequent modesivatgnt pore radius of ¢. 15 nm.

The older Cenozoic shales are poorer in quartzemmdito have higher porosity (up to 0.5) than the
younger Cenozoic sediments. The older Cenozoieshale dominated by illite-dominated mixed
layered clays, so in spite of the higher clay coftspecific surface is similar to that of the ygan
section. The resulting equivalent pore radius issequently high: 20—-25 nm. The equivalent pore
radius is well predicted from bulk modulus and coesgional modulus, and less well predicted
from the shear modulus (Figure 2.7d-f). Nevertleiess the shear modulus-based prediction of
equivalent pore radius in combination with the neutlog which gives the most effective
separation of Cenozoic data points from older gatats (Figure 2.9d—e). In spite of a high content
of feldspar and Thorium the younger Cenozoic sedimeith moderate pore radius only causes a

small bias towards higher radioactivity for Cenazeediments (Figure 2.9a—c).

2.5.2 Cretaceous shales

Cretaceous shales form a relatively thin sectidovbehe thick Chalk Group. Calcite, quartz and
pyrite constitute a total of 40-50% of each sampligh the abundance of calcite declining with
depth. The clay minerals identified comprise mixagered smectite respectively illite dominated
clays, as well as kaolinite and chlorite. Below 27#h, ms| (corresponding to around®8% no

smectite was found. Depositional smectite may haeasformed to illite by diagenesis. A
diagenetic transformation of mixed layered illiteectite is known as illitization and described in
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the North Sea shales by several authors (Howel. d9@6; Dypvik 1983; Howard & Roy 1985;
Pollastro 1985; Hall et al. 1986; Colten-Bradly 198jarlykke, 1998; Peltonen et al. 2008;
Marcussen et al. 2009). The transition to smeftie clay is reflected in the increased grain dgnsi

and lower specific surface and cation exchangeaiypa

In spite of the lower specific surface, the preglicequivalent pore radius in Cretaceous shale is
small: around 10 nm. This is caused by a low poydq€.15—-0.20). Relatively high velocities of
elastic waves and relatively low specific surfaetative to the overall depth trends indicate a
relatively high degree of diagenetic cementatioigyfe 2.5d, k & I). On cross plots of equivalent
pore radius versus gamma ray and neutron porasityCretaceous shale tends to overlap Jurassic
shale (Figure 2.9).

2.5.3 Jurassic shales

The Jurassic shale section is inter-bedded with ldyers of sandstone or dolomite stringers as
indicated by low GR and high density log peaks ((Fég2.2). XRD analysis indicates that quartz
occurs as the main non-clay mineral, that plagsekand dolomite are present in all samples, while
calcite significantly reduces as we get to lowendsic shale. This is also reflected in a deptlewis
decreasing content of carbonate (Figure 2.4, 2G8y minerals generally constitute 60% of the
solids. . The clay minerals identified comprisenarily illite, but also kaolinite and minor amounts
of chlorite (Figure 2.4). An increasing maturatmfillite is indicated by a depth-wise increasing K
content (Figure 2.5j) which is consistent with otleirassic samples from the Central Trough
studied by Lindgreen & Hansen (1999).

The predicted equivalent pore radius in the Jutassile tends to decrease with depth from 10 to 7
nm. This is a reflection of decreasing porosity ethcounteracts a decreasing specific surface
(Figure 2.5b, d). Cretaceous and Jurassic shaéevals tend to overlap in the cross plots of
equivalent pore radius versus gamma ray and neygooosity log data (Figure 2.9). The best
separation is obtained from equivalent pore ragmaslicted from compressional modulus, where a
relatively well defined trend of equivalent poralites versus neutron porosity is found for Jurassic
shale (Figure 2.9d).
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Figure 2.9 Cross plots of logging data: pore radiestimated from elastic moduli versus (a)—(c)
Gamma ray and (d)—(f) neutron porosity. The data split according to geological age: Cenozoic,
Cretaceous and Jurassic. (a) and (d) Pore radiusreged from compressional moduldus M, (b)
and (e) Pore radius estimated from shear modul@®gc) and (f) Pore radius estimated from bulk
modulus, K.

2.6 Conclusions

Petrophysical well logs and well cuttings were usedcharacterize Cenozoic, Cretaceous and
Jurassic shale sections in Skjold Flank-1 welhef Danish North Sea. The data were supplemented
with data from artificially consolidated samples ka&olinite and smectite. Equivalent pore radius
can be calculated from porosity and specific s@rfafcall samples. This forms a basis for predicting

equivalent pore radius from logging data.

Cuttings were used to establish empirical relatimps between equivalent pore radius and elastic
moduli. The relationships are independent of miogiaal composition and give a correlation
coefficient (R) of 0.97 for bulk modulus and compressional moslind a correlation coefficient

of 0.85 for shear modulus based on 41 data points.

These empirical equations were used to predictvatpnt pore radius from the elastic moduli

calculated from sonic velocity and bulk density dofjom the Skjold Flank-1. The predicted
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equivalent pore radius show an overall depth-weserehse, but is highest in the lower part of the
Cenozoic shale sections (20 nm) and decreasesnton & the deeper Jurassic shale section. A
relatively modest equivalent pore radius of arolilicdhm in the youngest sediments is related to the
relatively low porosity of these silty shales. Tdeerall reduction in the equivalent pore radiushwit
depth can be correlated with the changing minereddgomposition of the shale from smectite rich
Cenozoic shale to illite rich Jurassic shale cayiasidecrease in specific surface.
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3 Permeability, Compressibility and Porosity of Juassic Shale
from the Norwegian-Danish Basin

3.1 Summary

The Fjerritslev Formation in the Norwegian-DanisksB forms the main seal to Upper Triassic——
Lower Jurassic sandstone reservoirs. In ordertimate the sealing potential and rock properties,
samples from the deep wells, Vedsted-1, in Jyl@md Stenlille-2 and Stenlille-5 on Sjeelland were
studied and compared to samples from Skjold Flankiie Central North Sea. Mineralogical
analysis based on X-ray diffractometry (XRD) shdvattonshore shales from the Norwegian-
Danish Basin are siltier than offshore shales ftbenCentral Graben. lllite and kaolinite dominate
the clay fraction. Porosity from helium porosimetmgrcury immersion (HPMI), mercury injection
capillary pressure (MICP) and nuclear magnetic masoe (NMR) measurements on the shale
samples show that MICP porosity is 6% to 10% poiotger than HPMI or NMR porosity.
Compressibility from uniaxial loading and velocty elastic waves were measured simultaneously
on saturated samples under drained condition ah r@mmnperature. Uniaxial loading causes both
elastic and plastic deformation at low stress,unibading at stress corresponding to in situ stress
gives stiffer material with high elastic moduli s to values calculated from mass density and
velocity of elastic waves. This result indicateattbhale is significantly stiffer in situ than naaity
assumed in geotechnical modelling. Permeability lsarpredicted from elastic moduli and from
combined MICP and NMR data.The predicted permedgbfiom BET specific surface using
Kozeny’'s formulation for these shales being richsith and kaolinite fall in the same order of
magnitude as measured permeability from constaatafastrain (CRS) experiments, but is two to
three orders of magnitude higher than the prediperdheability from the Yang and Aplin model,
which is based on clay fraction and average porkusa We also found that taking Biot’s
coefficient into account when interpreting CRS da#s a significant and systematic influence on
resulting permeability of deeply buried shale.
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3.2. Introduction

Shale and mudstone are important sedimentary rac@istogether with other fine-grained clastic
sediments, fill the majority of the world’s sedint@ry basins. Shales may act as source rocks and
seals to hydrocarbon and €{ reservoirs and in context of shale gas expilomaand exploitation
can also be referred as reservoir rocks. Impogatrophysical properties of shale include porosity,
permeability and compressibility, and quantifyirigese properties is relevant in  assessing its
sealing efficiency to fluid movement and the podisjp of pore pressure propagation or
overpressure development in sedimentary basinselpmperties have been studied extensively in
different places and, and their variation has b&®wn to depend on composition and the history
of compaction which may differ from basin to basjuantifying these properties is necessary to
evaluate the sealing potential of Jurassic shala the Norwegian-Danish basin.

3.2.1 Porosity

Shale porosity values reported can range from 2% ace than 80% (Howard 1991; Yang and
Aplin 2007), but measuring shale porosity is difficand the derived values depend on the method
used. The Helium porosimetry method which is onetled most reliable methods used for
determining porosity has been speculated to overatd porosity in shale because of He-
adsorption on clay minerals (Cui et al. 2009). Eifgmorosity were to be measured accurately, it
may include porosity from microcracks which therdsdo an overestimate of the porosity. The
Helium Porosimetry-Mercury Immersion (HPMI) techmégcan be used in determining porosity for
cuttings samples (Mbia et al. 2013). Estimatingdesparosity from the Mercury Intrusion Capillary
Pressure (MICP) method can underestimate totalsggrbecause mercury cannot fill the entire
pore space. Nuclear Magnetic Resonance (NMR) ggrdstermination is based on saturation state
of the sample, and if 100% saturated it will gihe total porosity measurement of the sample but
may also overestimate porosity in the presenceiafoatracks. In this study we will compare these

methods to determine the porosity.
3.2.2 Compressibility

Compressibility of shale is essential in severgimgering tasks such as investigation of pressure
propagation through caprocks, predicting caproc esmll bore stability as well as predicting
regional subsidence. Uniaxial static and dynamiom@ssibility in different directions with respect

to bedding of a rock material can be obtained froonsolidation experiments and continuous
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elastic wave propagation which is routinely recdrdiiring drilling operation and also may be
recorded during geotechnical testing. Elastic amstand anisotropic parameters (Thomsen 1986)
can also be computed from velocity and bulk dendétta (Thomsen 1986; Dewhurst et al., 2006;
and Yenugu, 2010).

Unlike the situation for reservoir rocks and shako mudstones available in the geotechnical
literature, there are not so much experimental dagalable for uniaxial compressibility of deeply
buried shale. For example Jizba and Nur (1990)hgiiostatic measurements on dry mudstone
samples and reported static and dynamic comprégsitata to be similar at higher stress level of
75 — 125 MPa and to range from 0.5 x'4@a" to 0.3 x 10° Pa'. Sandstone compressibility of 4.5
x 10 pa' and above has been used in several occasionasswalue for shale compressibility
for reservoir simulation studies (Zhou et al. 20B&kholzer et al. 2009; Buscheck et al. 2012).
Zhou et al. (2008) suggested that compressibifitypto 10° or 10’ Pa' order of magnitude can
be achieved as indeed shown by the data of Heretrah (1970). Compressibilities obtained under
hydrostatic loading condition are used in seveeslervoir engineering studies, but differ from
uniaxial compressibilities (Teeuv 1971; Lachanaed Anderson 1983; Anderson and Jones 1985;
Rhet and Teufel 1992), and will in many cases eprasent true reservoir conditions of stress,
whereas uniaxial compressibilities measured unaéaxial strain conditions are known to best
represent true reservoir conditions although oaly tlata are available (Khatchikian 1995; Ong et
al. 2001; Yi et al. 2005). We are presenting expental compressibility data for shale samples
from the fairly deeply buried Fjerritslev FormationStenlille-2 and 5 wells and will compare the

static and dynamic compressibility.
3.2.3 Permeability

Permeability K) is a measure of the rate of fluid flow througlp@ous material under a pressure
gradient and it is usually determined by measutfiregsteady state flow rate through a sample under
a constant pressure gradient as (Darcy 1856)

= -2(2)" 6

whereQ is the volume of fluid discharge per unit tindeis the cross-section areais the dynamic
viscosity of fluid, andP/ox is the pressure gradient in flow directigmnPermeability is one of the

most important but least predictable physical prioge of shale. Due to low permeability, shale

plays a dominant role in controlling fluid flow arnlde occurrences of abnormal pore pressures in
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sedimentary basins (Dickinson 1953; Dickey et &68 Magara 1971; Chapman 1972, 1994;
Schmidt 1973; Berg and Habeck 1982; Freed and P4&89; Bigelow 1994; Mondol et al. 2007;
Peltonen et al. 2008, 2009). Shale permeabilityiegamwidely in order of magnitude from
microdarcy to nanodarcy with values well above batbw those required for pressure seals over
characteristic geologic and reservoir productiomes (Young et al. 1964; Magara 1971; Lin 1978;
Bredehoeft et al. 1983; Katsube et al. 1991; Desthetr al. 1998, 1999; Kwon et al. 2001). Shale
permeability has been reported to depend on pgraddy mineralogy and clay content, grain size
distribution, grain shape, grain packing, spedlicface area of the clay minerals and viscosity of
the pore fluids ( Macey 1942; Michaels and Lin 19kdonards 1962; Mesri and Olson 1971;
Olsen 1972; Katsube et al. 1991; Dewhurst et @812999; Revil and Cathles, 1999; Kwon et al.,
2004; Yang and Aplin 1998, 2007), all of which n@nange with increasing temperature linked to
a high geothermal gradient (Hower et al. 1976; éeal. 1985; Dzevanshir et al. 1986; Kim et al.
1999). Clay aggregates with a high content of siteeexhibit extremely low permeability to the
flow of fluids due to the smaller pore throat sizassmectite and because the aggregates are
susceptible to clay swelling (Scott and Smith 1986¢rish 1972; Van Olphen 1977; Moore et al.
1982; Sparks 1995; Sposito et al. 1999; Faulkner Ratter 2000). Hydration and expansion of
smectitic clays may be affected by changing fllochposition, as interlayer cations are replaced by
solutes of the pore fluid. Correspondingly, permiggbof clay aggregates may also depend on
electrolytes in the pore fluid (Mesri and Olson 19DIsen 1972; Whitworth and Fritz 1994).
Permeability of deeply buried shale, with abundHité and little or no smectite, are expected to
show less chemical sensitivity than permeability sbiallow mudstones with higher smectite
contents. Yet, transport properties may continudegeend on fluid composition if cation exchange
occurs at intergranular clay-fluid interfaces, gades are affected by changing dimension of the
diffuse double layer (Kwon et al. 2004). Knowledgfeshale permeability is required in lots of
engineering tasks yet this parameter remain vdfigdt to determine, especially for deeply buried
mudstones with sub micro-darcy values (Katsubd.et21; Neuzil 1994; Schlomer and Krooss
1997; Dewhurst et al. 1998, 1999; Hildenbrand e2@04; Kwon et al. 2004; Mallon et al. 2005).

Measuring fluid flow directly from shale to calet# permeability is very difficult and time
consuming. An indirect approach has been proposedWissa et al., (1971) to measure
permeability from excess pore pressure build up nwheshale sample is compressed under
increasing uniaxial strain condition during consteate of strain experiments. This technique is

relatively efficient and less expensive and oftesuits in permeability values similar to those
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measured directly from flow rate (Mondol et al. 80@aigle and Dugan 2009). The influence of
Biot’s coefficient has not been tested in this mdttand it is often assumed to be 1.0 even for
deeply buried shale that might have undergone stegeee of cementation. Alam et al. (2012)
showed that Biot’s coefficient can be estimatednfnaniaxial confined tests because it is related to
the mechanical strain in the elastic stress regiBssides measuring shale permeability directly
from flow through tests or indirectly from geotedatal tests on core samples, there exists a variety
of capillary tube models that could estimate petmigga from more easily measured physical
properties such as porosity, grain density and iBpesurface area data (Kozeny 1927); from
mercury injection capillary pressure (MICP) dateed¢bards 1962; Scheidegger 1974; Garcia-
Bengochea et al. 1979; Pittman 1992; Yang and Ap8if8, 2007); from NMR and MICP data
(Daigle and Dugan 2011). FIB-SEM (Focused lon Bea®canning Electron Microscopy) 3D
imaging at high resolution can be used to modempability from porosity and pore network
connectivity (Zhang et al. 2011) but this will noé discussed further. Permeability may also be
predicted from elastic data and has been discussetie case of synthetic shale and for Skjold
Flank-1 shale from the Central North Sea (Fabri@0%1; Mbia and Fabricius 2012, Mbia et al.,
2013). In this study we compare different methémisestimating shale permeability and also
discuss the mechanisms that may be used to expkidiscrepancy between the different methods
used in determining porosity and compressibilityJofassic shale from the Norwegian-Danish
Basin.

3.3 Materials and methods

The ideal situation would be to use Fjerritslevration core samples from Vedsted-1 well for this
study, but because of the lack of core materialthi® location, cuttings samples were used. For
establishing analogy between the different loeaditcore material and well-log data were combined
with cuttings samples from three other wells peatetg the same formation (Stenlille-2, Stenlille-5
and Skjold Flank-1). The locations of the wells ateown in Figure 3.1. Preserved cores are
available from Stenlille-2 and Stenlille-5. Wellgl® and final well reports were used to develop a
sampling strategy for the cuttings samples whicliewtaken in a 30—100 m maximum spacing
interval that could show effects of changes in malegy. The wells are vertical with only minor
deviation and all depths are given as vertical hie@ptmeters from sea level.
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Figure 3.1 Map showing location of the three stddsées and the outline of the Fjerritslev
Formation in the Norwegian-Danish Basin to the theast and North Sea Central Graben to the
Southwest (Modified after Petersen et al., 2008).

Forty-two Jurassic shale cuttings samples, 31 fimarthree onshore wells (Vedsted-1 and Stenlille-
2 & 5) and 11 samples from the Skjold Flank-1 affghwell were used for this study. The sampled
material consists of unwashed cuttings. In the a4 well, two samples were taken from each of
Barglum, Flyvbjerg and Haldager Sand Formationsrigivey the Fjerritslev Formation, three
samples from Gassum Formation and seven samplestii® Fjerritslev Formation; all twenty nine
samples from Stenlille-2, Stenlille-5 and Skjoldaik-1 are from Fjerritslev Formation. The
Fjerritslev Formation is divided into four membensd constitutes the main stratigraphic intervals
that are widespread in the Jurassic of NorwegianmigbaBasin and the Danish Central Graben
sealing most of the Lower to Upper Triassic resesvoPrevious studies have shown that the lower
member of the Fjerritslev Formation is regionalliglely spread over much of the basin but not all
the members have been preserved due to Middleslangdift and erosion (Andsbjerg et al. 2001;
Nielsen 2003). For a detailed review of the Permai@enozoic depositional evolution of the basin
and a comprehensive account of the basin evolwdimh stratigraphy, the reader is referred to
Michelsen et al. (2003), Nielsen (2003) and Peterteal. (2008). Figure 3.2 shows a simplified

stratigraphical correlation of the wells used ia fresent study.
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Figure 3.2 Simplified lithostratigraphic correlatis of Vedsted-1, Skjold Flank-1 and Stenlille
wells where Gamma Ray well logs data and well respaere available.

The cuttings samples were carefully washed witlorieed water several times to remove all the
drilling mud and were left in methanol for two weetk dissolve any salt present. Silver nitrate was
added to the extracted solution from the samplies abch cleaning step to make sure that there is
no salt present in the methanol solution. It istivmoting the difficulty involved in cleaning sleal
samples with very low permeability that may preverdthanol from getting into the entire pore
space to dissolve all the salts. The cleaned smmpére then dried in an oven af@dor three
days. Upon completion of the cleaning process, sadhple was handpicked to remove irrelevant
cavings material. The final samples weigh from 9% grams and mineralogy was determibgd
XRD, texture was evaluated by scanning electrorras@opy of polished section by applying the

backscatter technique (BSEM), grain density anslygas done by He-porosimetry, grain size
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distribution was done using the SediGraph methodthvis based on well-established physical
phenomena of gravitational sedimentation, spesifiace area was measured by the BET method,
cation-exchange capacity (CEC) was measured byoBaekchange and Inductively Coupled
Plasma—Optical Emission Spectrophotometry (ICP-OE®Y detailed sample preparation and
procedure see Mbia et al. (2013). Results are suineaan Table 3.1.

Preserved shale cores are scarce and the oneslégpnboreholes are difficult to handle due to
the low permeability and sensitivity to contactiihgds (Chenevert et al. 1991; Katsube et al. 1991
and Best et al. 1995). The fact that these saniales been retrieved from kilometers of depth adds
to complexity because unloading the shale fromiin pressure and temperature, may cause
damage and alteration by several processes suckxpansion, creation of micro-cracks, and
reduced saturation (the samples may not be 1008tasad under atmospheric conditions, even if
the pore water is contained in the sample). Thikewdaboratory testing susceptible to artifacts
unless special procedures are applied (Forsanslé®4 & Horsrud et al. 1998). In this study two
preserved core samples were taken from the Fjexristormation in Stenlille-2 and Stenlille 5
wells at 1484 m and 1576 m respectively. The caklieen preserved in the native brine in sealed
core barrel. Plug samples of 38.2 mm (1.5 inchineier and 24 mm (0.95 inch) long were drilled
at three different orientations; normal to the ayept geologic bedding plane (V), diagonal to the
bedding plane (D) and parallel to the bedding plghein order to enable us to determine velocity
and permeability anisotropy. Drilling was done wutlepared synthetic brine (189 g/l) equivalent to
in situ concentration to prevent dehydration of aenples. The drilled plugs were immediately
immersed in the synthetic native brine solutiopitevent desiccation of the samples and were then
stored in the refrigerator at P&. Ten shale samples were taken from the dry amepneserved
cores in the same depth range as the wells witlptéserved cores. Although these samples have
been dried naturally after being placed in the ¢mnees, they still contain salts in their pore gsac
In order to remove salt formed during drying ang ahnilling mud we washed the samples in
deionized water and Soxhlet cleaned the samplesethanol for two weeks. Silver nitrate was used
to test for any salt that may be present beforéngrin an oven at about 80 for two weeks to
remove any pore fluid. Since the samples contaly little smectite we assumed that there is no

shrinkage effects, even if it would be very smalil ot affect our results.
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3.3.1 Quantification of shale porosity
Three independent methods have been used to quahéfe porosity from both cuttings and core
material and these include; helium porosimetry-mgrammersion (HPMI), mercury injection

capillary pressure (MICP) and nuclear magneticmasoe (NMR).

The HPMI method is used to measure porosity inirgggtsamples, we first measured the grain
volume, Vy of each sample by helium porosimetry. To get goEnsity,pgrain We divided sample
weight with Vg. Since we could not measure the bulk volume ofiriyg samples by caliper, a
mercury immersion technique was used. In orderaioy out this measurement a special set-up
was used as shown by a simplified diagram in Figu8e which includes a weighing balance where
the beaker is placed, a perforated steel basketdnabe opened in the middle to insert the samples
The basket is then attached to a swing arm throlugtid of the beaker in order to keep the basket
steady in the mercury. The beaker glass is fillgth wmercury to an expected level before the basket

is immersed in it.

——==adjustable arm é-z- adjustable arm

removable lid

»r

—removable lid

l—Dbeaker filled with Hg

— Opening lid

—sample holder
basket

balance [ ] Stand with swing
arm

Figure 3.3 Setup for measuring bulk volume of ngisamples by mercury immersion.

The following steps were followed to measure theldrk volume of the sample: (1) the weight of
the empty basket was measured in air and in mer€2yyhe weight of the basket plus the sample

was measured in air and in mercury. (3) Actual dameight is equal to weight of the basket plus
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the sample in air minus weight of empty basketiin(d) Actual sample weight in Hg is equal to
weight of the basket plus the sample in Hg minugteof empty basket in Hg.

In order to get the dry bulk volum@uy) we divided actual sample weight in mercury by the

density of mercury.
To get dry densitydury) we divide actual sample weight by dry bulk volume

Porosity @ is then calculated as

Y= (Vdry - Vg)/vdry (3.2)

For reference, measurement was done on five crudtheddd samples with known porosity and the

excess bulk volume contribution (about 2%) is tbemected.

The MICP method is also used to measure porosityuttings samples and this is a standard
method for characterizing pore throat radius disition in porous media spanning from the micron-
scale to the nano-scale (Coates et al. 1999; Ni@@@®1). The measurement was done using
Micromeritics AutoPore IV 9500 and mercury press(fe from 27.51 MPa to 414 MPa and
consequently mercury intruded pore throat radigsof down to 2.0 nm according to the Washburn
(1921) equation given as

204c0s0

Te = P—c (3.3)

where o is the surface tension, for the air/mercury sys#&5 mN.nm" (Adamson and Gast, 1997)
is the standard universally used value. The cordagted, is assumed to be 0. The porosity is

calculated as cumulative mercury volume in fractbtotal volume (table 1)

For the NMR method, saturated shale plugs of 3.8@meter were drilled from preserved core
samples using synthetic brine with 189 g/l con@rn equivalent to in situ concentration, in order
to prevent desiccation of the samples. These weneediately immersed in the same brine using
plastic containers and stored in the refrigeratat5a0C. With this handling and the fact that they
have been well preserved, we assumed that the sammplully saturated. Low-field nuclear
magnetic resonance (NMR) measurements were dotieeoshale samples at room temperature to
examine the T2 relaxation time distribution of theds in the pore space. The instrument used is
Oxford GeoSpec2 NMR Core Analyzer, operating at [18z. The T2 relaxation spectra are
generated using the WinDXP (Oxford Instruments, Wijtware. The polarizing magnetic field

(BO) is provided by a 49 mT permanent magnet og@nh the z-direction and the Carr—Purcell-
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Meiboom-Gill (CPMG) pulse sequence with an echacisgaof 0.05 ms and length of 25 s per
scan. We recorded 16 scans with 0.75 s dead titneebr scans. The initial amplitude of the raw
decay curve is directly proportional to the numbgpolarized hydrogen nuclei in the pore fluid.
Porosity is provided by the ratio of this amplitudethe tool response in water with the notion that
the sample is fully saturated. The porosity resatesssummarized in table 1. For more details see
Coates et al. (1999) and Josh et al. (2012).

3.3.2 Experimental setup for uniaxial consolidatiortest to obtain Permeability,

Biot's coefficient and compressibility

Triaxial Hoek and oedometer cells were deployetheanDanish Geotechnical Institute (GEO) for
the uniaxial compression tests on the preservesl smmples. The Hoek cell is used for the velocity
measurements and the oedometer cell for the detaetiom of Biot's coefficient and permeability.
The general layout of the experimental apparatishasvn in Figure 3.4 for Hoek cell and Figure
3.5 for the oedometer cell and all include the ek high-accuracy linear variable differential
transformers (LVDTs) mounted in a load frame posiing system to measure the axial
deformation. The axial deformation measured byldlael frame is corrected for the systems self-
deflection (virtual infinite stiffness correction)lhe samples end surfaces were made flat to
approximately within 0.01lmm by grinding in orderrmintain a perfect contact between test cell
and the sample to minimize errors in strain measargs, which if not perfect, may induced radial
strain, such that the true volumetric strain wdt be measured from the LVDT reading. In addition
the end surfaces of the sample must be exactlylglaaad fit perfectly with the piston and the
bottom porous plate. The core samples are pluggéd5 mm) to match the inside diameter of the
cell. The dimensions of the samples are 38.2 mhi(th) in diameter to increase the drainage area
and 24 mm (0.95 inch) in length to reduce the dgéndistance. The experiments were conducted
under room temperature of %5 on vertically oriented core plugs by applyingtical stress and
strain corresponding to the in situ condition ahd samples were loaded repeatedly initially to
minimize the possible effects from bedding and oucacks. The axial stress and pore pressure for
the test were designed to mimic the caprock stresdition in the relevant depth for the Fjerritslev
Formation. In order to carry out ultrasonic velganteasurements, a sample for Oedometer testing
is mounted in a cell with a system of pore pressumetrol, axial and radial displacement and
ultrasonic transducers (Figure 3.4). The samplaliswed to drain at top and bottom in a

servocontrolled load frame during the test. Thealastress is increased at 5 MPa/h up to a
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maximum of 25 MPa at axial to radial stress rafid @8 in a series of unloading and reloading
stress cycles. This rate was chosen in order tacee@éxperimental time. The accuracy of the
ultrasonic sensors was +0.001 volts and prior $tirtg, each sensor was individually calibrated and
the operation of the ultrasonic apparatus was iedrifising three aluminum specimens of 12 mm,
25mm and 50 mm length with the same elastic pr@sefor reference. The lag time of the
instrument is estimated by extrapolating a straigie¢ in the plot of arrival time against the

different length of the reference sample untilutcthe time axis.

LVDT mounting

Inlet to balance, flushing, pore pressure

Acoustic measurement
Groove for strain gauge wires

Upper piston assembly & Hoek cell with test specimen

Rubber membrane Strain gauges

Cell pressure
Moulded inner membrane

Axial deformation
transducer (LVDT)

Lower piston assembly

Axial deformation Test specimen

transducer (LVDT)

Inlet to balance, flushing, pore pressure

,

Acoustic measurement

Inlet to balanc
flushing,
pore pressure

Centralizer screws

Lower spherical seat LVDT mounting

Figure 3.4 lllustration of and cross-section of thigh stress uniaxial Hoek cell showing linear
variable displacement transducer (LVDT), pore puessensor, P- and S-wave source and
receiver crystals are shown, together with othemponents of the Hoek cell. The figure is supplied
by the Danish Geotechnical Institute.

Ultrasonic velocities measured during the uniag@hpressional tests includg,shearVs; andVs;

for vertical, horizontal and diagonal samples drelwave velocities were measured using the Birch
(1960) pulse transmission technique with frequerfc00 KHz for the piezoelectric P and S wave

signals and were recorded with a period of 5 mmuteoughout the loading, unloading and
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reloading stress paths of the experiment. To deternthe absolute error in P- and S-wave
measurements, the procedure similar to that of bBio(h998) was used.

Cables for sound velocity
measurement

Cable from temp.
transmitter

LVDT holder

Fluid Flow
|<——To piston

40

Fluid Flow

Porous plate
sI— : P

Mantle with heating

90
Sample
Pore pressure sensor —
O-ring

Guide ring

Bottom piston_

Cables for sound velocity
measurement

Bottom plate

‘ 0162

Figure 3.5 Cross-section of the high stress uniaxdedometer cell showing linear variable
displacement transducer (LVDT) holder, pore presssensor, P- and S-wave source and receiver
crystals together with other components of the @exter cell. The figure is made by the Danish
Geotechnical Institute.

Considering that velocities are computed from tledl times of the transmitted ultrasonic pulse
velocities can be calculated from the following egsion,

=2 (3.4)

tm—tr

whereV is P-wave or S-wave velociti] is sample height;, is the measured travel time needed
for P- or S-wave to travel through the sample &amsla reference travel time from the head-to-head
measurements. An example of waveforms for P andaye pulses recorded for the vertical and
horizontal core samples from St. 2 Fjerritslev Fation shale at low (5 MPa), and high (20 MPa)

stresses is shown in Fig. 6.
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Fig. 3.6 lllustration of waveforms for P- (blackp@ S- wave (red) pulses recorded for the vertical
and horizontal core samples from St. 2 Fjerritdf@rmation shale at low (5 MPa), and high (20
MPa) stresses. The first arrival time picks of Rd&-waves are marked on the zero crossing
waveforms by black arrow. The sample height rang@f2.1 cm to 2.4 cm and the lag time for P-
wave is 3.4 us and for & 7.4 ps.

The resulting errofV in the wave velocity measurement can be estimagqhrtial differentiation

av

av
AV = ﬁAH + Y

At +§—tVAtr (3.5)
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wheredt,, andAt, are the errors in the travel time picks (humaorsjrfor the measured and the
reference travel times amtH is the magnitude of the error (error due the umagnt) with respect

to the sample height measurement. The absoluteiertioe velocity estimation is evaluated as

AH Aty Aty
Av = tm—tr +H (tm—tr)? +H (tm—tr)? (3.6)
The maximum absolute error in the measurement is
AV = 2+ 2H 3.7)

tm—tr (tEm—ty)?

wheredt = At,, = At,, To estimate errors, a precision of the LVDT sariphgth measurement of
+0.04 mm or +0.2%. For 24 mm sample height, a glpialue of ¢,,, — t,) for P-wave propagation

is 3.4us and by setting a precision of the P-wave tramet picking of 0.02us, one can estimate
the absolute error of the P-wave velocity measuréraB+87 m &. This corresponds to a relative
error in the P-wave velocity estimation of approately +2.5% at a velocity of 3200 nt.sFor
same sample height, a typical value for S-wave gapon for ¢,, — t,) is 7.4us and, setting a
precision of the travel time picking of 0.3, one can estimate the absolute error of the Swav
velocity measurement of +56 m™.s Therefore, the relative error in S-wave estinmatis
approximately + 4% for S-wave propagation at a eigyoof 1200 m&. From observations during
the experimental work, it can be stated that th&imam absolute error for botf, andVs is less
than +0.3us, including the picking error. It is important mote that the error picking is higher at
low stresses compared to high stresses. At streéstesen 15 and 20 MPa corresponding to the in
situ conditions of our samples, the absolute asronuch lower due to the improved accuracy of the
travel time picking especially for S-wave velocity.

The velocity data measured from different orieotadi and bulk density data can be used to

compute the elastic constants as

C33 = pViy (3.8)
Cas = PVsy (3.9)
C11 = pPVén (3.10)
Cos = PV (3.11)
Ci3 = (—Caa + [4p%Vip — 2pVEp(Ciy + C33+ 2C4a) + (Ciq + Caa)(C33 + C44)]1/2) (3.12)
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whereVpy, is the P-wave velocity normal to the beddiVigy is the P-wave velocity parallel to the bedding,
Vpp is the P-wave velocity diagonal to the beddirig, is the S-wave velocity normal to the beddings the

bulk density.

The anisotropic parametegs/, and § can be defined from eqgs (8) — (12) according torii$en (1986) as

€ = (€11 — C33)/2C33 (3.13)
Y = (Co6 — Caa)/2C44 (3.14)
5 = Lust C44)?=(C33=Caa)? (3.15)

2C33(C33—C44)

Constant rate of strain (CRS) tests were performeithe Oedometer on samples with the same
dimension as those used in velocity measurementsffatent sample orientation to determine
permeability perpendicular and parallel to the aimn of geologic bedding. The stainless steel
Oedometer cell has a highly polished diameter tecef of side friction were considered to be too
small to affect the results. The samples wereatonatl within a sample ring that fits the top cap
and the base plate, both made of stainless skeetpp is equipped with a 2 mm thick porous disk
connected to one drainage tube whereas the bostemdrained to allow pore pressure build up. A
backup pressure of about 0.5 MPa was applied. & poessure sensor was used to monitor the
pore pressure at the bottom of the specimen. lerotm setup a pressure gradient to meet the
conditions for this kind of test, the sample waadied initially at strain rate corresponding to %.3
10%s followed by a series of loading-unloading-reiogdstress cycles. In these tests the strain rate
is governed by the excess pore pressure. The epceespressure was controlled to maintain a
fixed pore pressure ratio between 20% and 25% etdlal axial stress while varying strain rate.
The test was initiated with a fixed strain ratet as the pore pressure ratio approaches the desired
value, the strain rate is automatically adjusterktain the pore pressure ratio such that permgabil

can be calculated from the slope of excess porespre and effective stress plot.

In order to determine Biot’s coefficient the saprecedure is repeated on another sample of the
same material but in this case constant rate ainsts switch to constant rate of stress during the

experiment.

The following steps were taken to complete the 'Biobefficient test which lasted for about four
months; 1) Axial stress, is increased to 0.5 MPa to keep the specimenyfirmthe cell and the

axial straine,, is reset in order to initialize. 2) Venting aéthottom of the sample before the filters
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and tubes were then vacuum saturated with the teymhbrine to remove any air present and in this
case the sample is allowed to drain at the bot&nn order to set the backpressure, axial stiess i
increased at 1.0 MPa/hr to 1.0 MPa and pore pre#suis increased at 1 MPa/hr to 0.5 MPa. The
sample is loaded at strain rate correspondingGa«110’s? to 17.5 MPa and the pore pressure is
increased at 1.0 MPa/hr through a series of loadimgading-reloading cycles in order to minimize
the bedding effect. The bottom and top valves gendetween one and two hours to allow the
pore pressure at both ends to equilibrate at 1.5 BHPassessed by the pore pressure sensors. No
confining stress is applied apart from the wallghe steel cell. The orthogonal component of the
axial stress produces strain in radial directionhsthat any space between the test cell and the
sample’s peripheral surface is eliminated. 4) Whilaintaining at constant differential (confining
minus pore pressure) pressusg)(of 16 MPa, o, andP, are increased simultaneously from 17.5 to
32.5 MPa and from 1.5 to 16.5 MPa, respectivelsatd of 1 MPa/hr while allowing a creep phase
at constant, of 21 MPa and’, of 1.5 MPa, as shown by the thick lines in erddrgart of the
tests in Fig. 7a-c. 5) Axial stress is decreasethduhe unloading process to 17.5 MPa at rate of 1
MPa/hr while maintaining constant pore pressurké6ad MPa. 6) Axial and, stress is increased
and decreased during a reloading-unloading pha32.5oand 17.5 MPa far, and 16 and 1.0 MPa
for B, as shown by the thick lines in the enlarged patti@ tests in Fig. 7 (d-f). 7) Unloading @f

andP, to atmospheric pressure.

Steps 4 and 6 are used for the calculation of Biotfficient ¢:) by applying the equation used by

Alam et al. (2011) and is given as

(aea>
oPp

a=1— ( 9 (3.16)

aea
60‘d P

Because the deformation is very small, in ordecdtculate(de,/dF,),,, we assumed a linear

p

chord from the stress-strain curve under loadingpastant differential pressure as shown in Figure
3.7b and step 4.
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Fig. 3.7 Stress-strain curves produced from the mechamgstlas plotted in terms of axial stress,
pore pressure, and differential pressure. a—c, damyith increasing axial stress and pore pressure
at constant differential pressure. d—f, sample witlreasing axial stress and differential pressure
at constant pore pressure. The lines used to etitha slopes are shown in Fig. (a), (b), (d) and

).

We also make the same assumption in calculgfieg/do,) Py from the stress-strain curve under

loading at constant pore pressure as shown in &iguid and 3.7e, step 6. The resulting Bid)s (
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coefficient calculated is 0.84 +0.04 and will beddor permeability calculation. The procedure for
this kind of tests has been described in detaiMigsa et al. (1971) and Daigle and Dugan (2009).

3.3.2.1 Calculation of static and dynamic compredsiity

Static uniaxial compressibility is computed frommess-strain data by using moving average to

smoothen the data and graphically differentiathiggtrain stress slope as

- Ae
MSt%lt ~ Ao (3.17)

whereAe is increment in uniaxial strain add is increment in uniaxial stress.

Saturated dynamic compressibilit¥{.) was computed from velocity and dengjty) data as

Mg = (ppVE) ™" (3.18)
Shear compressibility is given as

Gsar = (ppVS) ™! (3.19)

Although the measurements were done under draioediteon, velocity data are undrained, so to
obtain dry compressibility of the frame, we usedown-Korringa (1975) fluid substitution
formulation which is applicable to anisotropic mak and then compared the results with

Gassman'’s formulation applicable to isotropic mateBrown-Korringa formulation is given as

d d
S(dry) _ S(sat) . (Si(jorgc/)_Slpjaa)(sl((l;z)_slglaa) (3.20)
jkl ikl = (@ :
Y Y (Séaggf_sgaﬁﬁ)+(ﬁfl_ﬁ0)¢
where
sWY s effective elastic compliance tensor of dry ra&k.,” is effective elasti l t
b p y &R, is effective elastic compliance tensor

of rock saturated with pore fluid;,,, is effective elastic compliance tensor of minerterial

making up rockpy, is compressibility of pore fluid}, is compressibility of mineral material and is

equal taSg, s 4 is porosity.

Gassmann’s (1951) formulation for bulk compresgibis given as
#Ko -

Ksat<K—ﬂ+1—¢>—Ko

%+Kl§—?—1—¢

Kary = (3.21)
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Equation (3.21) can be written for uniaxial compiletity as
_ 4 \_
Mdrly = (Kdry + 3 G) ! (3.2

where,Kqry is dry bulk modulus an@ is shear modulusso is mineral modulus. In our calculation,
we have used mineral modulus of 25 GPa (Han, 16B&ined for Gulf of Mexico clay and for

comparison we assumed, &f 10 GPa for the lower bound and 50 GPa for fhyeeu bound.

3.3.2.2 Calculating permeability from measured data
Liquid permeability can be estimated from BET, specurface and porosity based on laminar
flow of fluid in a homogeneous porous medium (Koz&827) as

¢3
S5(1-¢)?

k=c (3.23)

wherek, is liquid permeability (Klinkenberg, 19419;is Kozeny’s factor which can be estimated

from porosity through a simple model of linear 3ferpenetrating tubes (Mortensen et al., 1998):

c= (400{% arccoqu%2 —1J + g ITJ + 4}
(3.24

@, is porosity ands, is grain surface per volume of grai®owing the grain densityp g of the

minerals, thes, is calculated
Sg = Sper X pg (3.25)

The specific surface with respect to the bulkand specific surface with respect to pafg,are

calculated (Borre and Fabricius, 1998) as

S=S,(1-9) (3.26)

S =85/ (3.27)
The results are summarizedliable 3.1.

Permeability K) can also be predicted from combined MICP and NN}Rdata by using the

equation presented by Hossain et al. (2011) as

k=cgp? X fi(Ty)? (3.28)
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where,f; is a fraction of the total amplitude of ea€h The Kozeny’s factor was calculated using
equation (8) ang. is the effective surface relaxivity which can laécalated from MICP and NMR

data as,
,0e=1‘p/2T2 (329)

The same cumulative porosity data was used totiesponding/> and equivalent pore radigs,)

data in order to calculate surface relaxivity.

Permeability can also be predicted from compressj@mear and bulk moduli because they are
related to pore radius (Fabricius, 2011, Mbia gt24113) and these moduli can be calculated from
velocity and bulk density data. Velocity and bu#ndity,p,, can be obtained directly from logging
data or from laboratory measurements, bulk dengitgan be calculated from grain denssy

porosity, gand fluid densitys,

Po = pg (1-9) + pap (3.30)

Elastic compressional modulu¥, was calculated as M = pp 1,2 (3331
Elastic shear modulug, was calculated as: G =ppVs? (3)32
Elastic bulk modulusk; was as calculated as: K=M-4G/3 (3.83

The elastic moduli can be used to compute equivglere radiusr, (Mbia et al. 2013; Fabricius,

2010) from empirical relationships given as:

rpw=8.3109 +5.7 107 M2 (3.34)
rpe=7.8109 + 8.5 109G (3.35)
)2

o= 6.6 109 +5 107 K2 38)

whererpy is equivalent pore radius from compressional nhegjuye, from shear modulus angx

from bulk modulus. Radius is given in nm and modud given in GPa.

Permeabilitiesk can be modelled by using eqn. (3.34) to (3.36) l&odeny’s relation so that we
will have eqgn. (3.37) to (3.39) as follows:

kv = c(@?py/4) (3.37)

k¢ = c(@r?pc/4) (3.38)
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k= C((O‘Qpl(/4) (339)
where,c is Kozeny's constant anglis porosity. The results are summarized in Talle 3.

Permeability can be calculated from CRS test da&xoess pore pressure build upd during a
CRS test, strain rate, dynamic viscosity, samplghteand the measured Biot’s coefficient value.
The derivation from eqn. 3.40-3.49 relates Dart¢gvg to coefficient of consolidation and change
in strain of the sample during compaction (Wissale1971).From Darcy’s law in egn. 3.1, we see
that the volume fluid discharg®), is proportional to the pressure gradient. Dugogipaction of
the shale a net fluid flow is established due todbmpaction of the pores. If we assume the floid t
be incompressible the compression of the pore-sipaaajiven cross-section must be countered by
a flow out of the cross-section. Deeply buried sias some degree of cementation affecting the

magnitude of pore compression which is expressdgidiys coefficient,a (Biot 1941).

an_aaeA_a_Q

ozot ot . oz (3.40)
Deformation is related to Biots effective stréssg), Alam et al. (2011) as
O-eff =eM = Oy — aPP (341)

where M is Oedometer modulusy is total uniaxial stress andy is pore pressure. By isolatingp

and differentiating with respect mwe arrive at:

% _ 9 (=) = 22 (3.42)

0z 0z a a 0z

We substitute eqn. 3.42 into eqn.3.1 to have;

kMAde
Q - 1adz ’ (343)
Differentiating egn. 3.43 with respect z we canni@the right side of eqgn. 3.40 as,
ade kMAd?%e
ot T uadz? (3.44)
Then egn. 3.44 becomes
de d%e kMdZe
at — b az2 - na2oz2 ©)4
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The eqgn. 3.45 is the basic equation of consolidatiefined by Wissa et al. (1971) afg is the
coefficient of consolidation and is given k§, = kM/ua? for shale with some degree of
cementation. Solving eqn. 3.45 with the boundanyddoon that the bottom of the sample remains
fixed, after transients have dissipated, the smutif Wissa (1971) gives the difference between the

strain(Ae) at the top and at the bottom of the sample as

2 2 2
Ae = 0.5 — g5 ke

Cy ) kM

(3.46)
wherer is strain rateH is sample height such that equation 38 expresséetms of permeability
becomes

rH?pa?
MAe

k=05 (3.47)

Since the total stresg does not depend an the difference in strain from top to bottom isised
by the difference in pore pressure.

(0t=aPyp,top)=(0t=aPy pot) a
Ae = erop — €pot = e o B = Ppeﬁ (3.48)

whereP,, is excess pore pressure and substituting equafianto 39, gives

rH?na

k=0.5

(3.49)
pe

Permeability can be estimate from Yang and Apl®0(@ with their empirical correlation as
k= 1019211118 j1.074 (3.50)

wherek, is vertical permeability,

J, = 9/8*¢(sin(@))?)*I(1+ I+ J1) andJy is the ratio of the largest radius of a pore tdliteat
radius, assumed to be the same for all pores iiwvem sample and is the average pore alignment

angle relative to bedding direction (degree), giasn

a = 45° — 10.24(ngo- n) and mgo is void ratioand is given asuwgo= 0.3024 + 1.687clay +
1.951clay andclay is the fractional clay content (mass of gra@ss than 2 x I®m diameter).
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Table 3.1Cuttings and core data from well Vedsted-1, Sterlll & 5 and Skjold Flank-104 is
grain density, BET is specific surface byadlsorption, CEC is cation exchange capaciggpm IS

Helium porosity -mercury immersion porosit@gcp iS mercury injection capillary pressure
porosity, gumr IS Nuclear magnetic resonance porosi, and Vs are compressional and shear
wave velocities, M is the calculated uniaxial rock compressibilitprit consolidation and velocity

data, k.geT is modeled permeability by BER.eiocity IS the modeled permeability from elastic data,
k.nwvr is the modeled permeability from NM&srsis the measured permeability from constant rate
of strain test. Experimental errors are: fpy < 0.03 glent; for <2 %; for BET < 0.3 rYg; for

CEC < 5%; forV, < 0.1 km/s and/s< 0.3 km/s.

Well/Depth  Unit  Formation Pq BET CEC @rpmi Duice Draur Vp Vs M%x10*  Keer  Kueooty Kawr  Kcrs
(m, msl)  Age (glem®)  (m?/g) (mEq/100g) (%) (%) (%) (km/s)  (km/s) (MPa™) (uD) (UD) (uD) (uD)
Vedsted-1
1090 2.68 24 26 35 5.3
1115 Borgim FM - 68 28 20 35 38
1130 ! 2.67 31 32 31 2.1
1140 Fiyblerg FM 5 69 26 29 30 25
1222 2.64 14 21 27 5.9
1255 Haldager FM 5 64 2 31 25 17
1350 2.64 38 36 23 0.4
1445 2.71 31 32 22 05
1515 2.72 27 29 24 1.0
1585 Fierritslev FM 2,72 27 36 24 0.9
1675 2.68 32 25 22 05
1740 2.7 28 33 18 0.3
1745 2.71 18 28 18 0.8
2005 2.66 30 33 17 0.2
2035 Gassum FM 267 27 34 16 0.2
2040 2.66 30 33 15 0.1
Stenlille 2
1475 2.66 46 37 20 10 0.2
1481 2.71 42 38 19 11 0.2
Core 1484* 2.65 44 37 20 11 21 29-42 111-22 0.3-06 0.2 0.8 0.8 0.2
1486 o 2.62 45 36 19 9 0.1
Stenlile5 '@
1419 g 267 43 29 18 0.1
1420 - 261 32 28 26 12 1.0
1421 2.64 39 31 25 9 0.6
1422 267 44 34 19 0.2
1423 Fierritslev FM ~ 2.64 42 37 26 10 0.6
1428 2.68 43 39 21 11 0.2
1429 2.64 47 39 20 14 0.2
1522 2.64 36 33 18 12 0.2
1527 2.66 43 32 21 0.2
1530 2.64 42 33 19 0.2
Core 1576* 2.59 32 31 17 9 18 30-41 1.7-21 0.3-06 0.2 05 0.6
Skjold Flank-1
3051 2.75 18 8.63 24 2.4 1.2 22 15
3200 2.73 24 14.05 26 26 1.4 16 14
3353 2.74 24 16.98 29 25 1.2 25 17
3520 2.75 24 13.65 29 2.6 1.2 25 17
3658 Fierritslev FM 2,76 24 11.95 28 2.6 1.2 2.1 15
3810 2.75 24 12.71 27 2.6 1.3 1.9 15
3959 2.75 19 14.59 19 3.2 15 0.8 0.6
4115 2.76 18 14.32 17 3.2 1.6 0.6 05
4270 2.75 18 15.00 18 31 1.7 0.7 0.6
4420 2.76 16 12.66 17 3.2 1.8 0.7 05
4572 2.76 16 16.44 17 33 1.9 0.7 05
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3.4 Results

3.4.1 Petrography

Bulk mineralogical composition as derived from XRDFjerritslev Formation is presented in Fig.
3.8. The non-clay minerals identified include qmaK-feldspar, plagioclase, calcite, dolomite and
pyrite. Samples from Flyvbjerg and Haldager formdi in Vedsted-1 are siltier than the Fjerritslev
samples. Fjerritslev Formation samples from Ved&tédive comparable silt content to Stenille-2
and -5 well and are significantly siltier than thféshore well Skjold Flank-1. Pyrite is identifiéal

all of the samples but is relatively abundant ijokFlank-1. The clay minerals identified include
smectite, illite, kaolinite and chlorite. lllite drkaolinite dominate the clay fraction in all saegl
Smecite is not identified in the offshore samplesbpbly due to illitization of smectite as a result
of increase in temperature with burial depth. Therhus only a minor difference in mineralogy in
the Fjerritslev Formation between the onshore wbli$ significant difference in silt content

compared to the offshore samples.

Backscatter electron micrographs images of selestadples of Fjerritslev Formation from the
three locations (Fig. 3.9) support XRD analysisuliesThe images show significant amount of silt
in the onshore samples compared with the offshamepies which are less silty with significant
amount of clay minerals and visible pyrite. The gooietworks are too small to be visible with
BSEM but unloading fractures due to sample handdireclearly visible. Grain size distribution
analysis (Fig. 3.10) was performed for two Stemlghmples and it shows that about 80% of the up

to 63 um grains have diameter < 2 um fraction.

Grain density, BET specific surface, CEC, porositjytrasonic velocity compressibility and
permeability results are summarized in table 1irGdensity varies from 2.61 g/énfior onshore
shale samples to 2.76 g/tdor the offshore samples with higher content ofitey On the other
hand BET specific surface and CEC tend to be hidberonshore samples of Vedsted-1 and
Stenlille compared with the Skjold Flank-1 offshaamples probably due to the presence of

smectite in the shallower onshore samples.
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Mineralogical composition of shale
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

L Bgrglum Fm
Vedsted-1
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Vedsted-1

Haldager Fm
Vedsted-1

—

Fjerritslev Fm
Vedsted-1

Gassum Fm
[ Vedsted-1

L FjerritslevFm
Stenlille-2

Depth [m]

L Fjerritslev Fm
Stenlille-5

| FjerritslevFm
Skjold Flank-1

BQuartz BK-Feldspar OPlagioclase ®Calcite BDolomite OPyrite BSmectite Ollite ®Kaolinite O Chlorite

Figure 3.7 Mineralogical composition of cuttings samples basedX-ray diffractometry. Shale
samples of Fjerritslev Formation from onshore wélledsted-1 & Stenlille-2 & -5) are rich in silt
(quartz and feldspar, about 50%) but as we mowafgihore part of the formation (Skjold Flank-1)
the amount of silt is lower relative to amounpygfite and clay minerals.
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det HV WD  spot pressure 50 pm det =\% WD  spot pressure 50 pm
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Figure 3.8 Backscatter electron micrographs of sield samples from Jurassic shale obtained from
the three locations showing significant amount itif () to be present in the samples from the
eastern wells while samples obtained from the 8Kjdhnk-1 offshore well are less silty to clay-

rich (C) with significant amount of pyrite (P). Tipere network is too small to be visible at this
resolution, whereas unloading fractures (UF) duesémnple retrieval are visible. Holes, where silt

grains have fallen out of the sample are visibléhe Vedsted 1675 m samples.
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Figure 3.9 Cumulative grain size distribution fgeFitslev Formation samples from Stenlille-2
and Stenlille-5 core samples. About 98% of thergrdiave diameter less than 20 pum.

3.4.2 Porosity

Porosity was obtained from cuttings and core sasnpkng the three different methods and the
results are summarized in table 3.1 and presentétyi 3.11a. The porosity vary from 32% in the
shallower Bgrglum Formation at 1090 m to about 1th%he deeper Fjerritslev Formation at 4700
m. MICP analysis on Fjerritslev Formation samplesasured lower porosity ranging from 9 to
14%. The MICP measurements also give data for fhwoat radius distribution as mercury intrude
the sample with increasing pressure and the meantpmat radius for the Fjerritslev Formation is
estimated to be about 0.01 pm. Porosity measuretNMiR analysis on Fjerritslev Formation
ranges from 18 to 21%. Porosity results obtainethfthe three methods is compared in Fig. 3.11b.

The results indicate that a higher porosity is mess by NMR method (21%) and HPMI method
(20%) than MICP method (11%) for the same sample.
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Figure 3.11 Porosity obtained from three independaathods for Fjerritslev Formation and also
for comparison, six samples from shallower formagicare included from Vedsted-1 well. a)
Porosity versus depth for cuttings and selecte@d samples. b) Comparing porosity measurement
on the same Fjerritslev Formation sample.

3.4.3 The static and dynamic compressibility

The results of velocity measured during consolaiatexperiments under uniaxial strain are
presented in Fig. 12a for Stenlille-2 and Fig. B.X@r Stenlille-5 samples. The samples were
loaded from the surface condition to its in sittes$ condition of up to 25 MP¥, of about 2.9
km/s andV;s of 0.8 km/s were measured at initial stress oudlBdb MPa for the vertical sample of
Stenlille-2 and increases sharply to about 3.3 kans 1.2 km/s at 5.0 MPa, but from this stress
level to the maximum of 25 MPa, there is only a nmarease inV, andVs to 3.4 km/s and 1.3
km/s. This trend is also seen for the other sampietenlille-2 and Stenlille-5. We also generally
notice thatv, andVs are higher in the direction parallel to geologigdring at all stress level (4.2
km/s and 2.2 km/s at 25 MPa) than in the diagodal km/s and 1.7 km/s at 25 MPa) and vertical
(3.4 km/s and 1.3 km/s at 25 MPa) directions. Whateen generally in all the measurements is

how little velocity changes with stress above 5 Mdtahese samples.
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Fig. 3.13(a) shows that the elastic constants,cgs, 14, Gss and G all increase as uniaxial stress
increases for both Stenlille 2 and -5 Fjerritsl@rriRation shale. g increases from 30 GPa to 40
GPa while g; increases from 20 GPa to 28 GPa as uniaxial stress increases@rbrto 25 MPa.
C44, and gg increases from3 GPato 6 GPa and 7 GPa to 11GPa respectordy,the same stress
interval. gzincrease from 11 GPa to 20 GPa as uniaxial stresedses to 25 MPa. At initial stress
c11 for St.2 shows higher response thanfor St.5 while the opposite trend is seen at stadmve 7
MPa for g3 for St.2 and St.5. At stress above 7 MRa (@6 GPa) for St.2 does not change
significantly with increasing stress while c11 f8t.5 increases steadily from 26 GPa to 31 GPa
from 7 MPa to 25 MPa.

45 45
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Fig. 3.12. Plots of ultrasonic compressional and shear waveoiy as a function of uniaxial stress for the
uniaxial consolidation tests performed under dealrtonditions for vertical, diagonal and horizontal
samples of Fjerritslev Formation from (a) Stenlileand (b) Stenlille-5.

The elastic constants computed above are usedcidata the anisotropy parameters from egs. 3.13
to 3.15 (Thomsen 1986).
anisotropic parameters and anellipticity paramgigis shown in Fig. 13(b) for both St.2 and St.5

The influence of uniaxstless on P-wavee) and S-wave {)

shale. The initial anisotropy at low stress is seehe large for the two shale samples for P-wave
and S-wave, but St.2 P-wave (0.31) and S-wave Y@Bi8otropy is larger than St.5 P-wave (0.19)
and S-wave (0.39) anisotropy. The P-wave and S-vaansotropic parameters generally decrease
with increasing stress.decreases from 0.31 to 0.28 for St.2 and from @X®15 for St.5 as stress
increases from 0.5 MPa to 25 MRadecreases from 0.68 to 0.49 for St.2 and from 3028 for
St.5 as stress increases from 0.5 MPa to 25 MPdah®aother hand increases from -0.08 to 0.10
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for St.2 and from -0.04 to 0.10 for St.5 as stiesgseases from 0.5 MPa to 25 MPa. Generdlly,
does not show any significant difference betweed &td St.5 with stress. The implication of these

results is that Fjerritslev Formation shale is wead moderately anisotropic.

The experimental data of stress and strain is ptedein Fig. 3.14 (a) and (c) for the vertical,
diagonal and horizontal samples of the Fjerritdf@rmation from Stenlille-2 and -5 wells. The
compressibility computed from static and dynamitadae plotted against the expected range of in
situ stresses (15 MPa — 19 MPa) and is illustratellig. 3.14 (b) and (d). We find that static
compressibility interpreted from the loading antbading stress paths varies from 10 to 5 X 10
MPa'and is higher than that interpreted from the urilugdtress path (0.2 to 6 x 1®1Pa’). On

the other hand, dynamic compressibility varies fror@ to 0.5 x 13 MPa’. Correlation of
compressibility as shown in Fig. 3.14b and 3.14ticate that static compressibility corresponds to
dynamic compressibility at the beginning of theaaaling stress path. The compressibility from
loading stress path is elastoplastic due to thecetif strain induced by the closure of the unlogdi
fractures during sample loading. This kind of coegsibility is recommended for geotechnical
purpose especially when constructing foundationbehVthe sample is loaded to its in situ stress
condition, we expect all the unloading fracturedéoclosed. At the beginning of unloading stress
path, the sample response elastically within atdime before reaching the transition zone where
the effect of unloading fractures are activated masdilts in elastoplastic compressibility in thstre

of the unloading stress path.
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parameters both show decrease with increasing uadiakess for St.2 and -5 samples. The wave front
anellipticity parameter{) increases with increasing stre§t.2 is given black symbols and St.5 by red
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Fig. 3.14 Plots of uniaxial strain as well as static and dgmia compressibilities against uniaxial stress for
differently orientated samples of Fjerritslev Fortioa from Stenlille-2 and -5. Plots (a) and (d) sho
uniaxial strain against stress for the Vertical (d)agonal (D) and horizontal (H) samples. Plot} &nd (e)
show comparison of uniaxial static and dynamic casgibilities against stress.

samples vary from 0.1 to 1. Figure 3.15 a) and b) present permeability tequledicted from
elastic moduli. They vary slightly with stress beem 0.6uD and 1.0uD for Stenlille-2 and -5
samples. We find small difference in vertical, diagl and horizontal permeability but in this case
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Figure 3.15 Modelled permeability from compressional, shead Balk moduli versus uniaxial
stress for vertical, diagonal and horizontal sanspl@) for Stenlille-2 and (b) for Stenlille-5.

Permeability predicted from MICP and NMR data véstween 0.5 and 0.8D for Stenlille-5
sample and Stenlille-2 samples. Figure 3.15 (@)aiid (e) show stress-strain-excess pore pressure
data from CRS tests and Figure 3.15 (b), (d) ahahbw the permeability results for vertical,
diagonal and horizontal permeabilities. Permeighilf the Fjerritslev Formation was interpreted at
stress between 14 and 20 MPa corresponding to ¢pé drom which the core samples were
retrieved. We find that permeability is lower ftvetcase where we have used the measured Biot’s
coefficient of 0.84 and is 042D for the vertical and diagonal samples andu®dor the horizontal
sample. We also find that assuming a Biot’s cogffit of 1.0 will give higher permeability
corresponding to only plastic and no elastic defdrom. Permeability measured by each method is
correlated with porosity (Fig. 3.16a) and the resllow that for a single porosity value the
permeability can differ by one order of magnitudée permeability of Fjerritslev Formation as
modeled independently from the three different apphes has been compared with the measured
permeability from CRS experiment for the same sanmaglshown in Figure 3.16 (b). The predicted
permeabilities and the measured permeability arsaofe order of magnitude, but the modelled
permeability from BET specific surface gave the dstwalue compared with that from elastic and
NMR data.
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Figure 3.16 Plots of indirect permeability measuesinfrom constant rate of strain (CRS) tests as
a function of uniaxial stress minus pore pressifgg. show consolidation test plots of uniaxial
strain and excess pore pressure build #a) used in permeability calculation against stregs f
the vertical, diagonal and horizontal samples. ghpw the calculated permeability assuming Biot’'s
coefficient &) of 1 as well as the measured 0.84.
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Figure 3.17 Plots of modeled and measured permigabiRermeability measured indirectly from
CRS experiments are shown by the empty and blackresgcorresponding to the vertical
respectively the horizontal sample. (a) Plot of gled and measured permeability versus porosity
and (b) modeled and measured permeability for #treessample. Horizontal permeability point (9
D) is not shown in Figure b.

3.5 Discussion

3.5.1 Porosity variation with methodology

Porosity measured from HPMI and NMR should in pphe both represent total porosity and are
expected to be higher than MICP porosity. The diffiee in porosity between MICP and NMR
method is shown in Fig. 3.18. The MICP porosity sugament is a standard method used to
characterize pore throat radius or diameter digtioin in a porous medium. Fig. 3.18 shows that
mercury is able to penetrate down to 1.7 nm pom@athradius at maximum pressure of 414 MPa,
whereas pore throat radius less than 1.7 nm coatid@ intruded by non-wetting mercury phase
and requires higher intrusion pressure. Since balessamples were assumed to be fully saturated,
we expected similar porosity from HPMI and NMR INMR method gave higher porosity. Fig.
18b shows two families oF, distribution with mean of 0.6 ms and 30 ms conitiitgy to the total
NMR porosity. Since the samples are recovered fdapth, stress relief coupled with sample
handling prior to NMR tests often induces unwarftadtures or micro-cracks. The distribution

with mean of 30 ms is due to the presence of nicaoks and contributes with porosity of 1% for
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the Stenlille-5 sample and Stenlille-2 sample. Th2% micro-cracks porosity corresponded with
the deformation required to consolidate the sammetheir in situ stress condition. The micro-
crack porosity should be regarded as artifactsaardresponsible for the too high NMR porosity
and therefore should be disregarded from the tébdR porosity as this is not associated with in

situ conditions

1.2 1.2
——St.2 1484 —St.2_1484
14 —St.5_1576 1 —St.5_1576
S .
<08 > 0.8
g g
8 06 206
o] g
"E c
) [}
g 0.4 % 0.4 A
g 5
0.2 0.2 A
b)
@ (
0 . 0 — . —
0.001 0.01 01 000l 001 01 1 10 100 1000
Pore throat radius [um] T, distribution [ms]
25 29
Minimum pore throat St.2 Minimum pore S5t.5
jus reached by MICP throat radius
20 ] —St2 1484 20 | reached by MICP ——St5 1576
IS ——St.2_1484 NMR T2 X 0.002 X —— St.5_1576_NMR T2 x 0.002
> =
2 15 B -\
o [=%
e b 2 i\
= 1 Porosity at maximum MICP k= i
% 10 g 10 Porosity at maximum MICP
£ £
5 3
O O
5 5 4
(© (d)
0 : + + . 0 t f
0.0001 0.001 0.01 0.1 1 10 100 0.0001 0.001 0.01 0.1 1 10 100
Pore throat radius [um] Pore throat radius [pum]

Fig. 3.18 Incremental and cumulative porosity measured by NM&MICP methods on samples
from Stenlille (St.2, 1484 m and St.5, 1576 m)In(@)emental porosity versus pore throat radius
for Stenlille samples. (b) Incremental porositysees T distribution. (c) and (d) show
transformation of NMR Jldistribution to MICP pore throat radius and shothe fraction of pores
that could not be intruded by mercury.

3.5.2 Influence of elasticity and saturation on st&c and dynamic compressibility

The comparison of static and dynamic compressibdan be made base on the elasticity of the
material. We have shown that static uniaxial corsgif®lity can be compared with dynamic

compressibility from compressional modulus at thgibning of the unloading stress path at in situ
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stress conditions which display the elastic resparfshe shale materiat 0.2 — 0.5 x 13 MPa?).

Our dynamic compressibility data are similar tovwasly published data on deep shales (Fjeer
2009; Holt 2012). The interpretation of stressist@ata from the loading stress path recorded
higher static compressibility up to about0 x 10* MPa'. Published studies on shale indicate
generally that compressibility estimated from srefrain data is higher than the one calculated
from velocity of elastic waves (Walsh 1965; Kingr09 Tutuncu et al. 1994; Yale et al. 1995; Fjeer
2009; and Holt 2012). Justification of the diffecerbetween static and dynamic compressibility has
primarily been due to drainage conditions (Simm&rBrace 1965; Cheng & Johnson 1981; Fjeer
et al. 2012), but also could be due to the proaedsed to estimate elasticity from recorded testing
data and the condition of the shale (Hendron etL8l70). In addition lot of the early work done on
shale was done on dried out samples which resultssignificant difference in strength,
compressibility and other rock properties. WalsH Bnace (1966) explained that a difference may
arise due to the presence of highly compliant gaghkich affect static deformation differently than
the dynamic. Accordingly Cheng and Johnson (198upd that the ratio of static and dynamic
moduli from shale core samples without measurabtanrack porosity is nearly 1.0 at stress of
about 200 MPa. A difference between static and ehynamoduli has also been attributed to
frequency and strain amplitude (Jizba and Nur 199&r et al. 2012). Dynamic measurements are
done on a range of frequencies which are oftencagsd with small strain amplitude while in the
static measurements the rock is stressed at slatenand is often associated with lower frequency
and with larger strain (Johnson 1987).

The main factor that may be responsible for thefeddhce between static and dynamic
compressibility is the interpretation of the stresain data. This is basically because deternunati
of static compressibility from loading stress patbludes the effect of fractures and the plastic
processes taking place due to grain rearrangerasulting in elastoplastic compressibility which is
higher. When the sample has been loaded to itgursgess and the unloading fractures are now
closed, as we begin the unloading process, ittaké some time for the unloading fractures to be
activated thereby resulting in elastic responsehef material corresponding with the dynamic
compressibility. In a related study Jizba and Nu@90) performed hydrostatic experiments on 43
tight gas sandstone samples (dry) with clay contamging from 0 to 66% and noticed a jump in
bulk modulus of shale from 20 to 26 GPa at the mr@gg of unloading. Fjeer et al. (2012) did
drained uniaxial consolidation experiments on twbcoop samples (Mancos and Pierre) and also

noticed an increase in static moduli that approda¢he dynamic modulus near the turning point of
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stress path from loading to unloading. Elastic wpk@pagation in dry, clean (clay free) rock is a
predominantly elastic process (Walsh, 1965) and difference between static and dynamic
compressibilities in such rocks would be causednbg-elastic processes which occur during
loading and unloading and for a detailed quantiéatliscussion on these processes see David et al.
(2012) and Fjeer et al. (2012). At the very begignih an unloading stress path, the rock can be
assumed to behave purely elastically. During unt@adnder zero lateral strain, the measured static
stiffness component is the same as the dynaminestg component obtained from the axial P-wave
velocity, thus the anisotropy and stress histofgotfcan be eliminated.

The ultrasonic measurements were carried out amagatl shale samples under draining condition
during the uniaxial loading experiment. The velpcdata measured under the draining condition are
considered to be undrained since there is not énainge for the fluid to drain. In order to
investigate the influence of pore fluid on the dyma compressibility result reported earlier, we
have used Brown-Korringa fluid substitution equatiapplicable for anisotropic media and
Gassmann’s fluid substitution equation commonly duder isotropic media for comparison
purposes, to calculate dry dynamic compressibbigyassuming mineral modulus of 25 GPa for
Gulf clays (Han 1986). The results are shown in. Bd9 (a) for Stenlille-2 and 3.19 (b) for
Stenlille-5 samples. We find a small differencedynamic compressibility between the saturated
and the dry case for Brown-Korringa model whichréases by 1.0 unit and that of Gassmann
model which increases by 3 units.
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Fig. 3.19. Plots comparing dynamic compressibility for vertjaiagonal and horizontal samples in the
saturated as well as the Brown-Korringa and Gasamany case versus uniaxial stress for (a), Stenfl|
and (b) Stenlille-5 and by assuming mineral modolud5 GPa.

65



3.5.3 Influence of clay minerals on permeability

Permeability of Fjerritslev Formation shale wasdicted from the specific surface of the solids
measured by BET method and the equivalent poresadbdelled from elastic data by application
of Kozeny's formulation. The MICP measurement at #Pa gives information on the cumulative
porosity for only the pores with pore throat radalove 2.0 nm whereas the NMR measurement
gives cumulative porosity information for all therp sizes assuming that water fills all the pores i
the shale. It is therefore possible to correlaeNHCP and NMR data based on the corresponding
cumulative porosity to determine the surface refixiand by applying eqn. 28 (Hossain et al.
2011), one can predict cumulative permeability fribra contribution of pore fraction contributing
to fluid flow. The predicted permeability from spfgcsurface of the grains and pores by Kozeny’s
model and that from the MICP and NMR data compuaidis the measured permeability. Kozeny’s
predicted permeability is smaller than the measpextheability despite the fact that they fall ie th
same order of magnitude and this trend is showarlglen Fig. 3.20 a, which corresponds with data
from Dewhurst et al. (1999). Permeability is alsedicted from MICP data based on the Yang and
Aplin correlation and it gives a permeability reswhich is two to three orders of magnitude lower
than both the Kozeny’'s model and the measured @bifitg. Considering that the MICP data
gives average pore throat radius of 10 nm one doaid Yang and Aplins model expect nanodarcy
permeability generally instead of the predicted #rel measured microdarcy permeability for this
shale.
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Fig. 20. a) Relationship between predicted permeability fikbmzeny’s as well as Yang and Aplin’s model as
compared with measured permeability for both syitlaed natural shale material. b) Permeability
porosity plot with lines of equal BET specific sudé (n¥/g) modelled from Kozeny’s equation. The literature
data is from Daigle et al. 2011; Dewhurst et al999Horsrud et al. 1998; Mondol et al. 2008; and Yang

and Aplin, 2007.
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Fig. 3.20 (a) compares modelled permeability tcasneed permeability for both synthetic and
natural shale material obtained from the literatdaéa as shown in Table 3.2. Fig. 3.20 (b) show
permeability porosity plot with lines of equal BESpecific surface modelled from Kozeny's
eqguation. The results show that kaolinite rich shahd to have higher permeability as estimated by
both flow through and constant strain rate expemisiethan shales rich in smectite. Kozeny’'s
modelled permeability falls in the same order ofgmtude as measured permeability for shale rich
in kaolinite but overestimate permeability by two three orders of magnitude for shale rich in
smectite. Yang and Aplin modelled permeability falithin +/- 1 order of magnitude of the
measured permeability for shale rich in smectiter §hale permeability corresponds with literature
data of shale rich in kaolinte but show higher peaibnlity compared with shale rich in smectite.
Fig. 3.20 (b) implies that shale rich in kaolinitgether with higher silt content as it is for @ase
will give higher permeability. Accordingly data froDiamond (1970) on Macon kaolinite and clay
rich with smectite shows that, at average pore diameter of about 30 nm, cumulative mercury
intrusion in Macon kaolinite at the pressure iséhorders of magnitudes higher than in clay rich

with smectite.

3.6 Conclusions

The objective of this study was to investigate padyo compressibility and permeability of the
Fjerritslev Formation (shale). Mineralogical anayisased on X-ray diffractometry (XRD) of forty
two samples from onshore wells (Stenlille-2, -5 aretisted-1) and one offshore well (Skjold
Flank-1) shows a clear trend in composition frone tNortheast presently onshore of the
Norwegian-Danish Basin where we encounter a graawth more silty shale to less silty shale in

the Southwest, offshore section of the Central &mab

Porosity of Fjerritslev Formation was measuredepehdently from three different methods
(helium porosimetry-mercury immersion, mercury atien capillary pressure and nuclear magnetic
resonance) gave different results indicating thatstated shale porosity is dependent on the method
used. The results indicate that a higher porositpéasured by nuclear magnetic resonance method
(21%) and helium porosimetry-mercury immersion rodtf20%) than mercury injection capillary
pressure method (11%) for the same samples. Theunyemjection capillary pressure method

measured the lowest porosity for the formation beeamercury which is the non-wetting phase
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could not intrude smaller pore throatd.7 nm at maximum intrusion pressure of 414 MP&lwis

the limit of the system. The nuclear magnetic rasgoe method which is expected to give similar
results to the helium porosimetry-mercury immersmathod, recorded higher porosity probably
due to contribution from unloading micro-cracksraatuced due to core unloading and sample
handling. The additional porosity from micro-cracgksould be neglected in the total porosity from

nuclear magnetic resonance data.

The static and dynamic compressibility can be caeghdased on uniaxial geomechanical testing.
We find that the elastic compressibility of Fjeslv Formation as measured from uniaxial stress
and strain data at the beginning of the unloaditiggss path correspond with dynamic
compressibility data. The compressibility of thimke formation measured from core samples is one
order of magnitude less than previously used feem&ir simulation studies for deep shales, but
our result for the dynamic compressibility is comgide with previous literature data on deep
shales. Our results show that it is possible terpret useful shale compressibility data from
geotechnical testing at the beginning of unloadirgss path corresponding to the in situ stress
condition. The geotechnical means of interpretinqpressibility of shale from the loading stress
path normally give higher compressibility limit whi is safe for building foundations but may not

be useful for reservoir simulation studies.

Permeability for the same shale material may rédng® micro to nanodarcy value depending on
the methodology used for the evaluation. We fourad Kozeny’'s modelled permeability from the
specific surface of the grains and pores (as medédibm elastic data) and from MICP-NMR data
fall in the same order of magnitude with measuredneability for shale rich in Kaolinite, but
overestimates permeability by two to three orddrsnagnitudes for shale with high content of
smectite. The empirical Yang and Aplin model giyeod permeability estimate comparable to
measured data for shales rich in smectite but @stiarate permeability in kaolinite rich shale. This
is probably because Yang and Aplin model was catidal in London clay which is rich in smectite.
It is therefore important that any model that isamteto estimate shale permeability should be
calibrated on a large amount of data from bothlstint and natural shale samples. We also found
that Biot’s coefficient introduced in calculatingade permeability has a significant and systematic

impact on shale permeability data.
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4 Caprock Compressibility and Permeability and theConsequences
for Pressure Development in CQ Storage Sites

4.1 Summary

Large scale C@storage has previously been considered for thestéddstructure located in the
Northern part of Jylland in Denmark. Pressowddupin the Gassum reservoir and transmission to
the shallower Chalk Group where the bsfresh water interface resides need to be invesiibas
part of site qualification, as overpressure canhploisne into the fresh water zone and thereby
affecting aquifer performance. Pressure transmmsd$iom the reservoir into the surrounding
formations, when fractures and faults are ignovatl depend on the properties and thickness of the
sealing rock. The most important property to be sabered is caprock compressibility and
permeability. Laboratory experiments on centimstale plugs and dynamic sonic velocity data
from relevant shale formations in Denmark indicdiat shale compressibility is lower than often
assumed for reservoir simulation studies. The medswcompressibility for the Fjerritslev
Formation i€0.5 x 10°bar', which is an order of magnitude lower than thendtad
compressibility (4.5 x 10 bar*) normally used for reservoir simulation studieee tonsequences
of this lower compressibility are investigated isimulation case study and the results indicate tha
higher overpressure is created in the reservoir #m&l caprock. Overestimating caprock
compressibility can therefore underestimate ovesaree within the storage and sealing formations
and this can have significant implicationtivepresence of highly permeable fractures and faults.
The caprock permeability is measured on core saansmg a geotechnical method of constant rate
of strain (CRS) experiments which seem to matchnibdeled permeability data for the Fjerritslev
Formation. We found an average vertical permeghulit0.1uD for the Fjerritslev Formation from
the samples measured. The sensitivity of pressevelopment for the caprock permeability has
been studied by varying from one to three ordersnafinitude higher and one to two orders of
magnitude lower than the measured permeability. bfiD. Injecting 60 million tons (Mt) of Ceat

a rate of 1.5 Mt/ga into the Gassum Formation for 40 years indicttas with permeability above
1.0uD, overpressure can be transmitted through thenb8@ick Fjerritslev Formation caprock and

further up into the overburden layers.
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4.2 Introduction

4.2.1 Background

During the period 2007-2012 a Carbon Capture awda§ (CCS) demonstration project was
considered in the North Jylland region of Denmarke project wouldhaveinvolved the post-
combustion capture of G@rom the Nordjyllandsveerket coal power statioalborg followed by
geological storage of the G@ a nearby onshore saline aquifer (Gassum resgmithin the
Vedsted structureGhristensen et al., 2012The project was temporarily stopped in 2011. The
investigation license was active during 2011 and asrt of that, research activities were initiated
related to key technical issues, one being to beiter understanding of formation pressure buildup
and pressure transmission through the caprockitSjesr shale formation due to G@ijection.
Various research studies have been evaluating ypeesesponse as a result of injecting large
volumes of CQinto saline aquifers for safe storage over longogeof time. Most of these studies
are conceptual due to the scarcity of site speificor 3D seismic data and petrophysical data of
the formationsBirkholzer et al., 2009; Buscheck et al., 2012; Zhet al., 2008 One of the
concerns raised in the licensing process is their@mmental impact of large-scale
pressurduildupin the storage formation (Gassum) and relatedebdisplacement which may
affect the quality of the fresh water resourcethm overlying Chalk Group which may experience
water table displacement and changes in dischangerecharge zones. This question can be
addressed if overpressure maps are generatedudonydrogeological modeling (not within the

scope of this work) of brine displacement.

The Vedsted structure is an onshore saline aqu#egeted for Cgstorage and without
considering fluid production (i.e., extraction), iain can increase Gtorage capacity and relieve
pressure buildup, we are investigating this stmécas an injection-only formation. In the absence
of fluid production from injection-only-industriadcale saline formations, geological storage of
CO.may result in a large pressure buildup and trarsons persisting both during and sometime
after injection has cease@uyscheck et al., 20)2Thus, pressure buildup is considered to be a
limiting factor on CQ storage capacity and security, and storage-cgpasitimates based on
effective pore volume available for safe trapping ©O, may have to be substantially

reduced (Birkholzer and Zhou, 2009). There is #isoneed to evaluate overpressure development
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within the injection site in order to stay belowetthreshold pressure for fracturing of the caprock.
Previous conceptual simulation studi@rkholzer et al., 2009; Buscheck et al., 2012; Zled al.,
2008) have shown that pressure development within theagé formation and lateral and vertical
transmission to the surrounding and the overbutdgers is largely determined by the hydraulic
connectivity between the deep saline formations thedfresh water aquifers overlying them. The
assumptions about hydraulic properties of the sgdéyers are important in simulation studies for
CO, sequestration. The main hydraulic properties to imeestigated include compressibility,
permeability and porosity of the caprock. In ordersimulate C@sequestration in the Gassum
Formation reservoir (primary reservoir) and to shgate pressureuildupand transmission
through the Fjerritslev Formation (primary caprotkjhe overburden layers, our goal is to evaluate
data for compressibility, permeability and porosifythe sealing formation, and then use this for
building scenarios to illustrate the associatedjearof results and the consequences of uncertainty

about input parameters.

4.2.2 Compressibility

In situ compressibility of shale can be determifredh various sourcega) sonic velocity and bulk
density data of well loggb) measurements on centimeter to meter scale ifiglteor from,(c)
ultrasonic velocity data measured in the laboratorycentimeter scale core samplbtbia et al.,
2013h. Compressibility determination from velocity annsity data is often termed dynamic
compressibility. Compressibility can also be deteed from stresstrain data during geotechnical
testing on centimeter scale core samples and ypes is often referred as static compressibility.
Urgent need for compressibility data for deeplyiédicaprockiasprompted these investigations.
These data have been scarce and difficult to finthé available literature, probably because they
were not that useful for reservoir simulation stsdtompared with reservoir rocks. Previous studies
on reservoir rocks have shown that static comprgiggifrom hydrostatic testing is often higher
than dynamic by orders of magnitudé&ga¢r, 2009; Holt, 2012; Tutuncu et al., 1994; Kit§s0;
Walsh, 1965; Yale et al., 19p5Acoustic wave propagation in dry, clean (clagelr rock is
predominantly an elastic procesé/dlsh, 196% and both dynamic and static compressibility
determination in such rocks are supposed to beagintiut occurrences of non-elastic processes
may cause them to differ accordingR@er et al. (2012)The differences between static and
dynamic compressibility in rocks are suggestedeae to the departure from linear elasticity due

to the influence of strain amplitude, length okst path, stress history, rock volume involved, and
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drainage conditions Qheng and Johnston, 1981; Fjeer et al., 2012; Simmamd Brace,
1965). Walsh and Brace (196&)plained that the difference may be due to thegmree of highly
compliant cracks which affect static deformatiorifestently than the dynamic. The standard
caprock compressibility used in many £@servoir simulation studieg¢Birkholzer et al.,
2009; Buscheck et al.,, 2012; Jin et al.,, 2012; $uet al., 2002; Zhou et al., 2008) is
4.5 x 10° bar* which was measured for unconsolidated reservaiksdy Newman (1973). Zhou
et al. (2008Yeported that up to 1.0 x T0or 1.0 x 10% bar* order of magnitude can be achieved in
plastic clays. Static compressibility under hydatist loading condition is different from uniaxial
loading behaviorKhatchikian, 1995; Ong et al., 2001; Yi et al., 8p@nd does not represent true
reservoir conditions of stress (Anderson and Joh@85; Lachance and Anderson, 1983; Teevu,
1971). We will present experimental data on caprock casgibility determined from three
different methodsfa) stress—strain,b] ultrasonic velocity an¢t) well log velocity data of
Fjerritslev Formation (shale) from two analog welBenlille-2 and -5 (detailed laboratory
procedure have been presenbgdMbia et al. (2013b).

4.2.3 Permeability

Permeability otheshale matrix is an important parameter determitiegextent to which pressure
propagates in shale caprock. Unlike other sedinmgmntecks, shales have very low permeability that
often preverdvertical escape of pore fluids. This has resuliedabnormal pore pressure
occurrences in some sedimentary ba@derg and Habeck, 1982; Bigelow, 1994; Chapman2197
1994; Dickey et al., 1968; Dickinson, 1953; Freeul &#eacor, 1989; Magara, 1971; Schmidt,
1973). There are several factors that can natueddlyate the pore pressure in shale including
compaction of fluid-saturated sediments (Dickins®853; Magara, 1975a; Nazmul et al., 2007,
Peltonen et al., 2009, 2008), transformation of &iteeto illite (Freed and Peacor, 198%nd
thermal expansion of fluids (Magara, 1975b). Thenamimal pressures once generated can
equilibrate to the hydrostatic gradient with timeept when the vertical and horizontal escape of
fluid is limited by a shale unit of high capillaribr very low permeability. This phenomenon of
abnormal pressures is often associated with hydsooageneration where the shale prevents
upward migration due to its low permeability andticapillarity to the non-wetting phase (Berg,
1975). In this studywe are dealing with case study of £$@questration in Gassum Formation, an
onshore aquifer with normal hydrostatic pressuree Thagnitude of overpressure development

within the aquifer during the entire injection petiwill depend on the rate at which brine escapes
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to the surrounding formations. In cases with sidhtdy low caprock permeability this may also
limit the flow of aqueous pore fluids (Bradley, B Bredehoeft and Hanshaw, 1968; Deming,

1994; Hunt, 1990) and if this occurs we should expgore overpressure in the aquifer.

Shale permeability is shown in the literature toywaidely by orders of magnitude from as high as
hundreds of microdarcies to as low as hundredsanbdarcies (Armitage et al., 2011; Hou et al.,
2012; Josh et al., 2012; Reece et al., 2012; Zhal.,e2010) with values well above and below
those required for pressure seals over charadtegsblogic and reservoir production time scales
(Bredehoeft et al., 1983; Dewhurst et al., 199®8} Katsube et al., 1991; Kwon et al., 2001; Lin,
1978; Magara, 1971; Young et al., 1964). The viamatlepends on porosity, clay mineralogy and
content, and texture (Dewhurst et al.,, 1998; Kagsabal., 1991; Kwon et al., 2004; Revil and
Cathles, 1999), all of which may change with bu(@tevanshir et al., 1986; Hower et al., 1976;
Kim et al., 1999; Lee et al., 1985). Permeabilitgynalso depend on pore fluid composition if pore
throats available for fluid flow are modified byckl clay swelling and/or formation of hydrated
complexes at clay-fluid interfaces (Norrish, 198darks, 1995; Scott and Smith, 1966; Sposito et
al., 1999; Van Olphen, 1977). Clay aggregates mgulef swelling clays exhibit extremely low
permeability to the flow of water (Faulkner and ®ut 2000; Moore et al., 1982), so permeability
of clay aggregates depends on electrolytes in tre fluid (Mesri and Olson, 1971; Olsen,
1972; Whitworth and Fritz, 1994). Permeability adegly buried shales, with abundant illite and
little or no smectites, are expected to show ldssical sensitivity than permeability of shallow
mudstones with higher modal swelling clay conteMst, transport properties may continue to
depend on fluid composition if cation exchange thaturs at inter granular clay-fluid interfaces
and pores are affected by changed dimensions dlithese double layer (Kwon et al., 2004) and
with all this in mind, it is still necessary to nse@e and model shale permeability of the caprock

below which CQ s to be stored in order to make predictions alktartage security.
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4.3 Methodology

4.3.1 Petrophysical data collection

The ideal situation would be to use Fjerritslevriation core samples from the Vedsted-1 well
situated at the Vedsted structure for this study, lecause of the lack of core material in this
location, cuttings samples were used and for agatmgnbined with cuttings samples from two
other wells penetrating the same formation althoatgdinother location (Stenlille-2 and Stenlille-5).
The location of the wells and the distribution bé tformation are shown in Figure 4.1. Preserved
core samples were obtained from Stenlille-2 anal#iee5 as shown in the lithostratipraphy of the
formations in Figure 4.2. Well logs and final welports were used to develop a sampling
strategy. Thirty-one cuttings samples and a nunobgriugs were drilled from the preserved core
samples (Figure 4.3) and were studied. Retrievahefcore samples from their in situ stresses to
surface condition causes the sample to expandyduting unloading or artificial microscopic
fractures as shown by Backscatter electron micpigiemages of selected samples of Fjerritslev
Formation in Figure 4.4. These fractures make kllooy testing susceptible to artifacts and
interpretation errors unless special procedures agmelied. Detailed experimental procedure,

description, and results were preseriigdvibia et al. (2014a).
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Figure 4.1 Map showing location of the three stddmtes and the outline of the Fjerritslev
Formation in the Norwegian-Danish Basin to the theast and North Sea Central Graben to the
Southwest. Modified after Petersen et al. (2008).
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Figure 4.2 Lithostratigraphical correlation of Stdle and Vedsted-1 wells from logging data.
Core samples were taken from Fjerritslev Formaimistenlille well as indicated by the plug shape
with red border.

Figure 4.3 Core samples from which plugs were eldiffor laboratory testing.
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Figure 4.4 Backscatter electron micrographs imagdésselected samples from Jurassic shale
obtained from the Stenlille wells showing signifitamount of silt (Q) to be present in the clay-
rich matrix (C) with framboidal pyrite (P). The pometwork is too small to be visible at this
resolution, whereas unloading fractures (UF) duesémnple retrieval are visible. Holes, where silt
grains have fallen out of the sample are also \&sib

The bulk mineralogical composition as derived friganay diffraction (XRD) of samples from the
Fjerritslev Formation shows on average 40% qudfz,K-feldspar, 1% plagioclase, 3% calcite,
2% dolomite and 2% pyrite as non-clay minerals. @lag fraction in all the samples is dominated
by illite (23%) and kaolinite (27%) while chloritgcurs in small amount (about 1%). Porosity was
measured by three different methods and includediurh porosimetry-mercury immersion
(HPMI), mercury injection capillary pressure (MICBhd nuclear magnetic resonance (NMR).
Porosity analysis from HPMI method was carried @ututting samples and the results range from
24% at 1390 m to about 11% in the deeper sampl2$Ct m. MICP analysis was also performed
on cuttings samples at depth interval between M&hd 1576 m and the porosity result range
from 9% to 14%. NMR measurements were made on samgles and the porosity result ranges
from 18% to 21%. Porosity results obtained from tiivee methods are shownkigure 4.5 The
results indicate that the porosity is dependenthenmethod used, and often the choice of caprock
porosity data to use in simulation studies will eiegh on the individual modeler. In our case we
have decided to use porosity data from MICP measemés which in essence is considered as a
measure of the effective porosity which is avagalbbr fluid movement. HPMI and NMR in
principle give a measure of total porosity and wpeeted similar porosity results from these two

methods. Presence of unloading fractures in the samples are regarded as artifacts and are

76



responsible for the too high NMR porosity and tiene the NMR porosity was disregarded as this
is not associated with in situ conditions.

Porosity [%0]
5 10 15 20 25
1250 ' - -
@
AApA AQO“. 0®
A 0g @ ®
A e o o
@
B
= 1750 A @
o
]
(@]
@Ved.1 HPMI
®St2 HPMI
ASt2  MICP
*St2 NMR
2000 1 00 @  est5 HPMI
ASt5 MICP
¢ St5 NMR
2250

Figure 4.5 Porosity obtained from Helium porosimetry-mercurgmersion (HPMI), mercury
intrusion capillary pressure (MICP) and nuclear nm&gic resonance (NMR) methods versus depth
for cuttings and selected core samples from Vedbstadd Stenlille-2 and -SModified after Mbia

et al. (2014a).
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4.3.1.1 Permeability data

Permeability measurement was conducted on boticakeand horizontal core samples by constant
rate of strain experiments as described by Wissd €1971). The detailed laboratory procedure is
described by Mbia et al. (2013b). The measured eehitity gives 0.2.D for vertical and 9.¢.D

for the horizontal samples givirg/k, ratio of approximately 0.02. The high value for irontal
permeability could be because the material is meagropic in this direction due to their
depositional history which might have enhanced pawenectivity. In addition the, Fjerritslev
Formation permeability was obtained using threeraditive methods: (a) modeled from Brunauer—
Emmett—Teller (BET) specific surface and porositging the Kozeny (1927) approach, (b)
combined NMR and MICP data (Hossain et al., 20a@y (c) from elastic (velocity) data (Mbia et
al., 2014a). The results are compared in the pdrititggoorosity plot shown in Figure 4.6. The
modeled permeability ranges from 1.0 to Oullb and the majority of the modeled permeability

falls in the same order of magnitude as the medstegdical permeability.
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Figure 4.6 Plots of modeled and measured permdgbiersus HPMI porosity. Permeability
measured indirectly from constant rate of strairR®& experiment is shown by the empty and black
square corresponding to the vertical and the hartabsample respectively. BET is permeability
modeled from the specific surface of the grain @odosity by Kozeny's model. Elastic data is

permeability modeled from equivalent pore radiy3 &nd r, is modeled from compression, shear
and bulk modulus. NMR is permeability modeled fcombined NMR and MICP data.
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4.3.1.2 Compressibility data

Laboratory measurements weaaried outon 1% inch diameter core plug samples from the
Stenlille-2 and -5 wells and the detailed procedisredescribed bibia et al. (2013b)The
experiments were performed under drained conditidnseries of uniaxially confined loading,
unloading, and reloading stress paths were appipedo the in situ stress level to close all the
unloading fractures shown Kigure 4.4 Static compressibility was determined from thading
and unloading stress paths. Compressibility detezthifrom stress-strain loading-reloading data
ranges from 4 to 10 x IDbar* while that from the beginning of the unloadingessstrain data
ranges from 0.2-0.6 x T0bar'. The loading experiments were accompanied by woatis
ultrasonic recording of compressional and shearewaslocities. The dynamic compressibility
determined from ultrasonic compressional velocityatad ranges from 0.3 to
0.5 x 10° bar* corresponding to static unloading compressibditghe beginning of the unloading
stress path at reservoir conditions and these wvopeessibilities measure the elasticity of the
material. Static compressibility from loading stestrain tends to give higher values due to the
influence of the unloading fractures. In reserveimulation studies dynamic compressibility
determined from compressional velocity data or frima early unloading stressrain data in
uniaxial consolidation experiments is preferableduse it represents the elastic behavior of the
material at reservoir conditionsigure 4.7shows the correlation of compressibility data assd in
the laboratory to field data of sonic velocity andk density of Stenlille-2 and -5 well logs.

4.3.2 Model set-up and parameters

4.3.2.1 Vedsted structure

The Vedsted structure located in the Northern padylland in Denmark is situated in a small
graben structure bounded by northwssitheast trending faults. The graben is part efTiassic

rift system forming the deep Fjerritslev Trough ¢kkelsen et al., 2003). The site comprises the
Gassum Formation and the Haldager Sand Formatromrig primary and secondary reservoirs in
the saline aquifer. The structure is mapped as al giongate closure approximately 250 m high
covering an area of about 31 kand the depth to top Gassum reservoir is aboud h®®elow
mean sea level. The target reservoir layer is tB@ i@ thick Gassum Formation which is
intercalated with low permeability shale sequendée. seal is the 530 m thick low permeable shale

of the Fjerritslev Formation overlying the entiegsence constituting a flow barrier due to the high
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capillary pressure and very low permeability. Tegervoir is underlain by the Skagerrak Formation
with uncertain properties. Overlying the primaryik is the Haldager Sand Formation forming
an upside storage potential with excellent resemaperties. This formation has a net thickness of
about 80 m with porosity of about 17% and permégbdf 200-300 mD. The thickness of all
overburden formations is presented in Table 4.1.
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Figure 4.7 Plot showing correlation of mean valuie compressibility obtained from ultrasonic
velocity and that from unloading stressain data of laboratory measurements on core melt&
that from sonic velocity of well log data from Silé®2 and -5. M* is dynamic compressibility
calculated from compressional modulus obtained ftbensonic velocity log and St.2_dynamic is
from laboratory data while St.2_static is obtaindm the stresstrain unloading data during
consolidation experiment.
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4.3.2.2 Model parameters

In Table 1, we present the reservoir propertiethefvarious formations in the Vedsted structure.
The storage capacity for G@ this case depends on the compressibility, pabitiey and porosity

of the Gassum Formation but also on the propedigbe Fjerritslev Formation. The sensitivity
study is based on scenarios with varied compréggitand permeability of the Fjerritslev
Formation as shown in Table 1. The low compressibiblue of 0.5 x 1T bar ‘determined for the
Fjerritslev Formation will be used in the simulatiand compared with the higher compressibility
value referred to as standard compressibility & >410° bar* normally used for caprocks in
reservoir simulation studies. Similarly for the peability sensitivity study, we have assigned the
measured horizontal permeability value of QD for the Fjerritslev Formation and then varied the
permeability over one, two and three orders of ntages from the measured value to cover the
wide range of permeability values for shales giirethe literature. The other formations maintain
their base case values for all the simulations. i@ of vertical to horizontal permeability is
chosen as 0.1 and is used for all the formatiookigding caprock for simplification. This ratio
corresponds with the literature data for reservooks and it will still give us the average vertica
permeability value for the Fjerritslev Formationth@r initial formation and fluid parameters are a
hydrostatic pressure gradient of 100 bar/km, dgliof the formation water of 270 g/l, and a
geothermal gradient of 30°/km. The relative permigglfunction used for the simulation was
inspired by the data shown by Bennion and BachOGgRtr the Viking Formation sandstone, and

was for simplicity used for both the sandstone thedshale lithology (Figure 4.8a).

The capillary pressure curve was established ggeadurve for the sandstone with 0.5 bar capillary
entry pressure (Figure 4.8b). For the shale thrsecwas scaled to an entry pressure of 6.5 bar
corresponding to a permeability level of around (I3 according to correlation established
by Thomas et al. (1968).

The compressibility of the fluids (G@nd water) is intrinsically taken into account in
Schlumberger ECLIPSE 100 in terms of density vammivith pressure.

We simulated a rate controlled injection of 1.5st@h CQ per year through a single vertical well in
the Vedsted structure (Figure 4.9a) which is comeplen the eastern side of the dome shaped
anticline in the Gassum reservoir (Figure 4.9b)MiGf CO; is injection period is 40 years using

the ECLIPSE 100 simulator tool. The aquifer is iathy fully brine-saturated. The injection
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pressure has been kept 30% below the measuredirraptessure to ensure that there is no
reactivation of existing fractures or creation efwnfractures during the injection process.

Table 4.1 Hydraulic properties of the formationsMadsted site. The measured kv/kh ratio is 0.02
but for simplification we have used 0.1 ratio in IEKGE 100 corresponding to other lithologies
given in the literature. The measured values arg &or caprock and for other lithologies, general

estimates are given.

Formation Thickness | Base & standard Permeability k;, ko/kn | Porosity
Compressibility | Measured Range
(m) x 107 (bar™) (uD) (HD) (%)
Post Chalk 30 45 5x 10° 0.1 23
Chalk 420 4.5 2x10° 0.1 25
Vedsted 390 4.5 15 x 10° 0.1 21
Frederickshavn (shale) 230 05&4.5 1 1x10°-1x107%| 0.1 13
Barglum (shale) 50 05&4.5 1 1x10°-1x102 | 0.1 13
Flyvbjerg (shale) 20 05&45 1 1x10°-1x10%| 0.1 20
Haldager sand 80 4.5 267 x 10° 0.1 17
Top Fjerritslev (shale) 174 05&45 1 1x10°- 1x10%| 0.1 11
Middle Fjerritslev 3 2
(shale) 174 05&4.5 1 1x10°-1x10% | 0.1 11
Base Fjerritslev (shale) | 174 05&4.5 1 1x10°-1x10?%| 0.1 10
Top Gassum 64 45 63 x 10° 0.1 19
(sandstone)
Middle Gassum (shale) 47 05&4.5 1 1x10°-1x10?%| 0.1 9
Middle Gassum (shale) 47 05&45 1 1x10°-1x10%| 0.1 9
Middle Gassum (shale) 47 05&45 1 1x10°-1x10? | 0.1 9
Base Gassum 85 4.5 70 x 10° 0.1 14
(sandstone)
Skagerrak (sandstone) 331 4.5 20 x 10° 0.1 14

1puD=1x10"m?

1 bar=1x10°Pa
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Figure 4.8 Plots of relative permeability and c#gmy versus water saturation. a) and b) are sand
stone data from Viking Formation (Bennion et al0@p a) Was also used for shale while (b) is
scaled to an entry pressure of 6.5 bar correspogpdm a permeability level of around 0.3 pD
according to correlation established by Thomas|e{1968).

Elevation depth [m]
-:.1500
-1600
—-1700

—-1800
—-1900

.— -2000
’ —-2100
—-2200
-2300

-2400
-2500

R Skn
Figure 4. 9 Schematic representation of 3D crosgise of the model domain. (a) Entire 3D model
from the sea bottom down to the Upper Triassic st unit (underburden). (b) Top of the deep
Gassum Formation (primary reservoir) sandwichedtly layers of shale and the underburden.
Overlying the Gasssum Formation is the Fjerritslegrmation comprising primary caprock,
overlay by Haldager Sand Formation (secondary rese). Above the Haldager Formation is a
succession of thick seconcary caprocks overlaitheyChalk Group within which the brideesh
water interface resides.
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4.4 Simulation results and discussion

4.4.1 CQ plume and migration

The injection of CQin the Gassum Formation results in a;@®nt which is driven upwards on
the flank due to the buoyancy force and starts ractating in the uppermost layer of the formation
and immediately hits the less permeable caprockKjerfritslev Formation. This process forms a
CO, plume with the largest areal extent at the toghefstorage formation. For simplicity we have
chosen to show part of the reservoir around thectign well where the plume is limited. Figure
4.10 shows C@saturation and distribution for the base caseha top reservoir around the
injection well after 40 years of injection. The g€aturation and distribution for the base case
(Figure 4.10) is similar to that of the other casdse plume is narrow in the injection layer and as
the injected volume increases @i®es due to the buoyancy force and then spreadsruler the
caprock (Fjerritslev Formation). For all casesptheme extends over an area of about 11-13ikm
the upper layer of the Gassum Formation filling éméire structure and spreading laterally after 40
years of injection. The shape of the plumes dutfrgginjection is determined by the morphology of

the aquifer/caprock interface and in this casg dificular because the dome is fairly regular.

aj*rgtion

0.8
0.6
0.4

Figure 4.10 Saturation and distribution of @Blume in the uppermost layer of Gassum reservoir
after 40 years of 60 Mt GOnjection for the base case. Cell size is 0.2 X Knf.
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At the end of the injection period, the plume istrained under the caprock layer. The low
measured vertical permeability (uD) of the caprock layer and high capillary entryegsure

causes the C{plume to be fully trapped during the 40 yearsatign period.

4.4.2 Compressibility and pressure development in&dsted structure

Figure 4.11 shows cross sections of the reservalrthe Fjerritslev Formation showing the areal
extent of the pressure buildup and the transmissigmessure away from the injection well after 40
years of CQinjection for the measured or base case (Figurgéad.and the standard (Figure 4.11b)
caprock compressibility. There is overpressure kbgveent throughout the entire lateral extension
of the reservoir but the vertical transmission imited to the lower layer of the 530 m thick
Fjerritslev Formation sealing the reservoir. Thiéedence in overpressure development between the
base case and standard case compressibility cardpein color contrast of the reservoir and the
basal caprock in the two cross sections. Howevesrder to compare the difference in vertical
pressure development from the reservoir to thel®skat aquifers we have extracted a vertical
profile as shown on the cross sections. Figure #llitrates the resulting profile with red linerfo

the base case and black line for the standardocaspressibility.

The higher elastic modulus of the sealing layed #rus reduction in effective compressibility
increases the stiffness of the sealing layer wlaghin increases pressure buildup in both the
reservoir and the caprock compared to the standasé with higher compressibility. A higher
compressibility causes more attenuation in theadpand therefore reduces the resultant pressure
buildup in both the reservoir and the caprock. @lierence in overpressure between the base and
the standard case is abou8 bar in the reservoir layer and about 5-6 bahelbwer section of the
caprock. Despite the difference in pressure buildufhe caprock, the overpressure is contained
within the Fjerritslev Formation for both comprdskiy cases but this could change in case the
caprock is fractured or in the presence of vefffjaadmmunicating faults.

Figure 4.13 presents maps of the top reservoirrlagewing overpressure development from the
injection well and lateral transmission after 4@ngeof CQinjection for the base (Figure 4.13a) and
the standard (Figure 4.13b) case compressibiliyyeRracting the overpressure profiles across the
50 km lateral extent of the model, it is possilecobompare the results for different layers. The
overpressure profile, along the x-axis in Figurg&34.is shown in Figure 4.14. Injecting 60 Mt of

CQO; into Gassum Formation for 40 years resulted irsguree buildup of about 40 and 35 bars for
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the base and standard compressibility around tjeetian cell. At the end the of the injection
period the pressure is transmitted to the bounddryhe structure resulting in about 2.5 bar
overpressure at the cells bordering the boundalg. dressure buildup at the boundary cells
depends on the boundary condition applied. Thezeddferent boundary conditions applicable to
reservoir simulation studies but in this case weehased a pore volume multiplier of 200 as
estimated realistic value for boundary conditiotelahaving performed a sensitivity analysis of
different values for pore volume multipliers. Theregpressure difference shown in Figure
4.14 between the base and standard case is albautah the reservoir close to the injection cells
and about 2 bar through the entire reservoir.

M1=0.5x 10" bar? M21=4.5x10" bar?
Overburden Overburden

" Top caprock "~ Top caprock

op reservoir - ) i Top reservoir

Underburden Underburden

Figure 4.11 Cross section of the reservoir and Hjerritslev Formation showing overpressure
development (in bar) and transmission from the ampm cells after 40 years of 60 Mt
COinjection. (a) The case with measured caprock cesyibility; (b) the case with standard
caprock compressibility.
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Figure 4.12 Vertical profile from the injection t®l (Figure 4.11) showing overpressure
development and vertical transmission from the mase to mean sea level for both measured
(0.5 x 10° bar ) and standard compressibility (4.5 x Pthar™?) case after 40 years of 60 Mt of
CO; injection.

Figure 4.13 Map of the top reservoir showing ovegsure development from the injection well and
lateral transmission after 40 years of 60 Mt £@jection. (a) The case with measured caprock
compressibility; (b) the case with standard caprooknpressibility. 50 km line indicates the profile
across x-direction
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Figure 4.14 Pressure profile at top reservoir shogvioverpressure development and lateral
transmission after 40 years of 60 Mt &€@jection for the case with measured and standard
caprock compressibility.

4.4.3 Permeability and pressure development in Vetdsd structure

The permeability of sealing layers plays an impdrtaole in lateral and vertical pressure
development within the reservoir and the overlyagifers. In order to evaluate the influence from
caprock permeability and the consequences for preskevelopment in the Vedsted site, there is a
need for considering a range of one to two ordepeomeability below and above the experimental
value. This will give an overview of possible sceos of overpressure outcome with respect to
varying caprock permeability. Figure 4.15 showsssrsections of the reservoir interbedded by
shale layers and the overlying layers. The cappmrkneability is varied by one and two order of
magnitudes smaller than and greater than the kmse of 0.1uD and the resulting layers affected
by overpressure is seen as light color while thes ldolor is where overpressure development is
very minimal or is absent. Pressure buildup is tgreia the reservoir layers but minimal or absent
within the interbedded shale and shale layers.réieroto compare vertical pressure development
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within the Vedsted structure, a vertical overpressorofile at 0.2 km from the injection cell is

shown for the top Triassic unit to the mean seallév Figure 4.16. It is important to assess
sensitivity of vertical overpressure developmentaprock permeability within the structure and
also to compare with the base case permeabilitg msults in Figure 4.16 indicate that the
experimentally determined matrix permeability ol @D for the Fjerritslev Formation does not
allow overpressure transmission beyond the low@rkth of the 0.53 km thick caprock layer.

Reducing the matrix permeability by one order ofgmitude (0.0uD) gives the same result of

vertical overpressure as the experimental valuéurther reduction by two orders of magnitude
(0.001uD) resulted in a perfect seal case where there isverpressure effect in the caprock. On
the other hand, increasing the Fjerritslev Fornmafpermeability by one order of magnitude
(1.0uD) causes a 2.0 bar overpressure in the upper@gst of the formation but still the pressure
could not be transmitted to the Haldager Sand Foomavhich is overlying the caprock. Increasing
the Fjerritslev Formation permeability by two orslef magnitude will allow pressure transmission
from the Gassum reservoir to the Haldager Sand &mom and the effect is then confined by

the Flyvbjerg Formation which forms a secondary.sea

Overpressure (bar)
60
‘_50
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Figure 4.15 Cross section of the reservoir and akerlying layers showing overpressure developmient (
bar) and transmission after 40 years of 60 Mt {D§ection for cases with different caprock permdigbi
varied by several order of magnitudes from the messvalue of 0.LD.
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In the worst case scenario, where Fjerritslev Ftiongpermeability is increased by two (D)

and three (10QD) orders of magnitude there is still no significamount of pressure buildup in
the shallow fresh water aquifer (Chalk Group). Aatigely high permeability in the primary seal
allows less pressure buildup in the Gassum Formadi® some is transmitted vertically. The
magnitude of vertical pressure buildup will alsgpeled on the permeability of the layers above the
primary caprock. This result suggests the imposeamicinvestigating hydrogeological layers and

flow parameters, even at shallower depths.

However, the existence of faults connecting theemesr and the overlying formations could
strongly increase the magnitude of vertical presstansmission, but this subject is not the scdpe o
this work but will be addressed in subsequent work.

Figure 4.17 presents maps of the uppermost lay&askum Formation showing pressure buildup
and lateral transmission after 40 years of,@(Gection for different caprock permeabilities. €lh
overpressure maps clearly show that as the Fjexrifeermeability is varied from 100 to 0.00D,
pressure buildup in the reservoir formation incesasnd consequently enhances the lateral
transmission reaching the boundary of the Vedstedctsire for the cases with < 1@
permeability. Figure 4.18 presents profiles showihg magnitude of overpressure along 50 km
lateral distance through the injection cell. Foe ttase with higher caprock permeability, the
pressure buildup reaches 40 bar and reduces lgteydl.5 bar, whereas for the lower permeability
the pressure buildup reaches 53 bar at the injecpoint and reduces to 3 bar at the
boundary. Figure 4.19 presents maps of the uppértagsr of Fjerritslev Formation showing
pressure buildup and lateral transmission and Eigu20 presents profiles showing the magnitude
of overpressure along 50 km lateral distance thHmotige injection cell. The cases with higher
caprock permeability (100, 10 and 1.D) show pressure buildup of about 5 bar in the alese to

the injection point and a reduction laterally tadhystatic pressure before the project boundary is
reached. There is no pressure buildup for the lopemmeability cases including the base
case. Figure 4.20 shows only the profile at theeb@balk Group for the case with caprock
permeability of 20QuD where pressure builds up to 1.0 bar and is tréatesnaterally over 15 km
radius from the center of the base layer. The othee with less than 1@ permeability shows

no pressure builds up at the base of the Chalkiseigure 4.21).
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Figure 4.16 Vertical profile from the injection tlshowing overpressure development and
transmission from the reservoir to mean sea leftel @0 years of 60 Mt C{njection for different
caprock permeabilities.

K, = 0.001 pD

Figure 4.17 Map of the uppermost layer of the resgrshowing overpressure development (in
bar) from injection well and the lateral transmissiafter 40 years of 60 Mt G@njection for cases

with different vertical caprock permeability varigdorder of magnitudes from the measured value
of 0.1uD.
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Figure 4.18 Pressure profile in the uppermost laydr the reservoir showing overpressure
development and lateral transmission after 40 yeair60 Mt CQinjection for the cases with
different caprock permeability.

Figure 4.19 Map showing overpressure in the uppetmayer of the 530 m thick Fjerritslev
caprock after 40 years of 60 Mt G@jection. The irregularities in the maps for the:D and
0.1u4D are interpreted as numerical artifacts.
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Figure 4.20 Pressure profile (Figure 4.18 for redace) in the uppermost layer of Fjerritslev
Formation Caprock showing overpressure developraedtlateral transmission after 40 years of
60 Mt of CQ injection for the cases with different caprockmpeability.
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Figure 4. 21 Pressure profile (Figure 4.18 for nefiece) in the base Chalk Group showing
overpressure development and lateral transmissftar 40 years of 60 Mt COnjection. The case
with 100uD caprock permeability shows slight overpressureilavithe other cases show no
overpressure in the Base Chalk Group.
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Figure 4.22 The overpressure development for batr find coarser grids resolution. (a) Vertical
grid refinement within the reservoir and the basgrock layers with each cell having vertical
dimension of 20 m with the radius of 2.5 km fromitijection well. (b) The coarse grid model used
in this study and each cell has vertical dimensibh25 m.

4.4.4 Influence of grid effects, relaxation time, rad the k,/k, ratio on pressure

development in the Vedsted structure

4.4.4.1 Gridding

We are well aware that the rather coarse grid sgmting the Vedsted model might have some
effect on the simulation results and the illustnatof their magnitude. The decision about gridding
was guided by practical computation time for therkwvon sensitivity analysis requiring multiple
simulation runs. We therefore examined the effdcgrad resolution on a single example of a
simulation run of pressure propagation in ordeflistrate the effects. In a grid-refined modek th
grid cells within a radius of 2.5 km around theeittjon well in the reservoir and the base caprock
layers were refined vertically to 20 m grid celickness as shown in Figure 4.22 (a). The result is
compared with the coarse grid model used in thudys{Figure 4.22b) with vertical dimension for
the grid cells of 125 m and above. We accept tHatge grid block size will tend to overestimate
the amount of Ce@dissolution and consequently might underestimdite pressure buildup
compared with the fine grid model version We shbe ¢omparison of the results of the simulation
by examining the amount of pressure buildup inrdservoir at the base of the caprock at the end of
injection at 40 years in Figure 4.22 (a) and (bselems that grid resolution has very little effect
the average pressure buildup in the aquifer anccdéipeock. The difference between the fine and

coarse grid is seen in the details of the extemth@®foverpressure propagation, but there is nomajo
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difference in overpressure at the base of the cpfar the two cases. The effect of grid resolution
on pressure was also investigated by Pickup €g@ll0) and their simulation results also showed
that grid resolution had little effect on pressbreldup and concluded that coarse grids may be

sufficient for initial assessment of storage pasnt

4.4.4.2 Pressure relaxation after injection stop

Figure 4.23 shows the overpressure profile for upper layer of the Gassum reservoir after 40
years of CQinjection (60 Mt) and 100 years after the endhefinjection period. At the year 40,
the overpressure in the upper layer of the resereaches up to 55 bar. This overpressure declines
rapidly in the first 5 years after the injectioropgs to about 20 bar and continues to decrease
steadily 10 years after the end of the injectiofieA100 years from the end of @jection in the

Gassum reservoir the overpressure equilibrateg ¢ttothe hydrostatic pressure in reservoir.

60

Overpresure [bar]

Lateral distance along x-direction [km]

Figure 4.23 The overpressure development at afleyelrs of 60 Mt of Céhjection and 100 years
after the stop of injection for the upper layer@ ssum reservoir. The irregularity in the profile
peak is numerical artifacts due to the coarse giséd.
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4.4.4.3 Permeability anisotropy

In our simulations have been used a permeabilityotmopy of 0.1, which is a quite normal value
for assumption about sub-grid cell layered hetemegg. As our plug measurements for the shale
gave a much smaller value of 0.02, we tested tleetadf changing this anisotropy generally for the
shale lithologies in the simulation. Figure 4.24npares the result of overpressure development in
the base of the caprock after 40 years of, @§&ction for the measured vertical and horizontal
permeability ratio of 0.02 and that of 0.1 usedtiese simulations. It is seen that using
thek,/ky ratio of 0.1, the overpressure in the base ofFkeritslev Formation is 10 bar higher than
with a ratio of 0.02. It therefore has some impactato specify th&/k, ratio of the lithology, or at
least perform a sensitivity test when carrying @iotulation studies for pressure development.
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Top reservoir — K/k,=0.1

— = K,/k;,=0.02

Overpressure [bar]
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Figure 4.24 Comparison of the overpressure devedirm the base of the caprock after 40 years
of 60 Mt of CQ injection for measured vertical and horizontal perability ratio of 0.02 and the
value of 0.1 used in these simulations. The irragyl in the profile peak is numerical artifactselu
to the coarse grid used.
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4.5 Conclusions

The influence of caprock compressibility and perbilgg and the consequences for pressure
development have been studied for the VedstedtasteicThese studies underscore the significance
of obtaining valid experimental data for reservaimulation studies. Laboratory experiments and
dynamic sonic velocity data from relevant shalemfations in Denmark show that shale
compressibility is lower than often assumed fondgad reservoir simulation studies and detailed
laboratory work on this subjection is presentedtie paper byMbia et al. (2014a)The
consequences of this low compressibility are ingagtd in a simulation case study. Laboratory
measurements were carried out on centimeter-scaéeptug samples from analog onshore wells.
The experiments were performed under drained dongit A series of uniaxially confined loading
and unloading stress paths were appliethéan situ stress level to close up the induced uniaad
fractures. Static compressibility was determinamhfrthe loading and unloading stress paths. The
loading experiments were undertaken with continugltresonic recording of compressional and
shear wave velocities. At reservoir conditions, alywic compressibility is similar to the static
compressibility at the beginning of the unloaditigess path corresponding to elastic deformation.
The analysis of both data sets indicates that iE§Ev Formation compressibility is
0.5x 10°bar'and is one order of magnitude lower than the stahdaalue of

4.5 x 10° bar ‘normally used for shale compressibility in resengiinulation studies.

The caprock permeability was measured by a geoiteahmethod of constant rate of strain (CRS)
experiment and the result is compared with modpktneability data for the same material. We

found average vertical permeability of the FjelensFormation (primary caprock) to be QuD.

The ECLIPSE 100 reservoir simulator has been ueethuestigate the effect of the measured
caprock compressibility and permeability and thenssmuences for pressure buildup and
transmission, vertically and laterally within theedsted structure. This has been evaluated when

60 Mt of CQ is injected into the Gassum Formation during 4érye

The pressure buildup in the top of the storage &bion is 5 bar higher for the measured caprock
compressibility compared with the standard caprockpressibility normally used in reservoir
simulation studies. This pressure difference cao gllay a significant role by increasing the
magnitude of the overpressure in the shallowerfargiin the presence of permeable fractures and

faults. Therefore well-designed investigations ofnfation properties are recommended when
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carrying out reservoir simulation studies in order minimize the risk of underestimating or
overestimating pressure buildup in £€dorage sites.

The sensitivity of the pressure buildup and trassion for varying caprock permeability indicates
that when increasing Fjerritslev oation permeability from 0.4D to 1.0uD, the overpressure
could not be transmitted through the 530 m thigkraek, but by increasing further the permeability
to 10 and 10@D, overpressure is transmitted through the capmwk up to the Chalk Group.
Reducing the caprock permeability by one or twoeasdf magnitude further reduces the vertical
pressure buildup but increases lateral pressutdupuand the extent within the storage formation.
It is also important to note that the ratio of &t to horizontal permeability has some influeoce
the vertical pressure transmission.
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5 Modelling of The Pressure Propagation due to CQnjection
and the Effect of Fault Permealbility in a Case Stug of the
Vedsted Structure, Northern Denmark

5.1 Summary

Assessing the pressure buildup in Corage sites and especially the vertical propagas vital

for evaluation of site behavior and security. Vedsstructure in the Northern part of Jylland in
Denmark consists of 290 m thick Gassum Formatidi180 m depth forming the primary reservoir
and is sealed by the 530 m thick Fjerritslev Foramatvhich is mainly shale lithology with very
low permeability. Overlying the caprock is a numbé formations forming secondary reservoirs
and seals including a 420 m thick Chalk Group whscbverlain by 20 — 50 m Quaternary deposits.
Seismic profiling of the structure shows the preseonf northwest-southeast trending faults of
which some originate in the upper layer of the @asseservoir and some reach the base Chalk
Group layer. Two faults in the upper Gassum resehawve been interpreted to be connected to the
base Chalk Group. In order to evaluate potentskisrassociated with vertical pressure transmission
via the faults through the caprock, a number ofutition cases have been run with various fault
permeabilities spanning orders of magnitude toesgnt both the worst and best case scenarios.
Fault rock permeability data were obtained fromitardture study and range from 1000 mD
(common in crystalline rock environment) for thergtocase scenario down to 1.0 uD (common in
sedimentary rock environment) for the best casaate The results show that after injecting 60
million tons (Mt) of CQ at a rate of 1.5 Mt/year for 40 years, overpresssirdeveloped in the
reservoir and about 5 bar is transmitted to the I&dsalk Group for the 1000 mD fault permeability
(worst) case, while for the 1.0 uD (best) casepttessure buildup is confined within the primary
caprock. The results also show that, approxim#&eyo 5.0 bar overpressure can be transmitted to
the base Chalk Group when the fault permeabiligbigve 1.0 mD.
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5.2 Introduction

5.2.1 Background

Reservoir simulation was carried out as part & subsurface characterization study of the
prominent Carbon Capture and Storage (CCS) denatiastrproject in Vedsted site (Fig. 5.1) in
the North Jylland region of Denmark. The studyh# sensitivity of caprock (Fjerritslev Formation)
permeability and compressibility on pressure dgwelent in the Gassum reservoir and both the
vertical and lateral transmission was investigdigdvibia et al. (2014). The investigation using
reservoir simulation shows that injection of 60lion tons (Mt) of supercritical CQat rate of 1.5
Mt/yr for 40 years will cause overpressure buildapabout 55 bar in the storage formation. The
overpressure was confined within the Gassum researa the lower layer of the Fjerritslev
caprock, and was not causing any overpressureeiovbrlying overburden layers during and after
the end of injection period based on the measuapdock properties as input in the modelling. A
possible route for vertical transmission of ovesgtge through the overburden layers via faults

with high permeability is the subject of this study

The tectonic history and evolution of the DanisksiBaNielsen, 2003) involved the formation of
some major fault zones (Bgrglum, Haldager and igév faults) extending close to the Vedsted
site from the Southeast to the Northwest of theg&afrei—Tornquist Zone. The faults dip towards
the Southwest except for the Fjerritslev fault ttigis toward the Northeast of the Danish Basin as
shown in Fig. 5.1. The Bgrglum and Fjerritslev fawdre not of much concern because they appear
to be outside the boundary of the Vedsted structdniée the Haldager fault extends closer to the
center of the structure and is of concern for tioeage site evaluation. Although old 2D seismic
data was available (acquired in the mid 90s), a BBwseismic survey of the site was acquired in
2008. The 2D seismic database comprises 24 indilitimes totaling about 220 line kilometers
acquired and processed. The main objective of tiuetsral interpretation and mapping based on
the new seismic data is primarily to confirm thegence and size of the structural 4-way dip
closure and the thickness variations of the prinmasgrvoir of the Upper Triassic — Lower Jurassic

Gassum Formation, and also the secondary resenvibie Middle Jurassic Haldager Sand.

In addition the identification and mapping of faulivhich potentially may crosscut seals, is an
important issue. Four faults were mapped to reastn foelow and terminate at the base of the
Chalk Group at 0.5 km depth below the surface. Fawvdts were mapped at the top of the Gassum
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reservoir at about 2.0 km depth and two of theses weerpreted to have a direct connection to the

base Chalk Group faults as shown by the 2D seibn@aan Fig. 1.
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Fig. 5.1 Map showing the structural elements of the Noraveddanish basin modified from Nielsen (2003).

The Vedsted site is zoomed to show location ols&etions and line 08VAT02 is a 2D seismic line with

interpretation that shows section across Northeant @f Vedsted Structure. Colour code: Dark gresn i
Base Chalk Group. Light blue is Top Frederikshawmnfration. Yellow is Top Haldager sand Formation.
Light green is Base Haldager Sand Formation. Puipléntra Fjerritslev Formation Ill member. Blue is
near Top Gassum Formation. Red is near Top Skagéroamation. Orange is Intra Triassic marker. Teaer
exist minor extensional faults cutting the BasellGHaut sole out in Lower Cretaceous.
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The concern here is the environmental impact ofjdacale pressure buildup in the storage

formation (Gassum) and vertical transmission pdgsidusing brine displacement within the Chalk

Group. This could ultimately lead to water tablspfaicement and changes in the salt/fresh water
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boundary residing in this layer. Our concern her®iinvestigate the possibility of vertical pregsu
transmission through these faults to the base Ckaibup which may cause ground water
movement within the fresh water aquifer, althoul latter subject is beyond the scope of this

study.

5.2.2 CQ leakage and pressure transmission through caprocks

The long-term safety and viability of the commer@aale storage sites depend on the sealing
capacity of and integrity of the caprock. The rigksolving CG, storage have been associated with
its leakage and pressure buildup and vertical tngsson to the overburden layers. According to
studies made by Song et al. (2013), there are éeuwnf ways in which C@can leak from the
reservoir to the overburden. They include diffuslees of dissolved gas through the caprock,
leakage through the pore spaces after breakthrpuegsure has been exceeded, leakage through
faults or fractures, and well leakage. Leakagesrétrough faults or fracture networks are difficul

to quantify whereas diffusive loss is usually cdesed to be low (Song et al., 2013). Leakage
through faults in any site investigation shouldduklressed (IPCC, 2005) since this is one of the

ways CQ can leak through the caprock.
5.2.3 Fault Modelling

Pre-existing or induced faults can act as bothidrarand flow paths depending on the permeability
of the fault zone. Fluid flow along faults can béibited by clay smears or shale gouges, cataclasis
and/or the cementation by authigenic minerals (Maoki et al., 1999). The fault is described as a
zone with a particular thickness and shale conterat conceptual model. Fault transmissibility is
decided by fault permeability and thickness, whitdpends on the geometry of the faults (fault
surface and angle), fault deformation, fault pressand the mudstone packing of the faults.
Estimation of the transmissibility is usually bassdempirical data from the reservoir and outcrop
samples and literature (Chang, 2007). When thé fmebnductive and within the range of the CO
plume in the time considered, leakage may occadiihg to reduced sealing capacity. Chang and
Bryant, (2007) set up a 2-D model with four difierekinds of faults taken into consideration
(declined-sealing, inclined-sealing, declined-carithe, and inclined-conductive) and found that
there is a risk of leakage in both kinds of conthectaults and that this risk increases in inclined
conductive faults. Estublier and Lackner (2009)estigated the Snghvit GOstorage in a

multilayered reservoir model with faults and fouhdt leakage would occur if a high permeability
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fault were present. Similar results have been obthin other recent modelling studies (Fornel et
al., 2009; Oruganti et al., 2009).

Fracture density and faults are responsible fovatésel permeability in naturally occurring rocks.
Matrix permeability is found to be relatively low shale rocks is $0- 10° mD (Brace, 1980;
Norton and Knapp, 1977) but much higher in fradurecks. Fine-scale fracturing is closely
related to faulting and the micro- and macro-freetdensity increases significantly by at least an
order of magnitude near faults (Anders and Wilteghk994). It has been reported that over time
spans of hundreds of years some hydrothermal nipegaipitation may occur in the fault zone
thereby filling the fractures and void spaces amiasequently decreasing the permeability (Anders
and Wiltschko, 1994, Elders et al., 1979, 1984;rRmu, 1989; Rimstidt and Barnes, 1980; Sibson,
1987).

5.2.4 Fault permeability

The basic structural component in the faulting emnent is the fracture (a surface across which
the rock has broken and lost cohesion). Faulting beacomposed of three architectural elements
that include: the protolith (which is unfaulted,tbuay contain regional structures), the damage
zone (which may contain small faults, fractureacture networks, and veins) and finally the core
zone (which is composed of breccia and/ or fauligg in varying states of induration). The core
zone is flanked by the damage zone and most oflid@acement occurs in these zones. Various
combinations and degrees of development of the damaad core zones yield a range of possible
fault-zone architectures and permeability strucui@aine et al., 1996). Flow regimes in faulted
sedimentary basins are strongly affected by diffees in permeability of fault zones relative to
their host rocks (Haneberg, 1995; Bredehoeft et H092). Previous studies in hydrocarbon
reservoirs have shown that individual fault zonesyreeal in some areas and leak in others, as a
complex function of host-rock lithology, the defation mechanisms operative during faulting,
and fault zone diagenesis (e.g., Yielding et 897t Smith, 1980). Fault zones are heterogeneous
structures that cannot be simply defined as eltlaeriers or conduits for fluid flow in either space
or time (Caine et al., 1996; Knipe, 1993). The grmgwmneed for accurate simulation of subsurface
fluid-flow regimes requires incorporating at le#s¢ bulk hydrologic properties of fault zones into
numerical flow models (Rawling et al., 2001). Tablé show permeability ranges (1 X1®D and

1600 mD) including values derived from differentthals and materials, and from different scales
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as described in the references for the clastiorsealiary systemsn this study we will vary the fault
permeability in orders of magnitudes from 0.001 mbich is sealing to 1000 mD which is open. We will
allow other bulk hydraulic and fluid propertiestbe fault zones to be the same as the host rockuseave
do not have additional information to guide possiariations.

Table 1 Fault permeabilitgerived from different methods and materials, anchfdifferent scales as
described in the references.

Fault permeability range Locality/Fault rock type Reference
(mD)
9.0 — 1587 Crotone Basin, South Italy (Sandstone) Balsamo and Storti 2011
8.0 - 145 Faulted siliciclastic aquifer in Central Nieto et al. 2012
Texas
1.0 x 10% - 1.0 x 10? Arbuckle reservoir in Kansas Franseen et al. 2003
(Sandstone)
5x10°-1.0 Restefond fault in Alpline foreland Leclére et al. 2012
(Highly deformed sandstone lenses)
(0.1-200) x 10° Middle Jurassic sandstone reservoirs in Fisher and Knipe, 2001
North Sea

5.3 Methodology

5.3.1 Model Setup and Parameters

5.3.1.1 Vedsted structure

The site model comprises the Gassum Formationeagrimary reservoir and the full overburden
including the Haldager Sand Formation forming aoedary reservoir in the saline aquifer. Figure
5.3 shows a map of the top reservoir layer withxanarked on the structure that can be described
as a small elongate closure approximately 250 rh hivering an area of about 31 %and the
depth to the top Gassum reservoir is about 190@lowbmean sea level.

The target reservoir layer is the 290 m thick Gas$tormation which is intercalated with low
permeability shale sequences. The seal is the 58tiak low permeability shale of the Fjerritslev
Formation overlying the entire sequence constiguéirflow barrier due to the high capillary entry
pressure and very low permeability. The reserveiumderlain by the Skagerrak Formation with

uncertain properties. Overlying the primary cagrecthe Haldager Sand Formation forming an
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overlying potential storage with excellent reserywbperties. This formation has a net thickness of
about 80 m with porosity of about 17 % and permagnf 200-300 mD. The thickness of all

overburden formations are presented in Table 5.2.

Table 2 Hydraulic properties of the formations iadéted site (Mbia et al. 2014). The measutéd katio is
0.02 but for simplification we have used ratio df l ECLIPSE 100 corresponding to other litholagie
given in the literature

Formation Thickness Compressibility | Permeability kj ku/Kp, Porosity
(m) x 10° (bar™) (HD) (%)
Post Chalk 30 45 5x 10° 0.1 23
Chalk 420 45 2 x 10° 0.1 25
Vedsted 390 45 15 x 10° 0.1 21
Frederickshavn (shale) 230 0.5 1 0.1 13
Barglum (shale) 50 0.5 1 0.1 13
Flyvbjerg (shale) 20 0.5 1 0.1 20
Haldager sand 80 4.5 267 x 10° 0.1 17
Top Fjerritslev (shale) 174 0.5 1 0.1 11
Middle Fjerritslev 174 05 1 0.1 11
(shale)
Base Fjerritslev (shale) 174 0.5 1 0.1 10
Top Gassum 3
(sandstone) 64 4.5 63 x 10 0.1 19
Middle Gassum (shale) 47 0.5 1 0.1 9
Middle Gassum (shale) 47 0.5 1 0.1 9
Middle Gassum (shale) 47 0.5 1 0.1 9
Base Gassum 85 45 70 x 10° 0.1 14
(sandstone)
Skagerrak (sandstone) 331 4.5 20 x 10° 0.1 14
1.0D=9.87x10"m? 1 bar =1 x 10° Pa

5.3.1.2 Grid geometry and block sizes

The model volume is 50 x 50 x 2.4 kmomprising the Gassum Formation which is the prjma
reservoir. The primary reservoir has been subddvicdo 5 layers, including the upper sandstone
layer which is about 64 m thick and the lower sémus layer with a thickness of about 85 m. In
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between the upper and the lower sandstone layerthege successive layers of shale with each
having a thickness of about 47 m. The 530 m pring@al is subdivided into three equal layers.
Overlying the primary caprock are series of secondaservoirs and caprocks as shown in Table
5.2. The model consists of 250 grid blocks in thdinection and 250 in the y-direction and a total
of 19 layers with varying thicknesses in the z-cli@n, a total of about 1.2 million grid block cell
are used in the simulation. In order to keep thdtfanodel simple, we have digitized three
connecting faults C1, C2 and C3 to represent tingcaéconnectivity. The simplified faults connect
Gassum Formation (reservoir) vertically to the lexfethe Base Chalk Group at approximately 500
m depth, such that pressure can be transmittdeet8ase Chalk Group during the injection period.
Fig. 5.2 shows the schematic model with the thim@ecting faults as straight vertical corridors
and these determine the direction of pressure paifa during the injection period. The three
faults have the same width of about 0.2 km as tst grid block but with different lengths in the
horizontal direction. Fault C1 is 5.2 km in lengthd extends Southward starting 2.4 km from the
injection well. Faults C2 and C3 are 9.6 and 8.4ikhength, extending Northward starting 4.6 and
3.8 km from the injection well. In principle assigg different permeabilities to these fault block
sizes will give the transmissivity of the faultstire simulator. The faults are thereby represemed
the model as 200 m wide fault zones or damage zawm#s uniform permeability. This

representation is of course severely simplified @siilts must be interpreted in this perspective.

556000 552000 548000 514000 540000 536000 532000 528000
Depth (m) S0 6320000, 15561 i i ; 1 ! 6320000

Surface

Base Chalk
Group

Pressure & CO,

Top Gassum

3\ reservoir

Fig. 2 3D schematic model showing faults C1, C2 and C3 camgetop Gassum reservoir and Base Chalk
Group. The purple arrows indicate the possible clien of pressure propagation along faults and the
guestion mark indicate weather pressure will rette surface or not.
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5.3.1.3 Model Parameters

In Table 5.2, we present the reservoir and theatkpproperties of the various formations in the
Vedsted structure. The storage capacity for, G0 this case depends not only on the
compressibility, permeability and porosity of thassum Formation but also on the properties of
the overlying Fjerritslev Formation. In this reseinsimulation, the boundary conditions for thessit
model have been modified to accommodate some datbeal pressure transmission by using pore
volume multipliers (factor 200) for the outmostlseh the model. The sensitivity study is based on
varying the fault permeability from 1000 mD for therst case scenario to about 1.0 uD for the
best case scenario which covers the majority offélnéé permeability data range available in the
literature for sedimentary environments (Table 5.E)g. 5.3 shows a cross section of the Vedsted
model with permeability distribution and only brimeigration will occur through the faults. The
porosity, permeability and compressibility of thepoock measured and the procedures and results
are reported by Mbia et al. (2014a).

X-axis Y-axis
530000 550000 . 560000 _ -6320000

520000

0

Permeability K [mD]
1000

—100

Y-axis .5320000

520000

Figure 5.3 Cross section of Vedsted 3D model shpwartical permeability (kx 0.1) for each
layer including that of the connecting faults.

The Kk/kn ratio of vertical to horizontal permeability inehmodel used for all the formations
including caprock for simplification is 0.1. Theticafor the fault rock is set to 1.0 reflecting
uniform permeability. The ratio for the caprockrf@ation has been measured for a single sample as

0.02 (Mbia et al. 2014a). Other initial formationdafluid parameters are assumed including a
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hydrostatic pressure gradient of 100 bar/km, daliof the formation water of 270 g/l, and a
geothermal gradient of 30°/km. The PVT data intilgdhe formation volume factor, density and
viscosity for the temperature of 86 for the Gassum reservoir are obtained from thengercial
PVT software PVTsim (Calsep 2001). The brine dgrnisicalculated by the correlation of Rowe
and Chow (1970). The brine viscosity is assumedoetandependent of Gxontent and pressure. It
is calculated by the correlation of Batzle and \W&1982). The value used is 0.8117cpatT =66 C
(Gassum). The temperature at 1875 m (mid Gassue) lisvestimated at 6%C. The old data from
the Vedsted-1 well, indicate that the brine is%#2salinity which leads to a brine density of 1262.
kg/m®. Assuming hydrostatic pressure corresponding t® density leads to a Gassum datum
pressure of 196 bar at the datum depth of 1724 srbasis for the simulation the above reference
pressure at reference reservoir (Gassum) deptlssisnaed for initialization. Based on that, the

overpressure due to injection is extracted andtiiied.
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Figure 5.4 Plots of relative permeability and cdgy pressure versus water saturation. a) and b)
are based on sandstone data from Viking Format®engion et al. 2006). a) was also used for
shale while (b) for shale was scaled to an entsspure of 6.5 bar corresponding to a permeability
level of around 0.3 uD according to correlationadgdtshed by Thomas et al. (1968).

The relative permeability function used for the siation was inspired by the data shown by
Bennion and Bachu (2006) for the Viking Formati@ndstone, and was for simplicity used for
both the sandstone and the shale lithology (Fi4g)5.The irreducible water saturation of 40% is
used because using other values for irreduciblemssturation and or saturation functions would
only affect the CQ distribution, and probably not the more distanégsure propagation. The
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application of Eclipse 100 for the G®rine systems is obtained by using gas-oil ph&sesflect
the system, thereby using normal PVT descriptiangdfssolution of CQ@in the brine. Details on
brine evaporation and halite precipitation areinotuded, as they are linked to only the near-well

area under certain operating conditions.

The capillary pressure curve was established ggeadurve for the sandstone with 0.1 bar capillary
entry pressure (Fig. 5.4b). For the shale this €umas scaled to an entry pressure of 6.5 bar
corresponding to a permeability level of around QI3 according to correlation established by

Thomas et al. (1968).

The compressibility of the fluids (GOand water) is intrinsically taken into account in
Schlumberger ECLIPSE 100 in terms of density vammtvith pressure. Eclipse 100 is Eclipse 100
is a black-oil simulator and a standard tool, vpetlven and used by the oil industry. It is based on
finite differentiation of the relevant equationdiat is it solves Darcy's law together with a
generalised conservation equation (material ba)aices mainly applicable to three-phase and 3D
fluid flow in porous media with cubic equation dat as shown by Holger et al. (2009).We
simulated a rate controlled injection of 1.5 megat{@Mt) of CQ per year through a single vertical
well in the Vedsted structure which is completedhia eastern side of the dome shaped anticline in
the Gassum reservoir. The well is perforated thinoilng whole reservoir section and the injection
pressure is deemed sufficiently low not to supexsady fracturation limits. But since this is nag th
focus of our investigations, we have not supplieg @etails on fracturation pressure. 60 Mt of,CO
was injected over a period of 40 years using tHg&e 100 simulator tool. The aquifer was initially
fully brine-saturated. The well is completed ovelt feservoir section, and GQlistributes in the

layers according to permeability.

5.4 Simulation results and discussion

5.4.1 CQ plume and migration

Fig. 5.5 shows C@saturation and distribution at the top layer & Gassum reservoir for the 1000
mD fault permeability case, 40 years after injegti® Mt of supercritical C® The CQ saturation
and distribution for this case is similar to théet cases. For simplicity we have chosen to show
only part of the reservoir section around the itiggcwell where the plume is situated. The £O

front in the upper reservoir layer extends appratety 2.0 km from the injection well. The lateral
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extension of the COplume for fault permeability of 2000 mD looks siamito the other cases. The
plume spreads more in the upper layer of the resecompared to the bottom layer because of
upward migration of the free G@Qas. The upward migration of the €@ due to buoyancy and the
lateral extension of the plume in the upper layethe reservoir is due to the presence of the

caprock with very low permeability confining allglCG in the uppermost layer of the reservoir
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Fig. 5 Cross section of the Vedsted structure showirsgsafaration and migration of the Glume 40
years after injectind0 Mt of CQfor the case of 1000 mD fault permeabilithe CQ is injected in the full
reservoir section and distributes according to peatnility.

5.4.2 Fault permeability and impact on vertical pressure development

Fig. 5.6 shows the cross section of the Vedstedttsire and the resulting pressure development and
propagation for the cases with different fault peafilities 40 years after injecting 60 Mt of €O
into the Gassum Formation. Evaluating the effecfanfit permeability on pressure buildup and
vertical transmission as shown in the cross sectiancan see that after the end of the injection
period overpressure is transmitted beyond the Bdwdk Group to the surface. The overpressure
transmission to the surface is seen for the caefault permeability between 10 and1000 mD, as
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we decrease fault permeability in orders of maglatirom 10 to 0.001 mD, vertical pressure
propagation also reduces to the hydrostatic pressinove the primary caprock when fault
permeability is smaller than 0.1 mD. It is impottém note that cases with fault permeability above
10 mD in these simulations represent the worst casmario because we are dealing with
sedimentary rocks where the possibility of haviaglts with such high permeability may be small.
Secondly the fact that the faults act as open atsmdetween the reservoir and the Base Chalk
Group eases vertical pressure transmission witloyt obstacle as compared with the natural
system where we have zones of different fault pabitides which can limit vertical pressure
transmission. Once overpressure is transmittedchéobtrise of the Chalk Group at around 500 m
depth, where the chalk matrix permeability is 8D, it is possible for the pressure to reach the

surface through the low permeable matrix.

Figure 5.6 Cross sections of the Vedsted site within the figecwell showing overpressure
development (in bar) and transmission 40 yearsrdfigecting 60 Mt of CO, for cases with
different fault permeability varied by several orsleof magnitude covering the upper and lower
range for possible fault permeabilities as repdrie the literature data.

5.4.3 Fault permeability and impact lateral pressue development

Fig. 5.7 shows a map of the upper layer of thervesewnhich is directly below the sealing layer.
The result of the overpressure development anéxtent of lateral transmission from the injection
well 40 years after injecting 60 Mt of G@ shown for cases with different fault permedaiei.
Taking the worst case scenario with fault permégbil000 mD, we can see that there is less
pressure build-up around the injection well theredsulting in less lateral extension. On the other
hand the smaller fault permeability of 0.001mD feslin a much higher pressure buildup around
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the injection well and consequently leading to rgda lateral extension. This trend is seen as we
decrease permeability by orders of magnitude fradd01to 0.001 mD. Fig. 5.8 shows the
overpressure profiles for the various fault pernigglcases after the end of injection period. The
overpressure in the top reservoir layers reachdsab3or the lowest 0.001 mD fault permeability
case compared with 40 bar for the 1000 mD case.

Top reservoir layer Overpressure (bar) R e (bar)

—30

o)

Fault permeability = 1000 mD Fault permeability = 100 mD Fault permeability = 10 mD

Overpressure (bar)
—40

—30

Fault permeability =1 mD TN
Fault permmEHEu— Fault permeability = 0.0001 mD

Figure 5.7Map of the uppermost layer of the reservoir shovaugrpressure development (in bar)
from injection well and the lateral transmission y@ars after injecting60 Mt of CO, for cases
with different fault permeability varied by ordest magnitude covering the upper and lower range
for possible fault permeability as reported in therature data.

This is explained with the CGQOinjection overpressure buildup in the reservoimgequickly
transmitted into the overburden as it reachesdhé# With higher permeability, but as we decrease
fault permeability, the rate of vertical pressui@nsmission to the overburden is reduced, thereby
causing overpressure around the injection welliteatb larger lateral transmission in the reservoir
layer. The choice of input for caprock compresgibilcan also affect the lateral pressure
propagation in the reservoir slightly as has besmws (Mbia et al. 2014), but in this case this
added effect has little influence on how presssiteansmitted via the faults.
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Fig. 5.8 Pressure profile in the uppermost layer of theeresir showing overpressure development
and lateral transmission r 40 years after injecti®@ Mt of CO, for the cases with different fault
permeability.

Analysis of the results based on the cross-sedtmnéles (Fig. 9) indicates that overpressurddp
occurs in the top layer of the caprock in the cagés more than 1.0 mD fault permeability and ugbtbar
for the 1000 mD case. Overpressure is seen to@ewethe Base Chalk Group at a depth of aroundns00
for fault permeability above 1.0 mD. When permeagbis lower than 1.0 mD no pressure buildup is
observed. Analysis of the results based on thesprerofiles (Fig. 10) indicates that betweenah@ 5.0

bar overpressure is observed in the Base ChalkpgFaythe 1.0 —1000 mD fault permeability cases.
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Fig. 5.9 Pressure profile (Fig.8 for reference) in the uplayer of the caprock showing overpressure
development and lateral transmission 40 years afjecting60 Mt of CO, for the cases with different fault
permeabilities
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Fig. 5.10 Pressure profile in the base Chalk Group showingrpressure development and lateral
transmission 40 years after injecti6@ Mt of CO, . Fault permeability above 1.0 mD will cause
overpressure development in the Base Chalk Group.
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5.4.4 Permeability anisotropy

In the simulations permeability anisotropy of Oslused for the reservoir and caprock system,
which is a typical value to account for sub-gridll cayered heterogeneity. As our plug
measurements for the shale gave a much smallee @¢hld.02, we tested the effect of changing this
anisotropy for the shale lithologies in the simigiatas low as one order of magnitude (0.002) lower

than the measured value (0.02).

60 6
Top layer of the caprock
Top layer of the reservoir
50 - Fault k = 0.001 mD 51 —k k=01 Faultk = 0.001 mD
— ki/kp=0.1 Faultk=1mD | | e k,/ky= 0.002 Faultk = 1 mD
........ k,/k,=0.002 Faultk = 1000 mD y Faultk = 1000 mD
= L0 T 1 | || S——— Faultk = 0.001 mD = ! 1 {7 Faultk = 0.001 mD
K Y I R Faultk =1 mD
= Y 1 ||\ SN Faultk =1 mD o
L o " s ! 1  p Faultk = 1000 mD
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Figure 5.11 Overpressure development and laterahgmission 40 years after injectisg Mt of
CO, for the case with K, ratio of 0.002 and 0.1. a) is the pressure peoiil the uppermost layer
of the reservoir layer and b) and c) for the toppaak formation and base Chalk Group
respectively.

Fig. 5.11 compares overpressure development i tlaseers of the reservoir model after 40 years
of CQ;, injection for the vertical and horizontal perméi#piratio for the shale layers of 0.002 and
that of 0.1. It is seen that using thgkk ratio of 0.1, migration and distribution in the pgp
reservoir layer and the overpressure in the tops@asand Fjerritslev formations and base Chalk
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Group show no significant difference with a ratioOo002. It therefore implies that the/k, ratio
used for the shale layers has very little effecttloa pressure propagation which is in accordance
with the results obtained by Mbia et al. (2014Fig. 5.11 where the difference in overpressure in

the upper reservoir layer between 1.0 uD and Oud@taprock permeability is less than 3 bar.

5.4.5 Pressure relaxation after shut -in
Fig. 5.12 shows the overpressure profile for thpeupayer of the Gassum reservoir (5.12a), upper
layer of the Fjerritslev Formation (5.12b) and b&alk Group (12c) 40 years after CO2 injection

(60 Mt) and for time-steps in the relaxation périgp to100 years after the end of the injection

period.
50 6
Top layer of the reservoir 40 Yrs 40Yrs
i - = -45Yrs 5 | Top layer of the caprock = ==45Yrs
40 - . =50Yrs == 50Yrs
_ — — 100 Yrs 4 -~ -100Yrs
S04 U e 140 Yrs g 1 1 7 140 Yrs
L o
2 %3-
E [
2 20 A 5
° 5]
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O 32
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Lateral distance along x-direction [km] Lateral distance along x-direction [km]
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- —--100Yrs
......... 140 Yrs
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Overpressure [bar]

0 1I0 2'0 3IO 4'0 50

Lateral distance along x-direction [km]
Figure 5.12 Overpressure development and laterahgmission 40 years after injectisg Mt of
CO, and the corresponding relaxation times after thd ef injection. a) is the pressure profile in
the uppermost layer of the reservoir layer and byl &) for the top caprock formation and base
Chalk Group respectively.
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The case used fault permeability of 1000 mD in otdeoutline the maximum pressure change. At

the year 40, the overpressure in the upper layénefeservoir reaches up to 41 bar and 5 bar for
the upper caprock layer and the base Chalk Groyggr.ldhis overpressure declines rapidly in the

first 5 years after the end of injection to aboQtdar in the reservoir, and slowly in the upper

caprock layer to about 2 bar and even more slowihé base Chalk Group which shows only 1.0

bar reduction. 100 years after the end of the i@f@ction in the Gassum reservoir the overpressure
approaches hydrostatic pressure in the reservoiriskstill at 1.5 and 1.0 bar in the upper caprock

and base Chalk Group layer. As mentioned earlierbtbundary conditions allow same degree of
pressure relief at the model margins when the oeegore reaches the model boundary.

5.4.6 Gridding

The rather coarse grid representing the Vedstedehmodht have some effect on the simulation
results and the illustration of various effectseTdecision about gridding was guided by practical
computation time for the work on sensitivity anaysequiring multiple simulation runs. We
therefore examined the effect of grid resolutionacsingle example of a simulation run of pressure
propagation and CQOplume migration in order to illustrate this effelit a refined-grid model, the
grid cells within a radius of 2.5 km around theesgtjon well in the reservoir and the base caprock
layers were vertically refined to 20 m grid celickness as shown in Fig. 5.13 (a). The result is
compared with the coarse grid model used in thidys{Fig. 5.13b) with vertical dimension for the
grid cells of 125 nand above. We accept that a large grid block wildend to overestimate the
amount of CQ dissolution and consequently might underestimhée lateral extent of pressure
buildup compared with the fine grid model versiohietr can better capture a lateral pressure
gradient which is much higher close to the well. $f®w the comparison of the results of the
simulation by examining the amount of €figration in the reservoir at the base of the celpat

the end of injection at 40 years in Fig. 5.13 (@) &.13 (b). It is qualitatively illustrated thatid
resolution has an effect on both the lateral armticz extension of the C{plume in the aquifer.
The difference between the fine and coarse gridesn in the extent of the plume. Fine grid
resolution allows free C{gas to migrate faster and further in the latenadation than the coarse
grid size model. In terms of overpressure propagatihere is no major difference in overpressure
at the base of the caprock for the two cases. Tieeteof grid resolution on pressure was also

reported by Pickup et al. (2010) and their simolatresults also showed that grid resolution had
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little effect on pressure buildufm the near-well region in high salinity aquifettse process of formation
dry-out and possible clogging by salt precipitatiman affect injectivity according to Pruess and lgtul
(2009), and they also concluded that coarse grigghtnbe sufficient for initial assessment of st@ag

potential.

Fault permeability = 100 mD

Fault permeability = 100 mD co, Saturatj(frb(FraCtion)
"------..

Sy

Figure 5.13 CQ saturation and migration for both finer and coarggid resolution. a) is vertical
grid refinement within the reservoir and the basgrock layers with each cell having vertical
dimension of 20 m and the refinement extend wahidius of 2.5 km from the injection well. b) is
the coarse grid model used in this study and eatirhas vertical dimension of 125 m.

5.5 Conclusions

Based on a model case study we have investigaedld¢pendence of pressure buildup in the
reservoir and overburden on fault permeability. hely has simulated 40 years of injection of a
total of 60 Mt of CQ and has assessed the possibility of pressurentrssien to the overburden
formations in the Vedsted structure. The invesimgashowed that, pressure buildup was confined
within the base layer of the Fjerritslev caprockl éimere was no pressure buildup in the overburden
formations based on the measured caprock compilggsdnd permeability in the absence of

faults. These results are not presented in this papenkheibackground section (Mbia et al. 2014)

118



Included in this model were three faults that catrtee reservoir formation to the Base Chalk
Group, the upper part of which hosts a fresh watgrifer. Literature data on fault permeability
were gathered supplying an upper and a lower rarigeermeabilities. The simulation results
showed that by changing fault permeability from Q0@D, which represents the worst case
scenario, pressure buildup is transmitted to tlse lizhalk Group (500 m depth) with about 5.0 bar
overpressure. We used other fault permeabilityesld00, 10, 1, 0.1, and 0.001 mD) which span
the range from the worst (open) to the best (sgpltase scenario and the results showed that
between 0.5 and 5.0 bar overpressure is transndtéae base Chalk Group.

We also briefly investigated the effect of permégbianisotropy, relaxation after the end of
injection period and grid size on the g£figration and the pressure propagation. We fahad
there is no significant difference in the resulisew we use ¥k of 0.1or the value of 0.002. The
maximum overpressure of 5.0 bar is seen in the 6asgk Group level and falls to about 1.2 bar
100 years after the end of the injection periotheFand coarse grid resolution has not significant
influence on pressure propagation in the modelobiit affects allows the migration pattern of the

free CQ gas in the injection area.
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6.0 Concluding Remarks

The first aspect of this study has been to invastigand evaluate the petrophysical properties of
Jurassic shales constituting the primary capratiollbgy that seals deep Jurassic reservoirs. The
evaluation is based on laboratory experiments aadadle logging data. The second aspect of this
study is to use the measured shale data as inpampgers to Jurassic caprocks for reservoir
simulation study in order to investigate presswreetbpment and propagation in Vedsted site due
to industrial scale COstorage. Pressure buildup and L@akage due to COstorage are the
imminent risks associated with storage sites whiekd to be evaluated because if these risks occur
depending on the magnitude may lead to potentialirgt water movement and contamination
within the affected site. The petrophysical projsrtof shale that have been studied to have
significant influence on pressure transmission udel permeability and compressibility. Shale
permeability and compressibility depend on solidn@gralogy, grain density, cation exchange

capacity etc) and reservoir properties (porosityepadius, etc, at in situ conditions.

The laboratory data of cuttings material obtaineunf shale sections in Skjold Flank-1 well of the
Danish North Sea, supplemented with data fromieieify consolidated samples of kaolinite and
smectite. Equivalent pore radius can be calculated porosity and specific surface of all samples.
This forms a basis for predicting equivalent padius from logging data. Cuttings were used to
establish empirical relationships between equivalpore radius and elastic moduli. The
relationships are independent of mineralogical aositipn and give a correlation coefficient}R

of 0.97 for bulk modulus and compressional modalog a correlation coefficient of 0.85 for shear

modulus based on 41 data points.

These empirical equations were used to predictvatpnt pore radius from the elastic moduli
calculated from sonic velocity and bulk density dofjom the Skjold Flank-1. The predicted
equivalent pore radius show an overall depth-weserehse, but is highest in the lower part of the
Cenozoic shale sections (20 nm) and decreasesnton & the deeper Jurassic shale section. A
relatively modest equivalent pore radius of aroliicdhm in the youngest sediments is related to the
relatively low porosity of these silty shales. Tdeerall reduction in the equivalent pore radiushwit
depth can be correlated with the changing mineredédgomposition of the shale from smectite rich

Cenozoic shale to illite rich Jurassic shale caysidecrease in specific surface.
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The quantification of shale porosity, compresdipiand permeability from independent methods
has been made on core and cuttings material obtamoen the Fjerritslev Formation (shale).
Mineralogical analysis based on X-ray diffractomieiKRD) of forty two samples from onshore
wells (Stenlille-2, -5 and Vedsted-1) and one afehwell (Skjold Flank-1) shows a clear trend in
composition from the Northeast presently onshorethaf Norwegian-Danish Basin where we
encounter a gradient with more silty shale to klyg shale in the Southwest, offshore section of

the Central Graben.

Porosity of Fjerritslev Formation was measuredepehdently from three different methods
(Helium porosimetry-mercury immersion, mercury otjen capillary pressure and nuclear
magnetic resonance) gave different results indigatihat the stated shale porosity is dependent on
the method used. The results indicate that a higleosity is measured by nuclear magnetic
resonance method (21%) and helium porosimetry-mgricumersion method (20%) than mercury
injection capillary pressure method (11%) for tlaens samples. The mercury injection capillary
pressure method measured the lowest porosity eofdimation because mercury could not assess
all the pores in shale due to their high speciiidace area. The nuclear magnetic resonance method
which is expected to give similar results to théiume porosimetry-mercury immersion method,
recorded higher porosity probably due to contrinutirom unloading micro-cracks introduced due
to core unloading and sample handling. The additiggorosity from micro-cracks should be
neglected in the total porosity from nuclear magnetsonance data.

Laboratory measurements were carried out on cetdirseale core plug samples from
analog onshore wells. The experiments were perforoneder drained conditions. A series of
uniaxially confined loading and unloading stresshpawvere applied tthein situ stress level to
close up the induced unloading fractures. Statropressibility was determined from the loading
and unloading stress paths. The loading experimeate undertaken with continuous ultrasonic
recording of compressional and shear wave velascitidt reservoir conditions, dynamic
compressibility is similar to the static compreggipat the beginning of the unloading stress path
corresponding to elastic deformation. The analydiboth data sets indicates that Fjerritslev
Formation compressibility is 0.5 x Thar™*. The compressibility of this shale formation measu
from core samples is smaller by a factor of 10 orarthan previously published data on shale. The
reason is probably that a too conservative proeeduss been used for estimating shale
compressibility in earlier studies.
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Permeability for the same shale material may rédng@ micro to nanodarcy value depending on
the methodology used for the evaluation. We fourad Kozeny’'s modelled permeability from the
specific surface of the grains and equivalent paddus (as modelled from elastic data) and from
MICP-NMR data to fall in the same order of magnéwsith measured permeability for shale rich
in Kaolinite, but overestimates permeability by téeothree orders of magnitudes for shale with
high content of smectite. The empirical Yang andilAmodel gives good permeability estimate
comparable to measured data for shales rich in t#mechis is probably because Yang and Aplin
model was calibrated in London clay which is richsmectite. It is therefore important that any
model that is meant to estimate shale permealsitiuld be calibrated on a large amount of data
from both synthetic and natural shale samples. & faund that Biot’s coefficient introduced in

calculating shale permeability has a significard agstematic impact on shale permeability data.

The sensitivity of caprock compressibility and peahility and the consequences for pressure
development in Vedsted site were investigated tinoweservoir simulation studies using
Schlumberger ECLIPSE 100 reservoir simulator. seilits are based on 40 years after injection of
60 Mt of supercritical C@into the Gassum Formation at a rate of 1.5 Mtly&he sensitivity of
the caprock compressibility was evaluated and coisgra made between the measured average
value 0.5 x 10 bar! and the normally used standard value of 4.5 X har'. The overpressure
difference in the top of the storage formation idab higher for the measured caprock
compressibility compared with the standard capromkpressibility. This overpressure difference
can also play a significant role by increasing th&gnitude of the overpressure in the shallower
aquifers in the presence of permeable fracturedaurits. Therefore well-designed investigations of
formation properties are recommended when carrgimgreservoir simulation studies in order to
minimize the risk of underestimating or overestimgtpressure buildup in GQtorage sites. The
sensitivity of the pressure buildup and transmis$ar varying caprock permeability indicates that
when increasing Fjerritslev Foation permeability from 0.iD to 1.0uD, the overpressure could
not be transmitted through the 530 m thick caprbck,by increasing further the permeability to 10
and 10QuD, overpressure is transmitted through the capavckup to the Chalk Group. Reducing
the caprock permeability by one or two orders ofynmiude further reduces the vertical pressure
buildup but increases lateral pressure buildupthadextent within the storage formation. It is also
important to note that the ratio of vertical to izontal permeability has some influence on the

vertical pressure transmission.
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The evaluation of the sensitivity of the measurapraock compressibility and permeability data on
pressure buildup and transmission results showadaverpressure in the reservoir could not be
transmitted beyond the lower layer of the FjemisFormation. These findings allowed us to
investigate another potential risk that is assediatith the Vedsted site, namely the identification
and mapping of faults, which potentially may cragsseals. Four faults were mapped to reach from
below and terminate at the base of the Chalk Gedup5 km depth below the surface. Five faults
were mapped at the top of the Gassum reservoib@ita2.0 km depth and two of these were
interpreted to have a direct connection to the ladsmk Group faults as shown in 2D seismic line.
In this study we used base simulation case anddated the fault model. Included in the model
were three faults that connect the reservoir foionato the Base Chalk Group, the upper part
hosting a fresh water aquifer. Literature data aultf permeability were gathered supplying an
upper and a lower range of permeabilities. The Etimn results showed that by changing fault
permeability from 1000 mD, which represents the swotase scenario, pressure buildup is
transmitted to the base Chalk Group with about Ba® overpressure. We used other fault
permeability values (100, 10, 1, 0.1, and 0.001 mvbich span the range from the worst to the best
case scenario and the results showed that betwBean@ 5.0 bar overpressure is transmitted to the
base Chalk Group.

We also briefly investigated the effect of permégbianisotropy, relaxation after the end of
injection period and grid size on the g£figration and the pressure propagation. We fahad
there is no significant difference in the resultsew we use ¥k, of 0.1 or the value of 0.02. The
maximum overpressure of 5.0 bar is seen in the Gasgk Group level and falls to about 1.2 bar
100 years after the end of the injection perioteRgrid resolution allows free G@as to migrate
slightly further in the lateral direction than imetcoarserid model.
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7 Recommendations for Future Work

The following recommendation are made for futurekwvo

>

Simulation study of the Vedsted site in order toestigate the sensitivity of the
overpressure to the ground water movement in tee Bdalk Group layer.

Investigation of the possibility of GQeakage through the wells and faults is also irgr
for Vedsted site qualification.

Additional laboratory measurements from independenéthods to quantify the
compressibility and permeability of the secondaaprocks in the Vedsted structure can be
interesting in future simulation study of the site.

Experimental study on samples from the Haldagelt faane in order to have site specific
data for the fault permeability can also be ofriese in the site evaluation.

Couple fluid flow, geomechanical simulations in 3dervoir modelling of COstorage in
Vedsted structure can also be very informativeiatetesting.

Fracture tests of the Fjerritslev Formation at masie conditions can be give information on

the fracture pressure which is also of interesiti
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ABSTRACT

Equivalent pore radius links permeability and porosity of a porous medium. This property can be
calculated from specific surface and porosity data measured in the laboratory. We can obtain porosity
information from logging data but specific surface information can only be obtained from laboratory
experiments on cuttings or core samples. In this study we demonstrate that elastic moduli as calculated
from bulk density and velocity of elastic waves relate to equivalent pore radius of the studied shale
intervals. This relationship establishes the possibility of calculating equivalent pore radius from
logging data.

We used cuttings samples and available well logs to characterize Cenozoic, Cretaceous and Jurassic
shale sections in the Skjold Flank-1 well of Danish North Sea. Logging data and well reports were used to
select 31 shale cuttings samples and experimental data for porosity, grain density and BET specific
surface were obtained from these samples using kaolinite and smectite as reference. The cuttings
samples were also characterized with respect to mineralogical composition, content of organic carbon
and cation exchange capacity.

Equivalent pore radius was calculated from porosity and BET data. It varies from 5 nm for some
Cretacous and Jurassic shale samples to about 25 nm in some Cenozoic samples. Pore radius is controlled
by shale mineralogy and the degree of compaction.

We found exponential relationships between equivalent pore radius and elastic moduli, and these
empirical relationships were used to calculate equivalent pore radius for the Cenozoic, Cretaceous and
Jurassic shale sections in Skjold Flank-1 well from elastic moduli. Elastic moduli were calculated from
sonic velocity and density logs. The calculated equivalent pore radius logs vary from 27 nm at 500 m to
13 nm at 2000 m within Cenozoic shale and from 12 nm to about 6 nm in the deeper Cretaceous and
Jurassic shale intervals. Cross plots of the equivalent pore radius with neutron porosity and gamma ray
data separate the Cenozoic shale section with high equivalent pore radius from Cretaceous and Jurassic
sections.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

rich in organic matter ( > 2% weight fraction total organic carbon
(TOC)) and contain huge estimated gas reserves of about 1000

Equivalent pore radius links permeability and porosity when
modeling flow through porous media, but it is not straight forward
to predict this property for shale. In gas shale plays, gas flow occurs
mainly through interconnected fracture network systems which is
constantly recharged by gas flowing through the shale matrix which is
dominated by micropores (<2 nm) and mesopores ranging from
2 nm to 50 nm (Kuila et al., 2010). Gas flow in nanometer pores may
be a combination of Knudsen diffusion and slip flow while larger pores
are dominated by Darcy-like flow. Modeling this flow requires knowl-
edge of pore radius and pore-size distribution (Kuila et al., 2010).

Shale is known to forms source rocks for hydrocarbon genera-
tion and seals to hydrocarbon reservoirs and aquifers. Shale can be

* Corresponding author. Tel.: +45 45 25 14 16.
E-mail addresses: ernm@byg.dtu.dk, nchambia@yahoo.com (E.N. Mbia),
ilfa@byg.dtu.dk (L.L. Fabricius), eugene_oji@yahoo.com (C.O. Oji).

0920-4105/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.petrol.2013.08.026

trillion cubic feet (TCF) in North America and 200 TCF in Europe
(Jaffe, 2010). Recently the term “reservoir” is being used for shales
with huge gas potentials. In shale clay minerals typically constitute
the load bearing framework containing sub-micrometer pore size
resulting in low permeability (Pearson, 1990). Several authors have
discussed the inter-relationship between clay mineralogical com-
position and petrophysical properties of shale and have shown that
change in temperature and effective stress causes diagenetic
transformation of clay minerals as reflected in other petrophysical
properties (Hower et al., 1976; Dypvik, 1983;Howard and Roy, 1985;
Pollastro, 1985; Hall et al., 1986; Colten-Bradley, 1987; Bjerlykke,
1998; Peltonen et al., 2008, 2009; Marcussen et al., 2009).

Prasad (2003) used a collection of velocity, porosity, and
permeability data from limestone and sandstone and showed that,
by grouping the data in different hydraulic units based on pore
space properties, a positive correlation between velocity and
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permeability can be established. For synthetic clay samples an
exponential relationship was found between equivalent pore
radius and elastic moduli (Fabricius, 2011, partly based on data
from Mondol et al., 2008). So, although in many cases empirical
relations between elastic wave velocity and porosity are found
(Raymer et al., 1980; Nur et al.,, 1995), information on equivalent
pore radius gives a more general correlation. Elastic modulus is a
bulk property which is related to the compliance of the material
and carries information of the bulk density or porosity as well as
specific surface or pore geometry. According to Prasad (2003)
there exist relationships between velocity and permeability

T T T

0

60° 60°

55° 55°

Fig. 1. Skjold Flank-1 well is located near the Skjold field, Danish North Sea
(modified after Fabricius et al., 2007).
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because both are governed by volumetric and geometric consid-
erations, whereas porosity is only a volumetric description.

The objective of this work is to predict equivalent pore radius from
elastic moduli as calculated from laboratory data such that it is
possible to predict this parameter from field data of density and sonic
logs. Shape factor determination in shale is beyond the scope of this
study. We base the work on cuttings data for porosity, specific surface
and density. Secondly, we will then assess relationships between the
predicted equivalent pore radius and other logging data. We have used
logging data and available reports to select cuttings samples from
Cenozoic, Cretaceous and Jurassic shale sections in the Skjold Flank-1
well. Skjold Flank-1 is located in the Central Graben of the North Sea
Basin (Fig. 1). The well penetrated five litho-stratigraphical units
including shale-dominated Cenozoic Post Chalk group (73-2128 m),
the chalk-dominated primarily Cretaceous Chalk Group (2128-
2773 m), the Cretaceous shale rich Cromer Knoll Group (2773-
2857 m), the shale-dominated Jurassic (2857-4411 m) and Triassic
units (4411-4599 m). The Chalk Group and the Triassic units are not
included in this work, so we will group the data into “Cenozoic shale”,
“Cretaceous shale” and “Jurassic shale”.

2. Methodology
2.1. Logging data

The logs used for this study include mud log, caliper, resistivity,
gamma ray, density, neutron, as well as P-wave and S-wave velocity
logs (Fig. 2). The mud log was compiled during drilling operation and
records the lithology. The caliper log tool measures the hole-diameter.
Resistivity logs measure the formation's resistivity to the passage of an
electric current. The following resistivity tools were used.

Micro-spherically-focused resistivity (MSFL), laterolog deep
resistivity (LLD) and laterolog shallow resistivity (LLS). The natural
gamma ray log records the gamma radioactivity of the formation.
The radiation originates from the radioactive decay of naturally
occurring uranium, thorium and potassium. The radioactivity is
measured in API units. The density log records bulk density (pp).
Porosity is calculated from the bulk density log data by considering
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Fig. 2. Petrophysical well logs showing Cenozoic, Cretaceous and Jurassic shale sections in Skjold Flank-1 well. Cretaceous chalk section is shown as blank. The NTPHI is
limestone calibrated porosity from neutron log and Den. Poro is porosity from density log assuming 100% water saturated limestone.
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Table 1

Cuttings data. Semi-quantitative mineralogy based on X-ray diffractometry (XRD) of bulk and < 2 pm fractions. In Cenozoic and two youngest Cretaceous shale samples,
smectite and illite are semiquantified as separate phases, although they may occur as interlayered phases.

Period Depth Non-clay minerals (%) Clay minerals (%)
(m, msl)
Quartz K-feldspar Plagioclase Calcite Dolomite Pyrite Smectite Mlite Kaolinite Chlorite

Cenozoic 552 37 6 10 2 9 16 14 6
707 38 2 7 1 2 8 31 6 5
863 41 4 3 4 2 10 23 9 4
872 34 3 3 2 14 1 19 9 5
1009 31 11 9 2 10 9 13 11 4
1164 34 4 5 1 12 10 14 16 4
1338 28 1 1 9 9 32 17 3
1484 24 1 1 10 10 33 19 2
1622 22 2 1 2 7 11 35 15 5
1768 23 2 10 8 36 11 10
1923 21 2 2 4 11 39 12 9
2070 20 1 1 4 10 38 20 6
Cretaceous 2691 20 1 19 9 12 27 10 2
2719 22 28 5 1 25 6 3
2746 13 3 34 6 30 9 5
2774 25 35 7 23 6 4
2807 26 33 5 27 4 5
2829 13 33 4 35 7 8
2850 29 2 3 10 8 31 14 3
2871 28 2 3 10 3 5 33 13 3
Jurassic 3051 24 2 7 17 10 4 33 4 2
3200 27 1 3 7 10 9 30 10 3
3353 24 2 3 3 3 7 40 15 3
3520 22 1 7 4 6 5 39 11 5

3658 16 5 6 3 8 4 48 10
3810 22 2 3 11 6 36 13 7
3959 21 1 2 6 7 47 9 7
4115 18 2 3 5 7 45 11 9
4270 20 2 2 5 8 43 12 8
4420 23 3 2 3 8 42 11 8
4572 24 1 5 4 9 38 11 8

the average grain density of the solids from laboratory data as
shown in Table 1. All sections were assumed to be saturated with
brine with average density of 1.18 g/cm>. The neutron porosity log
is used as an indicator of porosity and lithology in combination
with the density log. The neutron density log is given in porosity
units as calibrated in 100% water saturated limestone.

The sonic data were obtained by the SDT log. It does not have a
separate shear source, so we are dependent on shear waves that
were refracted back only when larger than the mud velocity. The
recorded shear is thus sometimes uncertain when recorded with
this log. The sonic log records velocity of elastic waves in the
formation as expressed in travel time, quoted as At, which is the
inverse velocity. We recalculated travel times to P-wave and
S-wave velocities (V, and V;). Cross plots of gamma ray with bulk
density, neutron porosity, compressional and shear wave velocities
(Fig. 3a-d) split Cretaceous and Jurassic shale sections from the
Cenozoic shale section, which show higher gamma ray response in
some intervals, higher neutron porosity, lower bulk density, as
well as lower compressional and shear wave velocity.

2.2. Cuttings-data

The sample material consisted of unwashed cuttings. Well logs
and final well reports were used to develop a sampling strategy for
the well, and cuttings samples were taken at approximately
50-100 m spacing in shale intervals, so as to represent changes
in the petrophysical logs. The well is vertical with only minor
deviation and all depths are given as vertical depth, in meters from
sea level. Thirty-one shale cuttings samples were collected for this
study, 12 samples from the Cenozoic section, 8 samples from
Cretaceous shale, and 11 samples from the Jurassic. The samples
were carefully washed with deionized water several times to

remove all the drilling mud and left in methanol for two weeks
to dissolve salts. Silver nitrate was used to check for the presence
of salts. It is worth noting the difficulty involved in cleaning shale
samples with very low permeability which may prevent methanol
from getting into the micropores to dissolve all the salts. The
cleaned samples were then dried in an oven at about 60°C for
three days. Upon completion of this cleaning process, each sample
was handpicked for cavings. The final samples weigh from 55 to
95 ¢, and the following parameters were determined and the
results are presented in Tables 1 and 2.

2.2.1. Mineralogy from X-ray diffractometry

Bulk samples were ground in an agate mortar and pressed into
a sample holder for X-ray diffraction (XRD) analysis. For analysis of
the clay fraction, approximately 0.5 g samples were shaken with
distilled water for 15 min, mixed with 10 ml of 1 M NaCl, and then
repeatedly dispersed and centrifuged to recover the <2 pm
fraction. This suspension was treated with acetic acid to remove
carbonate minerals. The <2 pm clay fraction (using the Navier—
Stoke's equation) was extracted with a pipette to a frosted glass
slide. Then the water was allowed to evaporate overnight to
achieve basal orientation of the clay minerals for XRD analysis.
For identification of clay minerals four X-ray diffractograms were
taken: air-dried, ethylene glycol-solvated at 60 °C for 2 days,
subsequently heated to 350°C/2h and 550 °C/2 h. The XRD
pattern was obtained by Cu-Ko X-ray radiation by using Ni filter
with variable divergence slit through 2-65° 26. The XRD data and
intensities versus angle of diffraction were used to calculate lattice
distances (d-values) by using Bragg's law, and minerals were
identified. The bulk mineral composition was assessed semi-
quantitatively according to method used at University of Aarhus
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Fig. 3. Cross plots of gamma ray log versus other logging data from Skjold Flank-1. The data are split according to geological age: Cenozoic, Cretaceous and Jurassic.
(a) Gamma ray versus bulk density. (b) Gamma ray versus neutron porosity. (c) Gamma ray versus P-wave velocity. (d) Gamma ray versus S-wave velocity.

by O. Bjerslev. On bulk samples net peak height, h, was measured
on the following peaks where a correction factor was applied:
Quartz: 0.25 h(100); K-feldspar 0.10 h(220); Plagioclase: 0.10 h
(002); Calcite: 0.076 h(104); Dolomite: 0.076 h(104); Pyrite:
0.085 h(200); Clay minerals 1h(020). Semi-quantification was
then done from the relative corrected peak height. Clay mineral
groups were then semiquantified from the glycolated oriented
samples. The peak areas of the 17 A, 10 A, and 7 A peaks were
measured and corrected by factors 1, 3 and 1.15 respectively. This
allows an estimate of contents of Smectite, Illite, and combined
Chlorite and Kaolinte. Chlorite and Kaolinite were then semiquan-
tified from the ratio of the height of the 14 A peak after heating to
550 °C to the height of the 7 A peak corrected by a factor 1.5 on the
untreated oriented sample.

2.2.2. Determination of porosity by He-porosimetry and mercury
immersion

We first measured the grain volume, Vg, of each sample by helium
porosimetry. To get grain density, pgrqin, We divided sample weight
with sample volume. Since we could not measure the bulk volume of
the cuttings samples by caliper, we had to employ a mercury
immersion method. In order to carry out this measurement a special
set-up was designed which includes weighing balance with a swing
arm and perforated steel basket. The basket has a lid and is attached
to the swing arm. A beaker glass was filled with mercury to an
expected level.

The following steps were taken to obtain the volume of the
sample: (1) The weight of the empty basket was measured in air
and in mercury. (2) The weight of the basket plus the sample is
measured in air and in mercury. (3) Actual sample weight is equal
to weight of the basket plus the sample in air minus weight of
empty basket in air. (4) Actual sample weight in Hg is equal to
weight of the basket plus the sample in Hg minus weight of empty
basket in Hg. To get the dry bulk volume (V) we divided actual
sample weight in mercury by the density of mercury. To get dry
density (pary) we divide actual sample weight by dry bulk volume.
Porosity (¢) is then derived as

¢ = (Vdry_vg)/vdry (])

For calibration, similar cuttings were obtained by crushing a plug
with known porosity, and we found a relative error of + 2%.

2.2.3. BET specific surface

The specific surface of the samples (BET) was determined by
nitrogen adsorption according to the method developed by
Brunauer et al. (1938). A Gemini III 2375 surface area analyzer
apparatus (Micrometrics Instruments Corp.) was used. To preserve
the sample mineralogy, we degassed samples for 4 h at 70 °C on a
FlowPrep060 degasser (Micrometrics Instruments Corp.) using
nitrogen as a carrier gas. The determination of specific surface
area was achieved in two steps: (1) evaluation of the adsorbed
monolayer volume, and (2) conversion of this quantity to specific
surface area by means of the molecular area (a,,). The test was
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Table 2

Cuttings data from well Skjold Flank-1. p, is the grain density, ¢ is the mercury porosity, R, is the equivalent pore radius, BET is the specific surface by N, adsorption, CEC is
the cation exchange capacity, CaCOs is the carbonate presented as equivalent calcium carbonate; TOC is the total organic carbon, Th is thorium, U is uranium and K is
potassium identified by spectral gamma radiometry, V,, and V, are compressional and shear velocities obtained by averaging ten data points from corresponding depths in
the logging data. Experimental errors are: for p; < 0.03 g/cm?; for CEC < 5%; for BET < 0.3 m?/g; for ¢ < 2%; for CaCOs < 0.2%; for TOC < 0.2%; for Th < 0.5 ppm; for U

< 0.2 ppm; for K < 0.02%. Data for kaolinite and smectite are given for reference.

Sample Depth Pg CEC BET ¢ CaCoOs TOC Th u K Vp Vs
(m) (glem?) (mEq/100 g) (m?/g) (%) (%) (ppm) (ppm) (%) (kmy/s) (km/s)

Kaolinite 2.61 1 0.55 1.25 0.28
Kaolinite 2.61 11 0.45 1.36 0.34
Kaolinite 2.61 11 0.30 1.50 0.45
Kaolinite 2.61 11 0.32 1.56 0.47
Kaolinite 2.61 1 0.17 1.98 0.77
Kaolinite 2.61 11 0.11 218 0.90
Smectite 2.62 25 0.55 1.54 0.32
Smectite 2.62 25 0.49 1.62 0.37
Smectite 2.62 25 0.45 1.67 0.40
Smectite 2.62 25 0.39 1.88 0.51
Smectite 2.62 25 0.36 1.98 0.59
Cenozoic 552 2.65 38 30 035 6 0.6 14.40 4.98 1.87 232 0.81
Cenozoic 707 2.65 26 30 0.39 6 0.9 12.90 4.38 1.74 2.25 0.77
Cenozoic 863 2.65 22 30 0.35 4 1.1 11.60 4.58 1.63 2.29 0.93
Cenozoic 872 2.74 27 31 0.35 5 1.1 12.90 5.38 1.68 235 0.97
Cenozoic 1009 2.65 36 30 0.34 4 0.9 13.90 4.38 1.66 2.50 0.97
Cenozoic 1164 2.68 48 28 0.45 4 0.9 12.80 5.88 1.81 1.97 0.72
Cenozoic 1338 2.68 55 28 045 2 0.8 9.40 5.98 1.77 2.01 0.61
Cenozoic 1484 2.68 46 28 0.49 3 2.6 8.10 3.58 1.90 1.99 0.57
Cenozoic 1622 2.65 43 30 0.46 2 3.5 7.40 6.48 1.85 210 0.73
Cenozoic 1768 2.65 48 30 0.52 4 14 7.30 5.68 2.22 1.95 0.71
Cenozoic 1923 2.65 29 30 0.47 2 1.0 1.85 0.71
Cenozoic 2070 2.67 39 23 0.30 5 0.7 2.65 1.15
Cretaceous 2691 275 9 23 0.27 56 2.50 1.12
Cretaceous 2719 2.71 22 18 0.16 27 3.20 1.55
Cretaceous 2746 2.71 7 18 0.20 72 3.13 133
Cretaceous 2774 2.69 8 18 0.15 44 2.90 1.68
Cretaceous 2807 2.72 15 18 0.15 52 2.30 4.68 0.69 3.30 143
Cretaceous 2829 2.74 10 18 0.15 66 4.06 1.60
Cretaceous 2850 2.73 22 18 0.17 10 3.24 1.52
Cretaceous 2871 2.74 20 24 0.20 11 293 1.38
Jurassic 3051 2.75 9 18 0.21 28 2.0 7.70 4.68 1.86 244 1.20
Jurassic 3200 2.73 14 24 0.23 15 2.4 4.70 3.48 142 2.61 1.41
Jurassic 3353 2.74 17 24 0.26 13 2.5 7.10 2.38 134 2.53 1.22
Jurassic 3520 2.75 14 24 0.26 13 23 2.55 1.22
Jurassic 3658 2.76 12 24 0.25 11 2.4 7.80 2.88 1.68 2.64 1.20
Jurassic 3810 275 13 24 0.24 7 2.6 2.55 1.27
Jurassic 3959 275 15 19 0.16 5 14 9.60 3.68 1.78 3.20 1.55
Jurassic 4115 2.76 14 18 0.14 7 14 9.00 498 217 3.21 1.57
Jurassic 4270 275 15 18 0.15 6 1.7 8.20 5.18 215 3.06 1.71
Jurassic 4420 2.76 13 16 0.14 6 22 3.16 1.75
Jurassic 4572 2.76 16 16 0.14 5 1.2 10.30 4.38 1.94 3.26 1.85

carried out in duplicate. The specific surface, S, with respect to
bulk volume was calculated as

S = BET#pyy, 2)

2.24. Cation exchange capacity (CEC)

The CEC was measured by Ba-ion exchange. First 0.1 M BaCl,
(pH=5.8) solution was added to each sample so that Ba®* ions
replace the bases such as Ca®*, K+, Mg?* and Na*. Afterwards
the concentration of the bases was measured with inductively
coupled plasma-optical emission spectrophotometry (ICP-OES). To
analyze the cation-exchange capacity which is known as the
effective CEC, the samples were next immersed in a dilute BaCl,
solution with an ionic strength of about 0.01 M. Then the Ba®*
which replaced the bases was removed with an excess of MgSO,.
The Mg?* lost for the exchange with Ba?* is measured with the
ICP-OES to determine the effective CEC.

Measurement of CEC on shale samples with carbonate gave
significantly higher CEC exchangeable bases than expected. Ana-
lysis showed that calcium carbonate in shale samples increases

the CEC exchangeable bases which gave exaggerated values of
effective CEC. We normally expect that the effective CEC is higher
than the CEC exchangeable bases but that was not the case.
We measured the carbonate content of each sample and realized
that the higher the percentage of carbonate in shale sample, the
higher the contribution of calcium cations. In a sample with 72%
carbonate content, the contribution of calcium cations from
carbonate is about 78% of the CEC exchangeable bases. While
shale samples with low carbonate content of about 8% contributes
only 1% of calcium cations to the CEC exchangeable bases. In order
to correct for this error we treated selected carbonate bearing
shale samples with CH3COOH acid at pH=2, to remove the
carbonate before carrying out renewed CEC measurements. From
these CEC results it was possible to apply a correction factor to
obtain the effective CEC for the remaining carbonate containing
shale samples by plotting the ratio of CEC and CEC carbonate
free against carbonate content. During the removal of carbonate,
also cations from shale supposed to contribute to the CEC
exchangeable base were leached out and replaced by the acid
cations (H30™).
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2.2.5. Carbonate content and total organic carbon (TOC)

The carbonate content was obtained by means of dissolution
with 1 M HCI followed by titration with 1 M NaOH. The error is
+ 0.2%. Data are presented as equivalent CaCOs. The total organic
carbon content (TOC) was measured by combustion in a LECO
(CS-200) Carbon/Sulfur Analyzer-oven with an error of + 5%.

2.2.6. Gamma spectrometry

The concentrations of U, Th and K were measured on powdered
samples by a Nal-crystal gamma spectrometer with an error for U:
< 0.2 ppm, for Th: <0.5 ppm, and for K: <0.02%.

2.2.7. Equivalent pore radius prediction

Experimental data obtained in this work together with data
from Fabricius (2011) on pure kaolinite and smectite were used to
model the relationship between elastic moduli and equivalent
pore radius. The experimental data used includes porosity (¢), BET
specific surface, grain density (p,), compressional and shear wave
velocities in the water saturated state. For the Skjold Flank-1 shale,
velocity data was collected by averaging sonic velocity log data in
5 m intervals from the same cuttings depths which gives approxi-
mately the same resolution. For the pure kaolinite and smectite
laboratory velocity data from Mondol et al. (2008) were used. The
frequency of elastic waves from logging differs from frequency of
laboratory measurements, but we expect only insignificant dis-
persion of wave velocity due to small pore size and consequent
high critical frequency. The bulk density, p, is calculated as

Pp=pg(1=D)+pud 3)
where pj is the fluid density

Elastic compressional modulus, M, is given as
M=p,V2 “
Elastic shear modulus, G, is given as
G=pyV2 6)
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Elastic bulk modulus, K, is calculated as

K =M- (4/3)G (6

For modeling pore radius, we need information on ¢, and the
specific surface of the bulk sample S.
The equivalent pore radius, R, is defined as:

R, =2¢S=2/S, )

where S, is the specific surface relative to pore space.

3. Results
3.1. Mineralogical composition

Results from XRD analysis is shown in Fig. 4 and Table 1. The
non-clay fraction consists mainly of quartz. Quartz content
decreases from about 40% in the younger Cenozoic sediments to
about 20% in the deeper Cenozoic. In Cretaceous and Jurassic
shales the quartz content varies stratigraphically between 15% and
30%. Feldspar (K-feldspar and plagioclase) is most prevalent in
younger Cenozoic sediments and in the Jurassic (5-15%), whereas
itis sparser in older Cenozoic and Cretaceous shale. Calcite content
is below 5% in the Cenozoic and Jurassic shale samples, whereas in
Cretaceous samples up to about 35% calcite was found. Dolomite
was not detected in Cenozoic and Cretaceous samples (save the
oldest), whereas 5-10% dolomite was identified in the Jurassic
shale samples. Pyrite is also identified in these geologic intervals
and varies stratigraphysically in Cenozoic shale from 2% to about
14% and from 4% to about 9% in Cretaceous and Jurassic shales.

The main clay minerals identified include smectite, illite,
kaolinite and chlorite. Smectite (10-15%) is present in the Cenozoic
and in the youngest Cretaceous samples (deepest smectite bearing
sample is from 2719 m, msl). Below this depth no smectite was
identified. Although Smectite and Illite are partly interlayered,
they are semiquantified as separate phases (Fig. 4). Illite is the
dominating clay mineral throughout, and most prevalent in older
Cenozoic (30-40%) as well as oldest Cretaceous and Jurassic (30—
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Fig. 4. Mineralogical composition of cuttings samples based on X-ray diffractometry.
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50%) samples. The content of kaolinite and chlorite does not vary
much with depth and constitutes 5-10% for chlorite and 6-20% for
kaolinite.

3.2. Petrophysical properties

The results of grain density, porosity, equivalent pore radius, BET
specific surface, CEC, equivalent carbonate content, TOC, spectral
gamma data, and elastic wave velocities are summarized in Table 2.
Plots of these petrophysical properties as a function of burial depth
are shown in Fig. 5a-1. Grain density (Fig. 5a) shows no significant
depth trend for Cenozoic shale samples but varies between 2.65 and
2.75 g/cm?. There is significant increase in grain density with depth
from 2.69 g/cm?® in Cretaceous shales samples to about 2.76 g/cm’ in
Jurassic samples. Porosity (0.3-0.5) and equivalent pore radius (10-
27 nm) show higher values in Cenozoic shale samples (Fig. 5b and c)
which reduces with depth to about 0.15 for porosity and 7 nm for
equivalent pore radius in the deeper Jurassic sediments. Porosity and
pore radius show opposite depth trend to that seen in grain density.
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BET specific surface and cation exchange capacity show higher
values for the Cenozoic shale samples in comparison with the low
values obtained for the Cretaceous and Jurassic samples. The BET
specific surface decreases with depth from 30 m?/g in Cenozoic
samples to <20 m?/g in deeper Jurassic samples (Fig. 5d). Cation
exchange capacity varies from 25 to 55 mEq/100 g in Cenozoic
shale, while it is significantly lower (10-20 mEq/100 g) in Cretac-
eous and Jurassic shale (Fig. 5e). Carbonate content is low in
Cenozoic and older Jurassic shales as compared to Cretaceous and
younger Jurassic shale. This reflects the content of carbonate
minerals by XRD (Figs. 4 and 5f). The total organic carbon content
(TOC) is generally lower in Cenozoic samples (0.6-1.4%) than in
Jurassic samples (1.2-2.6%), but Cenozoic samples at 1484 m and
1622 m, msl, have relatively high TOC of 2.6% and 3.5% (Fig. 5g).
The variation in TOC is not reflected in the radioactivity of these
shale samples (Fig. 5h—j). The most conspicuous trends are the
decreasing depth trend of Th in Cenozoic shale (from 15 to 5 ppm),
and the more modest increasing depth trend in Jurassic shale from
5 to 10 ppm (Fig. 5h).
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Fig. 5. Depth plots of cuttings data: (a) grain density, (b) porosity, (c) calculated equivalent pore radius, (d) BET specific surface, (e) cation exchange capacity (CEC),
(f) carbonate content, (g) total organic carbon (TOC), (h) thorium content, (i) uranium content, (J) potassium content, (k) compressional wave velocity and (1) shear wave

velocity.
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Fig. 6. Cross plots of cuttings data: pore radius calculated from BET and porosity versus: (a) grain density, (b) bulk density, (c) clay content, (d) porosity, (e) specific surface
from BET, (f) cation exchange capacity, (g) compressional wave velocity, (h) shear wave velocity. Data for pure smectite and kaolinite are shown for reference.

P-wave and S-wave velocities (Figs. 5k and 1) show similar
depth trend behavior as grain density but opposite to that of
porosity and equivalent pore radius from Cenozoic to Jurassic shale
samples which increases from 0.8 to 1.6 km for S-wave and from
2.3 to 3.3 km/s for P-wave velocity.

3.3. Equivalent pore radius

We investigated the relationships between the equivalent pore
radius and the other petrophysical parameters as shown in
Fig. 6a-h and found clear relationships between pore radius and
acoustic velocity as well as pore radius and bulk density. Despite
clear trends between bulk density and equivalent pore radius,
kaolinite and smectite show separate trends (Fig. 6b) while
there exists a single trend for both minerals for the correlation
of elastic moduli and equivalent pore radius (Fig. 7a-c). This
implies that we can possibly predict pore radius from elastic
properties.

Elastic moduli were calculated from experimental data from
Cenozoic, Cretaceous and Jurassic shales of Skjold Flank-1 well and
from artificially compacted kaolinite and smectite (Mondol et al.,
2008) (Fig. 7a—c). Compressional modulus vary from 4 to about
30 GPa, shear modulus from 0.1 to 9 GPa and bulk modulus from
4 to 24 GPa. For pure kaolinite, the equivalent pore radius from
BET specific surface and porosity varies from 86 nm to 9 nm with
increasing compaction. For pure smectite equivalent pore radius
varies from 37 nm to 17 nm with increasing compaction. The cross
plots of the calculated pore radius with elastic moduli (Fig. 7a-c)
combine the data set into an exponential relationship independent
of the mineralogy. These relationships were used to compute
empirical equations from which the equivalent pore radius, R,
was calculated:

Ry =83x10"74+57x107"M? 8
Ryc=78x10"°+85x10°G"! )

Rpxk =6.6 x 107°+5 x 107K (10

where Ry is equivalent pore radius from compressional modulus,
Rpc, from shear modulus and Rpk from bulk modulus. Radius is
given in nm and moduli are given in GPa.

The plot of the equivalent pore radius versus the equivalent
pore radius modeled from the compressional modulus gives a
correlation coefficient of 0.97, whereas modeling from shear and
bulk modulus gave a correlation coefficient of respectively 0.85
and 0.97 with total of 41 data points (Fig. 7d-f). The computed
empirical equations were applied to the density and sonic velocity
logs and the equivalent pore radius log for the Cenozoic, Cretac-
eous and Jurassic shale sections in Skjold Flank-1 well was
compared with other logs as shown in Fig. 8a-e. In Cenozoic shale
the equivalent pore radius vary between 12 nm and 20 nm. In the
deeper Cretaceous and Jurassic shale pore radius varies between
12 nm and about 6 nm.

4. Discussion
4.1. Cenozoic shale

The younger Cenozoic sediments, above 1200 m, msl are silty
shales with high quartz and relatively high feldspar content. A low
content of calcite is reflected in low carbonate content and also
relatively high pyrite content is noticed. The clay minerals in order
of abundance are illite, kaolinite, smectite and chlorite. These
younger Cenozoic shales have a relatively low porosity of 0.35-
0.40 probably reflecting poor sorting caused by the high silt
content. A relatively high detrital content is indeed reflected in a
relatively high content of Thorium. A relatively high specific
surface (BET) and low grain density probably reflect interlayered
clays dominated by smectite and stratigraphical variation in pyrite
content. Poor sorting and smectite dominated clay thus result in
low porosity and high BET and consequent modest equivalent pore
radius of c. 15 nm.

The older Cenozoic shales are poorer in quartz and tend to have
higher porosity (up to 0.5) than the younger Cenozoic sediments.
The older Cenozoic shales are dominated by illite-dominated
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mixed layered clays, so in spite of the higher clay content, specific
surface is similar to that of the younger section. The resulting
equivalent pore radius is consequently high: 20-25 nm. The
equivalent pore radius is well predicted from bulk modulus and
compressional modulus, and less well predicted from the shear
modulus (Fig. 7d-f). Nevertheless it is the shear modulus-based

prediction of equivalent pore radius in combination with the
neutron log which gives the most effective separation of Cenozoic
data points from older data points (Fig. 9d-e). In spite of a high
content of feldspar and Thorium the younger Cenozoic sediments
with moderate pore radius only cause a small bias towards higher
radioactivity for Cenozoic sediments (Fig. 9a-c).
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Fig. 9. Cross plots of logging data: pore radius estimated from elastic moduli versus: (a)-(c) gamma ray and (d)-(f) neutron porosity. The data are split according to
geological age: Cenozoic, Cretaceous and Jurassic. (a) and (d) Pore radius estimated from compressional modulus M, (b) and (e) pore radius estimated from shear modulus, G,

(c) and (f) pore radius estimated from bulk modulus, K.

4.2. Cretaceous shales

Cretaceous shales form a relatively thin section below the thick
Chalk Group. Calcite, quartz and pyrite constitute a total of 40-50%
of each sample, with the abundance of calcite declining with
depth. The clay minerals identified comprise mixed layered
smectite respectively illite dominated clays, as well as kaolinite
and chlorite. Below 2719 m, msl (corresponding to around 85 °C)
no smectite was found. Depositional smectite may have trans-
formed to illite by diagenesis. A diagenetic transformation of
mixed layered illite-smectite is known as illitization and described
in the North Sea shales by several authors (Hower et al., 1976;
Dypvik, 1983; Howard and Roy, 1985; Pollastro, 1985; Hall et al.,
1986; Colten-Bradley, 1987, Bjarlykke, 1998; Peltonen et al., 2008;
Marcussen et al., 2009). The transition to smectite free clay is
reflected in the increased grain density and lower specific surface
and cation exchange capacity.

In spite of the lower specific surface, the predicted equivalent
pore radius in Cretaceous shale is small: around 10 nm. This is
caused by a low porosity (0.15-0.20). Relatively high velocities of
elastic waves and relatively low specific surface relative to the
overall depth trends indicate a relatively high degree of diagenetic
cementation (Fig. 5d, k and 1). On cross plots of equivalent pore
radius versus gamma ray and neutron porosity log Cretaceous
shale tends to overlap Jurassic shale (Fig. 9).

4.3. Jurassic shales
The Jurassic shale section is inter-bedded with thin layers of

sandstone or dolomite stringers as indicated by low GR and high
density log peaks (Fig. 2). XRD analysis indicates that quartz occurs

as the main non-clay mineral, that plagioclase and dolomite are
present in all samples, while calcite significantly reduces as we get
to lower Jurassic shale. This is also reflected in a depth-wise
decreasing content of carbonate (Figs. 4 and 5f). Clay minerals
generally constitute 60% of the solids. The clay minerals identified
comprise primarily illite, but also kaolinite and minor amounts of
chlorite (Fig. 4). An increasing maturation of illite is indicated by a
depth-wise increasing K-content (Fig. 5j) which is consistent with
other Jurassic samples from the Central Trough studied by
Lindgreen and Hansen (1991).

The predicted equivalent pore radius in the Jurassic shale tends
to decrease with depth from 10 to 7 nm. This is a reflection of
decreasing porosity which counteracts a decreasing specific sur-
face (Fig. 5b and d). Cretaceous and Jurassic shale intervals tend to
overlap in the cross plots of equivalent pore radius versus gamma
ray and neutron porosity log data (Fig. 9). The best separation is
obtained from equivalent pore radius predicted from compres-
sional modulus, where a relatively well defined trend of equivalent
pore radius versus neutron porosity is found for Jurassic shale
(Fig. 9d).

5. Conclusions

Petrophysical well logs and well cuttings were used to char-
acterize Cenozoic, Cretaceous and Jurassic shale sections in Skjold
Flank-1 well of the Danish North Sea. The data were supplemented
with data from artificially consolidated samples of kaolinite and
smectite. Equivalent pore radius can be calculated from porosity
and specific surface of all samples. This forms a basis for predicting
equivalent pore radius from logging data.
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Cuttings were used to establish empirical relationships
between equivalent pore radius and elastic moduli. The relation-
ships are independent of mineralogical composition and give a
correlation coefficient (R?) of 0.97 for bulk modulus and compres-
sional modulus and a correlation coefficient of 0.85 for shear
modulus based on 41 data points.

These empirical equations were used to predict equivalent pore
radius from the elastic moduli calculated from sonic velocity and
bulk density logs from the Skjold Flank-1. The predicted equivalent
pore radius shows an overall depth-wise decrease, but is highest in
the lower part of the Cenozoic shale sections (20 nm) and
decreases to 8 nm in the deeper Jurassic shale section. A relatively
modest equivalent pore radius of around 15 nm in the youngest
sediments is related to the relatively low porosity of these silty
shales. The overall reduction in the equivalent pore radius with
depth can be correlated with the changing mineralogical composi-
tion of the shale from smectite rich Cenozoic shale to illite rich
Jurassic shale causing a decrease in specific surface.
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Large scale CO, storage has previously been considered for the Vedsted structure located in the Northern
part of Jylland in Denmark. Pressure buildup in the Gassum reservoir and transmission to the shallower
Chalk Group where the brine—fresh water interface resides need to be investigated as part of site qualifica-
tion, as overpressure can push brine into the fresh water zone and thereby affecting aquifer performance.
Pressure transmission from the reservoir into the surrounding formations, when fractures and faults are
ignored, will depend on the properties and thickness of the sealing rock. The most important property to
be considered is caprock compressibility and permeability. Laboratory experiments on centimeter-scale
plugs and dynamic sonic velocity data from relevant shale formations in Denmark indicate that shale com-
pressibility is lower than often assumed for reservoir simulation studies. The measured compressibility
for the Fjerritslev Formation is 0.5 x 10~ bar~', which is an order of magnitude lower than the standard
compressibility (4.5 x 10~° bar~!) normally used for reservoir simulation studies. The consequences of
this lower compressibility are investigated in a simulation case study and the results indicate that higher
overpressure is created in the reservoir and the caprock. Overestimating caprock compressibility can
therefore underestimate overpressure within the storage and sealing formations and this can have sig-
nificant implication in the presence of highly permeable fractures and faults. The caprock permeability
is measured on core samples using a geotechnical method of constant rate of strain (CRS) experiments
which seem to match the modeled permeability data for the Fjerritslev Formation. We found an average
vertical permeability of 0.1 wD for the Fjerritslev Formation from the samples measured. The sensitivity
of pressure development for the caprock permeability has been studied by varying from one to three
orders of magnitude higher and one to two orders of magnitude lower than the measured permeability
of 0.1 wD. Injecting 60 million tons (Mt) of CO, at a rate of 1.5 Mt/year into the Gassum Formation for 40
years indicates that, with permeability above 1.0 wD, overpressure can be transmitted through the 530 m
thick Fjerritslev Formation caprock and further up into the overburden layers.

© 2014 Elsevier Ltd. All rights reserved.
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coal power station at Aalborg followed by geological storage of
the CO, in a nearby onshore saline aquifer (Gassum reservoir)
within the Vedsted structure (Christensen et al., 2012). The project
was temporarily stopped in 2011. The investigation license was

1. Introduction

1.1. Background

During the period 2007-2012 a Carbon Capture and Storage
(CCS) demonstration project was considered in the North Jyl-
land region of Denmark. The project would have involved the
post-combustion capture of CO, from the Nordjyllandsverket
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active during 2011 and as a part of that, research activities were
initiated related to key technical issues, one being to gain better
understanding of formation pressure buildup and pressure trans-
mission through the caprock Fjerritslev shale formation due to CO,
injection. Various research studies have been evaluating pressure
response as a result of injecting large volumes of CO, into saline
aquifers for safe storage over long period of time. Most of these
studies are conceptual due to the scarcity of site specific 2D or 3D
seismic data and petrophysical data of the formations (Birkholzer
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et al., 2009; Buscheck et al., 2012; Zhou et al., 2008). One of the
concerns raised in the licensing process is the environmental
impact of large-scale pressure buildup in the storage formation
(Gassum) and related brine displacement which may affect the
quality of the fresh water resources in the overlying Chalk Group
which may experience water table displacement and changes in
discharge and recharge zones. This question can be addressed if
overpressure maps are generated as input for hydrogeological
modeling (not within the scope of this work) of brine displacement.

The Vedsted structure is an onshore saline aquifer targeted for
CO, storage and without considering fluid production (i.e., extrac-
tion), which can increase CO, storage capacity and relieve pressure
buildup, we are investigating this structure as an injection-only
formation. In the absence of fluid production from injection-only-
industrial scale saline formations, geological storage of CO, may
result in a large pressure buildup and transmission, persisting both
during and sometime after injection has ceased (Buscheck et al.,
2012). Thus, pressure buildup is considered to be a limiting factor
on CO, storage capacity and security, and storage-capacity esti-
mates based on effective pore volume available for safe trapping
of CO, may have to be substantially reduced (Birkholzer and Zhou,
2009).There is also the need to evaluate overpressure development
within the injection site in order to stay below the threshold pres-
sure for fracturing of the caprock. Previous conceptual simulation
studies (Birkholzer et al., 2009; Buscheck et al., 2012; Zhou et al.,
2008) have shown that pressure development within the storage
formation and lateral and vertical transmission to the surrounding
and the overburden layers is largely determined by the hydraulic
connectivity between the deep saline formations and the fresh
water aquifers overlying them. The assumptions about hydraulic
properties of the sealing layers are important in simulation studies
for CO, sequestration. The main hydraulic properties to be inves-
tigated include compressibility, permeability and porosity of the
caprock. In order to simulate CO, sequestration in the Gassum For-
mation reservoir (primary reservoir) and to investigate pressure
buildup and transmission through the Fjerritslev Formation (pri-
mary caprock) to the overburden layers, our goal is to evaluate
data for compressibility, permeability and porosity of the sealing
formation, and then use this for building scenarios to illustrate the
associated ranges of results and the consequences of uncertainty
about input parameters.

1.2. Compressibility

In situ compressibility of shale can be determined from vari-
ous sources: (a) sonic velocity and bulk density data of well logs,
(b) measurements on centimeter to meter scale in the field or
from, (c) ultrasonic velocity data measured in the laboratory on
centimeter scale core samples (Mbia et al., 2013a,b). Compressibil-
ity determination from velocity and density data is often termed
dynamic compressibility. Compressibility can also be determined
from stress-strain data during geotechnical testing on centimeter
scale core samples and this type is often referred as static com-
pressibility. Urgent need for compressibility data for deeply buried
caprocks has prompted these investigations. These data have been
scarce and difficult to find in the available literature, probably
because they were not that useful for reservoir simulation studies
compared with reservoir rocks. Previous studies on reservoir rocks
have shown that static compressibility from hydrostatic testing is
often higher than dynamic by orders of magnitudes (Fjzr, 2009;
Holt,2012; Tutuncu et al., 1994; King, 1970; Walsh, 1965; Yale et al.,
1995). Acoustic wave propagation in dry, clean (clay free) rock is
predominantly an elastic process (Walsh, 1965) and both dynamic
and static compressibility determination in such rocks are sup-
posed to be similar, but occurrences of non-elastic processes may
cause them to differ according to Fjer et al. (2012). The differences

between static and dynamic compressibility in rocks are suggested
to be due to the departure from linear elasticity due to the influ-
ence of strain amplitude, length of stress path, stress history, rock
volume involved, and drainage conditions (Cheng and Johnston,
1981; Fjeretal,, 2012; Simmons and Brace, 1965). Walsh and Brace
(1966) explained that the difference may be due to the presence
of highly compliant cracks which affect static deformation differ-
ently than the dynamic. The standard caprock compressibility used
in many CO reservoir simulation studies (Birkholzer et al., 2009;
Buschecketal., 2012; Jin et al., 2012; Pruess et al., 2002; Zhou et al.,
2008) is 4.5 x 1075 bar~! which was measured for unconsolidated
reservoir rocks by Newman (1973). Zhou et al. (2008) reported
that up to 1.0 x 1073 or 1.0 x 10~2 bar~! order of magnitude can
be achieved in plastic clays. Static compressibility under hydro-
static loading condition is different from uniaxial loading behavior
(Khatchikian, 1995; Ong et al., 2001; Yi et al., 2005) and does not
represent true reservoir conditions of stress (Anderson and Jones,
1985; Lachance and Anderson, 1983; Teevu, 1971). We will present
experimental data on caprock compressibility determined from
three different methods: (a) stress-strain, (b) ultrasonic velocity
and (c) well log velocity data of Fjerritslev Formation (shale) from
two analog wells Stenlille-2 and -5 (detailed laboratory procedure
have been presented by Mbia et al. (2013a,b)).

1.3. Permeability

Permeability of the shale matrix is an important parameter
determining the extent to which pressure propagates in shale
caprock. Unlike other sedimentary rocks, shales have very low per-
meability that often prevents vertical escape of pore fluids. This
has resulted in abnormal pore pressure occurrences in some sedi-
mentary basins (Berg and Habeck, 1982; Bigelow, 1994; Chapman,
1972, 1994; Dickey et al., 1968; Dickinson, 1953; Freed and Peacor,
1989; Magara, 1971; Schmidt, 1973). There are several factors that
can naturally elevate the pore pressure in shale including com-
paction of fluid-saturated sediments (Dickinson, 1953; Magara,
1975a; Nazmul et al., 2007; Peltonen et al., 2009, 2008), transfor-
mation of smectite to illite (Freed and Peacor, 1989), and thermal
expansion of fluids (Magara, 1975b). The abnormal pressures once
generated can equilibrate to the hydrostatic gradient with time
except when the vertical and horizontal escape of fluid is limited
by a shale unit of high capillarity or very low permeability. This
phenomenon of abnormal pressures is often associated with hydro-
carbon generation where the shale prevents upward migration due
to its low permeability and high capillarity to the non-wetting
phase (Berg, 1975). In this study, we are dealing with case study
of CO, sequestration in Gassum Formation, an onshore aquifer
with normal hydrostatic pressure. The magnitude of overpressure
development within the aquifer during the entire injection period
will depend on the rate at which brine escapes to the surround-
ing formations. In cases with sufficiently low caprock permeability
this may also limit the flow of aqueous pore fluids (Bradley, 1975;
Bredehoeft and Hanshaw, 1968; Deming, 1994; Hunt, 1990) and if
this occurs we should expect more overpressure in the aquifer.

Shale permeability is shown in the literature to vary widely
by orders of magnitude from as high as hundreds of microdarcies
to as low as hundreds of nanodarcies (Armitage et al., 2011; Hou
et al., 2012; Josh et al., 2012; Reece et al., 2012; Zhou et al., 2010)
with values well above and below those required for pressure seals
over characteristic geologic and reservoir production time scales
(Bredehoeft et al.,, 1983; Dewhurst et al., 1999, 1998; Katsube
et al., 1991; Kwon et al., 2001; Lin, 1978; Magara, 1971; Young
et al., 1964). The variation depends on porosity, clay mineralogy
and content, and texture (Dewhurst et al., 1998; Katsube et al.,
1991; Kwon et al., 2004; Revil and Cathles, 1999), all of which may
change with burial (Dzevanshir et al., 1986; Hower et al., 1976;
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Fig. 1. Map showing location of Stenlille and Vedsted-1 wells and the outline of the extent of the Fjerritslev Formation in the Norwegian-Danish Basin to the Northeast and

North Sea Central Graben to the Southwest.
Modified after Petersen et al. (2008).

Kim et al., 1999; Lee et al., 1985). Permeability may also depend
on pore fluid composition if pore throats available for fluid flow
are modified by local clay swelling and/or formation of hydrated
complexes at clay-fluid interfaces (Norrish, 1972; Sparks, 1995;
Scott and Smith, 1966; Sposito et al., 1999; Van Olphen, 1977).
Clay aggregates made up of swelling clays exhibit extremely low
permeability to the flow of water (Faulkner and Rutter, 2000;
Moore et al., 1982), so permeability of clay aggregates depends on
electrolytes in the pore fluid (Mesri and Olson, 1971; Olsen, 1972;
Whitworth and Fritz, 1994). Permeability of deeply buried shales,
with abundantillite and little or no smectites, are expected to show
less chemical sensitivity than permeability of shallow mudstones
with higher modal swelling clay contents. Yet, transport properties
may continue to depend on fluid composition if cation exchange
that occurs at inter granular clay-fluid interfaces and pores are
affected by changed dimensions of the diffuse double layer (Kwon
etal., 2004) and with all this in mind, it is still necessary to measure
and model shale permeability of the caprock below which CO, is
to be stored in order to make predictions about storage security.

2. Methodology
2.1. Petrophysical data collection

The ideal situation would be to use Fjerritslev Formation core
samples from the Vedsted-1 well situated at the Vedsted struc-
ture for this study, but because of the lack of core material in this
location, cuttings samples were used and for analogy combined
with cuttings samples from two other wells penetrating the same
formation although at another location (Stenlille-2 and Stenlille-
5). The location of the wells and the distribution of the formation
are shown in Fig. 1. Preserved core samples were obtained from
Stenlille-2 and Stenlille-5 as shown in the lithostratipraphy of the
formations in Fig. 2. Well logs and final well reports were used
to develop a sampling strategy. Thirty-one cuttings samples and
a number of plugs were drilled from the preserved core samples
(Fig. 3) and were studied. Retrieval of the core samples from their
in situ stresses to surface condition causes the sample to expand,

introducing unloading or artificial microscopic fractures as shown
by Backscatter electron micrograph images of selected samples of
Fjerritslev Formationin Fig. 4. These fractures make laboratory test-
ing susceptible to artifacts and interpretation errors unless special
procedures are applied. Detailed experimental procedure, descrip-
tion, and results were presented by Mbia et al. (2013a,b).

The bulk mineralogical composition as derived from X-ray
diffraction (XRD) of samples from the Fjerritslev Formation shows
on average 40% quartz, 1% K-feldspar, 1% plagioclase, 3% calcite,
2% dolomite and 2% pyrite as non-clay minerals. The clay frac-
tion in all the samples is dominated by illite (23%) and kaolinite
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Fig. 2. Lithostratigraphical correlation of Stenlille and Vedsted-1 wells from logging
data. The gamma-ray log (GR) from a Stenlille well is shown. Core samples were
taken from Fjerritslev Formation in Stenlille well as indicated by the plug shape
with red border.
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Fig. 3. Core samples from which plugs were drilled for laboratory testing.

(27%) while chlorite occurs in small amount (about 1%). Porosity
was measured by three different methods and includes: helium
porosimetry-mercury immersion (HPMI), mercury injection cap-
illary pressure (MICP) and nuclear magnetic resonance (NMR).
Porosity analysis from HPMI method was carried out on cutting
samples and the results range from 24% at 1390 m to about 11% in
the deeper samples at 2100 m. MICP analysis was also performed
on cuttings samples at depth interval between 1484 m and 1576 m
and the porosity result range from 9% to 14%. NMR measurements
were made on core samples and the porosity result ranges from
18% to 21%. Porosity results obtained from the three methods are
shown in Fig. 5. The results indicate that the porosity is depend-
ent on the method used, and often the choice of caprock porosity
data to use in simulation studies will depend on the individual
modeler. In our case we have decided to use porosity data from
MICP measurements which in essence is considered as a measure
of the effective porosity which is available for fluid movement.
HPMI and NMR in principle give a measure of total porosity and we
expected similar porosity results from these two methods. Presence
of unloading fractures in the core samples are regarded as artifacts
and are responsible for the too high NMR porosity and therefore the
NMR porosity was disregarded as this is not associated with in situ
conditions.

2.1.1. Permeability data

Permeability measurement was conducted on both vertical and
horizontal core samples by constant rate of strain experiments as
described by Wissa et al. (1971). The detailed laboratory procedure
is described by Mbia et al. (2013a,b). The measured permeability
gives 0.2 wD for vertical and 9.0 wD for the horizontal samples giv-
ing ky/kjy, ratio of approximately 0.02. The high value for horizontal
permeability could be because the material is more isotropic in

Stenlille-2

&

det HY WD spo
DualBSD 20.00 KV 10.4 mm 4.0

this direction due to their depositional history which might have
enhanced pore connectivity. In addition the, Fjerritslev Formation
permeability was obtained using three alternative methods: (a)
modeled from Brunauer-Emmett-Teller (BET) specific surface and
porosity using the Kozeny (1927) approach, (b) combined NMR and
MICP data (Hossain et al., 2011), and (c) from elastic (velocity) data
(Mbiaetal., 2013a,b). The results are compared in the permeability-
porosity plot shown in Fig. 6. The modeled permeability ranges
from 1.0 to 0.06 wD and the majority of the modeled permeabil-
ity falls in the same order of magnitude as the measured vertical
permeability.

2.1.2. Compressibility data

Laboratory measurements were carried out on 1% inch diam-
eter core plug samples from the Stenlille-2 and -5 wells and
the detailed procedure is described by Mbia et al. (2013a,b). The
experiments were performed under drained conditions. A series of
uniaxially confined loading, unloading, and reloading stress paths
were applied up to the in situ stress level to close all the unload-
ing fractures shown in Fig. 4. Static compressibility was determined
from the loading and unloading stress paths. Compressibility deter-
mined from stress-strain loading-reloading data ranges from 4 to
10 x 10> bar~! while that from the beginning of the unloading
stress—strain data ranges from 0.2-0.6 x 10~ bar~!. The loading
experiments were accompanied by continuous ultrasonic recor-
ding of compressional and shear wave velocities. The dynamic
compressibility determined from ultrasonic compressional veloc-
ity data ranges from 0.3 to 0.5 x 10> bar~! corresponding to static
unloading compressibility at the beginning of the unloading stress
path at reservoir conditions and these two compressibilities mea-
sure the elasticity of the material. Static compressibility from
loading stress-strain tends to give higher values due to the influence

Stenlille-5

Fig. 4. Backscatter electron micrographs images of selected samples from Jurassic shale obtained from the Stenlille wells showing significant amount of silt (Q) to be present
in the clay-rich matrix (C) with framboidal pyrite (P). The pore network is too small to be visible at this resolution, whereas unloading fractures (UF) due to sample retrieval

are visible. Holes, where silt grains have fallen out of the sample are also visible.
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Stenlille-2 and -5. M~! is dynamic compressibility calculated from compressional
modulus obtained from the sonic velocity log and St.2_dynamic is from labora-
tory data while St.2_static is obtained from the stress-strain unloading data during
consolidation experiment.

of the unloading fractures. In reservoir simulation studies dynamic
compressibility determined from compressional velocity data or
from the early unloading stress—strain data in uniaxial consoli-
dation experiments is preferable because it represents the elastic
behavior of the material at reservoir conditions. Fig. 7 shows the
correlation of compressibility data assessed in the laboratory to
field data of sonic velocity and bulk density of Stenlille-2 and -5
well logs.

2.2. Model set-up and parameters

2.2.1. Vedsted structure

The Vedsted structure located in the Northern part of Jylland
in Denmark is situated in a small graben structure bounded by
northwest-southeast trending faults. The graben is part of the Tri-
assic rift system forming the deep Fjerritslev Trough (Michelsen
et al,, 2003). The site comprises the Gassum Formation and the
Haldager Sand Formation forming primary and secondary reser-
voirs in the saline aquifer. The structure is mapped as a small
elongate closure approximately 250 m high covering an area of
about 31km? and the depth to top Gassum reservoir is about
1900 m below mean sea level. The target reservoir layer is the 290 m
thick Gassum Formation which is intercalated with low permeabil-
ity shale sequences. The seal is the 530 m thick low permeable shale
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Table 1

Hydraulic properties of the formations in Vedsted site. The measured k, [k, ratio is 0.02 but for simplification we have used 0.1 ratio in ECIIPSE 100 corresponding to other
lithologies given in the literature. The measured values are only for caprock and for other lithologies, general estimates are given.

Formation Thickness (m) Base & standard Permeability kj kylkn Porosity (%)
Compressibility x10~> (bar~") Measured (D) Range (uD)
Post Chalk 30 4.5 5x 103 0.1 23
Chalk 420 4.5 2x103 0.1 25
Vedsted 390 4.5 15x 10° 0.1 21
Frederickshavn (shale) 230 05&4.5 1 1x103-1x102 0.1 13
Berglum (shale) 50 05&4.5 1 1x103-1x 102 0.1 13
Flyvbjerg (shale) 20 0.5&4.5 1 1x103-1x102 0.1 20
Haldager sand 80 4.5 267 x 10° 0.1 17
Top Fjerritslev (shale) 174 05&4.5 1 1x103-1x102 0.1 11
Middle Fjerritslev (shale) 174 0.5&4.5 1 1x103-1x102 0.1 11
Base Fjerritslev (shale) 174 05 &4.5 1 1x103-1x 102 0.1 10
Top Gassum (sandstone) 64 45 63 x 103 0.1 19
Middle Gassum (shale) 47 05&4.5 1 1x103-1x102 0.1 9
Middle Gassum (shale) 47 0.5&4.5 1 1x103-1x 1072 0.1 9
Middle Gassum (shale) 47 05&4.5 1 1x103-1x102 0.1 9
Base Gassum (sandstone) 85 4.5 70 x 103 0.1 14
Skagerrak (sandstone) 331 4.5 20 x 103 0.1 14

1puD=1x10"18 m?; 1bar=1 x 10° Pa.

of the Fjerritslev Formation overlying the entire sequence consti-
tuting a flow barrier due to the high capillary pressure and very
low permeability. The reservoir is underlain by the Skagerrak For-
mation with uncertain properties. Overlying the primary caprock
is the Haldager Sand Formation forming an upside storage poten-
tial with excellent reservoir properties. This formation has a net
thickness of about 80 m with porosity of about 17% and permeabil-
ity of 200-300 mD. The thickness of all overburden formations is
presented in Table 1.

2.2.2. Model parameters

In Table 1, we present the reservoir properties of the vari-
ous formations in the Vedsted structure. The storage capacity for
CO; in this case depends on the compressibility, permeability and
porosity of the Gassum Formation but also on the properties of
the Fjerritslev Formation. The sensitivity study is based on scenar-
ios with varied compressibility and permeability of the Fjerritslev
Formation as shown in Table 1. The low compressibility value of
0.5 x 107> bar~! determined for the Fjerritslev Formation will be
used in the simulation and compared with the higher compressibil-
ity value referred to as standard compressibility of 4.5 x 10> bar~!
normally used for caprocks in reservoir simulation studies. Sim-
ilarly for the permeability sensitivity study, we have assigned
the measured horizontal permeability value of 1.0 uD for the
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Fjerritslev Formation and then varied the permeability over one,
two and three orders of magnitudes from the measured value to
cover the wide range of permeability values for shales given in the
literature. The other formations maintain their base case values
for all the simulations. The ratio of vertical to horizontal perme-
ability is chosen as 0.1 and is used for all the formations including
caprock for simplification. This ratio corresponds with the literature
data for reservoir rocks and it will still give us the average verti-
cal permeability value for the Fjerritslev Formation. Other initial
formation and fluid parameters are a hydrostatic pressure gradi-
ent of 100 bar/km, salinity of the formation water of 270 g/1, and a
geothermal gradient of 30°/km.

The relative permeability function used for the simulation was
inspired by the data shown by Bennion and Bachu (2006) for the
Viking Formation sandstone, and was for simplicity used for both
the sandstone and the shale lithology (Fig. 8a).

The capillary pressure curve was established as a type curve
for the sandstone with 0.5 bar capillary entry pressure (Fig. 8b).
For the shale this curve was scaled to an entry pressure of 6.5 bar
corresponding to a permeability level of around 0.3 wD according
to correlation established by Thomas et al. (1968).

The compressibility of the fluids (CO, and water) is intrinsically
taken into account in Schlumberger ECLIPSE 100 in terms of density
variation with pressure.

100

(b)

Capillary pressure [bar]

0.1
0 0.2 0.4 0.6 0.8 1

Water saturation [fraction]

Fig. 8. Plots of relative permeability and capillary versus water saturation. a) and b) are sand stone data from Viking Formation (Bennion and Bachu, 2006). a) Was also used
for shale while (b) is scaled to an entry pressure of 6.5 bar corresponding to a permeability level of around 0.3 wD according to correlation established by Thomas et al. (1968).
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Fig.9. Schematic representation of 3D cross-section of the model domain. (a) Entire 3D model from the sea bottom down to the Upper Triassic sandstone unit (underburden).
(b) Top of the deep Gassum Formation (primary reservoir) sandwiched by thin layers of shale and the underburden. Overlying the Gasssum Formation is the Fjerritslev
Formation comprising primary caprock, overlay by Haldager Sand Formation (secondary reservoir). Above the Haldager Formation is a succession of thick seconcary caprocks

overlain by the Chalk Group within which the brine-fresh water interface resides.

We simulated a rate controlled injection of 1.5 tons of CO, per
year through a single vertical well in the Vedsted structure (Fig. 9a)
which is completed in the eastern side of the dome shaped anticline
in the Gassum reservoir (Fig. 9b). 60 Mt of CO, is injection period
is 40 years using the ECLIPSE 100 simulator tool. The aquifer is
initially fully brine-saturated. The injection pressure has been kept
30% below the measured fracture pressure to ensure that there is
no reactivation of existing fractures or creation of new fractures
during the injection process.

3. Simulation results and discussion
3.1. CO; plume and migration

The injection of CO, in the Gassum Formation results in a CO,
front which is driven upwards on the flank due to the buoyancy
force and starts accumulating in the uppermost layer of the forma-
tion and immediately hits the less permeable caprock of Fjerritslev
Formation. This process forms a CO, plume with the largest areal
extent at the top of the storage formation. For simplicity we have
chosen to show part of the reservoir around the injection well
where the plume is limited. Fig. 10 shows CO, saturation and dis-
tribution for the base case in the top reservoir around the injection
well after 40 years of injection. The CO, saturation and distribution

for the base case (Fig. 10) is similar to that of the other cases. The
plume is narrow in the injection layer and as the injected volume
increases CO, rises due to the buoyancy force and then spreads out
under the caprock (Fjerritslev Formation). For all cases the plume
extends over an area of about 11-13 km? in the upper layer of the

M™=0.5x 10° bar™

Fig. 10. Saturation and distribution of CO, plume in the uppermost layer of Gas-
sum reservoir after 40 years of 60 Mt CO, injection for the base case. Cell size is
0.2 x 0.2 km?2.
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Fig. 11. Cross section of the reservoir and the Fjerritslev Formation showing overpressure development (in bar) and transmission from the injection cells after 40 years of
60 Mt CO; injection. (a) The case with measured caprock compressibility; (b) the case with standard caprock compressibility.

Gassum Formation filling the entire structure and spreading later-
ally after 40 years of injection. The shape of the plumes during the
injection is determined by the morphology of the aquifer/caprock
interface and in this case it is circular because the dome is fairly
regular.

At the end of the injection period, the plume is restrained under
the caprock layer. The low measured vertical permeability (0.1 pD)
of the caprock layer and high capillary entry pressure causes the
CO; plume to be fully trapped during the 40 years injection period.

3.2. Compressibility and pressure development in Vedsted
structure

Fig. 11 shows cross sections of the reservoir and the Fjerritslev
Formation showing the areal extent of the pressure buildup and
the transmission of pressure away from the injection well after 40
years of CO, injection for the measured or base case (Fig. 11a) and
the standard (Fig. 11b) caprock compressibility. There is overpres-
sure development throughout the entire lateral extension of the
reservoir but the vertical transmission is limited to the lower layer
of the 530 m thick Fjerritslev Formation sealing the reservoir. The
difference in overpressure development between the base case and
standard case compressibility can be seen in color contrast of the
reservoir and the basal caprock in the two cross sections. However
in order to compare the difference in vertical pressure development
from the reservoir to the shallower aquifers we have extracted a
vertical profile as shown on the cross sections. Fig. 12 illustrates
the resulting profile with red line for the base case and black line
for the standard case compressibility.

The higher elastic modulus of the sealing layer, and thus reduc-
tion in effective compressibility increases the stiffness of the sealing
layer which again increases pressure buildup in both the reservoir
and the caprock compared to the standard case with higher com-
pressibility. A higher compressibility causes more attenuation in
the caprock and therefore reduces the resultant pressure buildup
in both the reservoir and the caprock. The difference in overpres-
sure between the base and the standard case is about 1-3 bar in
the reservoir layer and about 5-6bar in the lower section of the
caprock. Despite the difference in pressure buildup in the caprock,
the overpressure is contained within the Fjerritslev Formation for
both compressibility cases but this could change in case the caprock
is fractured or in the presence of vertically communicating faults.

Fig. 13 presents maps of the top reservoir layer showing
overpressure development from the injection well and lateral
transmission after 40 years of CO, injection for the base (Fig. 13a)
and the standard (Fig. 13b) case compressibility. By extracting
the overpressure profiles across the 50 km lateral extent of the
model, it is possible to compare the results for different layers. The

overpressure profile, along the x-axis in Fig. 13, is shown in Fig. 14.
Injecting 60 Mt of CO, into Gassum Formation for 40 years resulted
in pressure buildup of about 40 and 35bars for the base and
standard compressibility around the injection cell. At the end the
of the injection period the pressure is transmitted to the boundary
of the structure resulting in about 2.5 bar overpressure at the cells
bordering the boundary cells. Pressure buildup at the boundary
cells depends on the boundary condition applied. There are differ-
ent boundary conditions applicable to reservoir simulation studies
but in this case we have used a pore volume multiplier of 200
as estimated realistic value for boundary condition after having
performed a sensitivity analysis of different values for pore volume
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Fig. 12. Vertical profile from the injection cells (Fig. 11) showing overpressure
development and vertical transmission from the reservoir to mean sea level for
both measured (0.5 x 10> bar~!) and standard compressibility (4.5 x 10~ bar~!)
case after 40 years of 60 Mt of CO, injection.
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Fig. 13. Map of the top reservoir showing overpressure development from the injection well and lateral transmission after 40 years of 60 Mt CO, injection. (a) The case with
measured caprock compressibility; (b) the case with standard caprock compressibility. 50 km line indicates the profile across x-direction.

multipliers. The overpressure difference shown in Fig. 14 between
the base and standard case is about 5 bar at the reservoir close to
the injection cells and about 2 bar through the entire reservoir.

3.3. Permeability and pressure development in Vedsted structure

The permeability of sealing layers plays an important role in lat-
eral and vertical pressure development within the reservoir and
the overlying aquifers. In order to evaluate the influence from
caprock permeability and the consequences for pressure develop-
ment in the Vedsted site, there is a need for considering a range
of one to two orders of permeability below and above the exper-
imental value. This will give an overview of possible scenarios
of overpressure outcome with respect to varying caprock perme-
ability. Fig. 15 shows cross sections of the reservoir interbedded
by shale layers and the overlying layers. The caprock permeabil-
ity is varied by one and two order of magnitudes smaller than
and greater than the base value of 0.1 wD and the resulting lay-
ers affected by overpressure is seen as light color while the blue

50
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Fig. 14. Pressure profile at top reservoir showing overpressure development and
lateral transmission after 40 years of CO, injection for the case with measured and
standard caprock compressibility.

color is where overpressure development is very minimal or is
absent. Pressure buildup is greater in the reservoir layers but
minimal or absent within the interbedded shale and shale lay-
ers. In order to compare vertical pressure development within the
Vedsted structure, a vertical overpressure profile at 0.2km from
the injection cell is shown for the top Triassic unit to the mean
sea level in Fig. 16. It is important to assess sensitivity of ver-
tical overpressure development to caprock permeability within
the structure and also to compare with the base case perme-
ability. The results in Fig. 16 indicate that the experimentally
determined matrix permeability of 0.1 wD for the Fjerritslev For-
mation does not allow overpressure transmission beyond the lower
0.2km of the 0.53 km thick caprock layer. Reducing the matrix
permeability by one order of magnitude (0.01 wD) gives the same
result of vertical overpressure as the experimental value. A fur-
ther reduction by two orders of magnitude (0.001 wD) resulted
in a perfect seal case where there is no overpressure effect in
the caprock. On the other hand, increasing the Fjerritslev Forma-
tion permeability by one order of magnitude (1.0 wD) causes a
2.0bar overpressure in the uppermost layer of the formation but
still the pressure could not be transmitted to the Haldager Sand
Formation which is overlying the caprock. Increasing the Fjerrit-
slev Formation permeability by two orders of magnitude will allow
pressure transmission from the Gassum reservoir to the Haldager
Sand Formation and the effect is then confined by the Flyvbjerg
Formation which forms a secondary seal. In the worst case sce-
nario, where Fjerritslev Formation permeability is increased by two
(10 D) and three (100 wD) orders of magnitude there is still no
significant amount of pressure buildup in the shallow fresh water
aquifer (Chalk Group). A relatively high permeability in the pri-
mary seal allows less pressure buildup in the Gassum Formation as
some is transmitted vertically. The magnitude of vertical pressure
buildup will also depend on the permeability of the layers above the
primary caprock. This result suggests the importance of investigat-
ing hydrogeological layers and flow parameters, even at shallower
depths.

However, the existence of faults connecting the reservoir and
the overlying formations could strongly increase the magnitude of
vertical pressure transmission, but this subject is not the scope of
this work but will be addressed in subsequent work.

Fig. 17 presents maps of the uppermost layer of Gassum For-
mation showing pressure buildup and lateral transmission after
40 years of CO, injection for different caprock permeabilities. The
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Fig. 15. Cross section of the reservoir and the overlying layers showing overpressure development (in bar) and transmission after 40 years of 60 Mt CO, injection for cases
with different caprock permeability varied by several order of magnitudes from the measured value of 0.1 w.D.
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Fig. 16. Vertical profile from the injection cells showing overpressure development
and transmission from the reservoir to mean sea level after 40 years of 60 Mt CO,
injection for different caprock permeabilities.

overpressure maps clearly show that as the Fjerritslev permeabil-
ity is varied from 100 to 0.001 wD, pressure buildup in the reservoir
formation increases and consequently enhances the lateral trans-
mission reaching the boundary of the Vedsted structure for the
cases with<10 wD permeability. Fig. 18 presents profiles show-
ing the magnitude of overpressure along 50 km lateral distance
through the injection cell. For the case with higher caprock perme-
ability, the pressure buildup reaches 40 bar and reduces laterally
to 0.5 bar, whereas for the lower permeability the pressure buildup
reaches 53 bar at the injection point and reduces to 3 bar at the
boundary. Fig. 19 presents maps of the uppermost layer of Fjerrit-
slev Formation showing pressure buildup and lateral transmission
and Fig. 20 presents profiles showing the magnitude of overpres-
sure along 50 km lateral distance through the injection cell. The
cases with higher caprock permeability (100, 10 and 1.0 wD) show
pressure buildup of about 5 bar in the area close to the injection
point and a reduction laterally to hydrostatic pressure before the
project boundary is reached. There is no pressure buildup for the
lower permeability cases including the base case. Fig. 20 shows
only the profile at the base Chalk Group for the case with caprock
permeability of 100 D where pressure builds up to 1.0 bar and is
transmitted laterally over 15 km radius from the center of the base
layer. The other case with less than 100 pD permeability shows no
pressure builds up at the base of the Chalk Group (Fig. 21).

3.4. Influence of grid effects, relaxation time, and the k,/ky, ratio
on pressure development in the Vedsted structure

3.4.1. Gridding

We are well aware that the rather coarse grid representing the
Vedsted model might have some effect on the simulation results
and the illustration of their magnitude. The decision about grid-
ding was guided by practical computation time for the work on
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Fig. 17. Map of the uppermost layer of the reservoir showing overpressure development (in bar) from injection well and the lateral transmission after 40 years of 60 Mt CO,
injection for cases with different vertical caprock permeability varied in order of magnitudes from the measured value of 0.1 u.D.

sensitivity analysis requiring multiple simulation runs. We there-
fore examined the effect of grid resolution on a single example
of a simulation run of pressure propagation in order to illustrate
the effects. In a grid-refined model, the grid cells within a radius
of 2.5 km around the injection well in the reservoir and the base
caprock layers were refined vertically to 20 m grid cell thickness
as shown in Fig. 22(a). The result is compared with the coarse grid
model used in this study (Fig. 22b) with vertical dimension for the
grid cells of 125 m and above. We accept that a large grid block size
will tend to overestimate the amount of CO, dissolution and conse-
quently might underestimate the pressure buildup compared with
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Fig. 18. Pressure profile in the uppermost layer of the reservoir showing overpres-
sure development and lateral transmission after 40 years of 60 Mt CO; injection for
the cases with different caprock permeability.

the fine grid model version We show the comparison of the results
of the simulation by examining the amount of pressure buildup in
the reservoir at the base of the caprock at the end of injection at
40 years in Fig. 22(a) and (b). It seems that grid resolution has very
little effect on the average pressure buildup in the aquifer and the
caprock. The difference between the fine and coarse grid is seen in
the details of the extent of the overpressure propagation, but there
is no major difference in overpressure at the base of the caprock
for the two cases. The effect of grid resolution on pressure was also
investigated by Pickup et al.(2010) and their simulation results also
showed that grid resolution had little effect on pressure buildup and
concluded that coarse grids may be sufficient for initial assessment
of storage potential.

3.4.2. Pressure relaxation after injection stop

Fig. 23 shows the overpressure profile for the upper layer of the
Gassum reservoir after 40 years of CO, injection (60 Mt) and 100
years after the end of the injection period. At the year 40, the over-
pressure in the upper layer of the reservoir reaches up to 55 bar. This
overpressure declines rapidly in the first 5 years after the injec-
tion stops to about 20 bar and continues to decrease steadily 10
years after the end of the injection. After 100 years from the end of
CO; injection in the Gassum reservoir the overpressure equilibrates
close to the hydrostatic pressure in reservoir.

3.4.3. Permeability anisotropy

In our simulations have been used a permeability anisotropy of
0.1, which is a quite normal value for assumption about sub-grid
cell layered heterogeneity. As our plug measurements for the shale
gave a much smaller value of 0.02, we tested the effect of changing
this anisotropy generally for the shale lithologies in the simula-
tion. Fig. 24 compares the result of overpressure development in
the base of the caprock after 40 years of CO, injection for the mea-
sured vertical and horizontal permeability ratio of 0.02 and that of
0.1 used in these simulations. It is seen that using the k,/k; ratio
of 0.1, the overpressure in the base of the Fjerritslev Formation is
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Fig. 19. Map showing overpressure in the uppermost layer of the 530 m thick Fjerritslev caprock after 40 years of 60 Mt CO, injection. The irregularities in the maps for the
1D and 0.1 wD are interpreted as numerical artifacts.
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Fig. 20. Pressure profile (Fig. 18 for reference) in the uppermost layer of Fjerritslev
Formation Caprock showing overpressure development and lateral transmission
after 40 years of 60 Mt of CO, injection for the cases with different caprock perme-

ability.
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Fig. 21. Pressure profile (Fig. 18 for reference) in the base Chalk Group showing
overpressure development and lateral transmission after 40 years of 60 Mt CO,
injection. The case with 100 wD caprock permeability shows slight overpressure
while the other cases show no overpressure in the Base Chalk Group.
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Fig. 22. The overpressure development for both finer and coarser grids resolution. (a) Vertical grid refinement within the reservoir and the base caprock layers with each
cell having vertical dimension of 20 m with the radius of 2.5 km from the injection well. (b) The coarse grid model used in this study and each cell has vertical dimension of
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Fig. 23. The overpressure development at after 40 years of 60 Mt of CO, injection
and 100 years after the stop of injection for the upper layer of Gassum reservoir. The
irregularity in the profile peak is numerical artifacts due to the coarse grid used.
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Fig. 24. Comparison of the overpressure development in the base of the caprock
after 40 years of 60 Mt of CO; injection for measured vertical and horizontal perme-
ability ratio of 0.02 and the value of 0.1 used in this simulations. The irregularity in
the profile peak is numerical artifacts due to the coarse grid used.

10 bar higher than with a ratio of 0.02. It therefore has some impor-
tance to specify the k,/kj, ratio of the lithology, or at least perform
a sensitivity test when carrying out simulation studies for pressure
development.

4. Conclusions

The influence of caprock compressibility and permeability and
the consequences for pressure development have been studied for
the Vedsted structure. These studies underscore the significance of
obtaining valid experimental data for reservoir simulation studies.
Laboratory experiments and dynamic sonic velocity data from rele-
vant shale formations in Denmark show that shale compressibility
islower than often assumed for standard reservoir simulation stud-
ies and detailed laboratory work on this subjection is presented
in the paper by Mbia et al. (2013a,b). The consequences of this
low compressibility are investigated in a simulation case study.
Laboratory measurements were carried out on centimeter-scale
core plug samples from analog onshore wells. The experiments
were performed under drained conditions. A series of uniaxially
confined loading and unloading stress paths were applied to the
insitu stress level to close up the induced unloading fractures. Static
compressibility was determined from the loading and unload-
ing stress paths. The loading experiments were undertaken with
continuous ultrasonic recording of compressional and shear wave
velocities. At reservoir conditions, dynamic compressibility is sim-
ilar to the static compressibility at the beginning of the unloading
stress path corresponding to elastic deformation. The analysis of
both data sets indicates that Fjerritslev Formation compressibility
is 0.5 x 10~ bar~! and is one order of magnitude lower than the
standard value of 4.5 x 107> bar~! normally used for shale com-
pressibility in reservoir simulation studies.

The caprock permeability was measured by a geotechnical
method of constant rate of strain (CRS) experiment and the result is
compared with modeled permeability data for the same material.
We found average vertical permeability of the Fjerritslev Formation
(primary caprock) to be 0.1 w.D.

The ECLIPSE 100 reservoir simulator has been used to investigate
the effect of the measured caprock compressibility and permeabil-
ity and the consequences for pressure buildup and transmission,
vertically and laterally within the Vedsted structure. This has been
evaluated when 60 Mt of CO,, is injected into the Gassum Formation
during 40 years.

The pressure buildup in the top of the storage formation is 5 bar
higher for the measured caprock compressibility compared with
the standard caprock compressibility normally used in reservoir
simulation studies. This pressure difference can also play a sig-
nificant role by increasing the magnitude of the overpressure in
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the shallower aquifers in the presence of permeable fractures and
faults. Therefore well-designed investigations of formation prop-
erties are recommended when carrying out reservoir simulation
studies in order to minimize the risk of underestimating or overes-
timating pressure buildup in CO, storage sites.

The sensitivity of the pressure buildup and transmission for
varying caprock permeability indicates that when increasing
Fjerritslev Formation permeability from 0.1 wD to 1.0 w.D, the over-
pressure could not be transmitted through the 530 m thick caprock,
but by increasing further the permeability to 10 and 100 w.D, over-
pressure is transmitted through the caprock and up to the Chalk
Group. Reducing the caprock permeability by one or two orders
of magnitude further reduces the vertical pressure buildup but
increases lateral pressure buildup and the extent within the storage
formation. It is also important to note that the ratio of vertical to
horizontal permeability has some influence on the vertical pressure
transmission.
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I ntroduction

Petrophysical properties of shale such as porostmpressibility and permeability are important in
investigation of pressure propagation through cagwo predicting well bore stability as well as
regional subsidence and fluid movement. Despiti thgportance, these are less predictable physical
properties of shale, permeability being the leastligtable. In reality it is not easy to measuralesh
porosity in the laboratory even with the establish&andard methods; the fact that samples have been
retrieved from their in situ condition can, eventhwipecialized handling procedure, affect the
guantification of shale porosity. In this work wédlwuantify and compare shale porosity from three
independent methods comprising helium expansiomagrdury immersion (HPMI) test, the mercury
injection capillary pressure (MICP) test and thelaar magnetic resonance (NMR) test.

In situ uniaxial static and dynamic compressibitign be determined simultaneously on core samples.
Alternatively compressibility can be obtained frehastic wave propagation data which are routinely
recorded during drilling operation and may alsoréeorded during geotechnical testing. Published
studies on shale indicate that compressibilitynesstied from stress strain data is higher than tlee on
calculated from velocity of elastic waves (Fjeer 208nd Holt 2012). A difference between static and
dynamic compressibility in rocks could primarily dee to drainage conditions (Fjeer et al. 2012), but
also could be due to the procedure used to estiglatticity from recorded testing data and the
condition of the shale (Hendron et al., 1970).

Shale permeability varies widely in order of magdes from microdarcy to nanodarcy with values
well above and below those required for pressuedssever characteristic geologic and reservoir
production times (Dewhurst et al. 1999). Shale atnility has been reported to depend on porosity,
clay mineralogy and content, grain size distribitigrain shape, grain packing, as well as specific
surface area of the clay (Dewhurst et al.1999; Yangplin 1998, 2007), all of which may change
with increasing temperature (Kim et al. 1999). Blaing fluid flow directly from shale to calculate
permeability is very difficult and time consumingn indirect geotechnical approach has been
proposed by Wissa et al., (1971) to measure peiifitgdibm excess pore pressure and was found to
correspond very well with permeability determinednfi flow through tests (Mondol et al. 2008;
Daigle & Hugan 2009). The influence of Biot's caeiént has not been tested in this method and
Biot’s coefficient is often assumed to be 1.0 ef@ndeeply buried shale that might have undergone
some degree of cementation. Besides measuring geateeability directly from core samples, there
exist a variety of capillary tube models that coeklimate permeability from more easily measured
physical property of porosity and specific surfage by Kozeny’'s model or void ratio, mercury
injection data, and clay content as by Yang andnfplkempirical formulation, but the key question
remains whether these models are applicable te s¥ith changing mineralogy. In this study we will
compare different methods for quantifying shaleogiy, compressibility and permeability and seek
to explain the discrepancy between them using Surabale samples from the onshore Norwegian-
Danish Basin.

Method and theory

Preserved core and cuttings samples were obtanoed dnshore wells in Denmark. Routine core
analysis was carried out on cleaned samples. Mogyrawvas determined by XRD, texture was
evaluated by scanning electron microscopy of petisections by applying the backscatter technique
(BSEM), grain density analysis was done by He-egjmam grain size distribution was done using the
SediGraph method which is based on well establisimetiwell-understood physical phenomena of
gravitational sedimentation, specific surface avaa measured by the BET method, cation-exchange
capacity (CEC) was measured by Ba-ion exchangéramuttively Coupled Plasma—Optical Emission
Spectrophotometry (ICP-OES). Porosity was deterthimeHPMI, MICP and NMR. Compressibility
was calculated from stress and strain data foicstampressibility and from elastic wave velocity
obtained during uniaxial consolidation experimgmdsformed under drained conditions. Permeability
was calculated from excess pore pressure duringt@oinrate of strain experiments conducted in an
oedometer loading frame under room temperature.eSainthe oedometer tests were conducted by
controlling the pore pressure and stress to cakelat’s coefficient. Permeability was also moddll
from BET specific surface and porosity by Kozengtpuation and from void ration and clay content
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using the Yang and Aplin model. The modelled an@suesd permeabilities are compared in Figure
1 for this study together with published data (D=t a., 2011; Mondol et al., 2008; Yang & Aplin.,
2007; Dewhurst et al., 1999; Hursrud et al., 1998)

Results

Bulk mineralogical composition of the Jurassic sha$ derived from XRD shows that quartz, K-
feldspar, plagioclase, calcite, dolomite and pydte present in the non-clay fraction with quartz
dominating, while illite, kaolinite and chloriteeapresent in clay fraction with kaolinite dominatin

Porosity results obtained from the three methodferdiFor a given sample, the NMR method
recorded the highest porosity of 21%, the secogtdst porosity of 20% was obtained from HPMI
while the MICP method measured the lowest porasity1% simply because mercury even at the
maximum pressure of 414 MPa could not intrude pevits pore radius less than 2.0 nm, thereby
underestimating shale porosity. In principle weentghe NMR porosity to be the same with that of
the HPMI method but this is not so probably du¢hi presence of unloading fractures which was
observed by BSEM.

Oedometer tests were carried out on centimetreswak plug samples. A series of uniaxial-strain
loading and unloading stress paths were applietbupe in situ stress level. Static compressibility
was determined from the loading and unloading strpaths. The loading experiments were
undertaken with continuous ultrasonic recordingafpressional and shear wave velocities. Elastic
moduli were calculated from ultrasonic data and SB&sn substitution was used to estimate the
corresponding moduli applicable to drained condgioAt reservoir stress and unloading conditions
(as during pressure build-up in nature), dynamimmessibility was found to be similar to the static
compressibility and in the range of 2-5 x°1@Pa". The compressibility was thus found to be one
order of magnitude lower than the standard valdetsox 10° MPa' used as default in the Eclipse
simulation program

Figure 1 compares modelled permeability to measpegtheability for both synthetic and natural
shale material with kaolinite or smectite domingtthe clay fraction. The results show that kaatinit
rich shale tend to have higher permeability asveggd by both flow through and constant strain rate
experiments, than shales rich in smectite. Kozemoslelled permeability fall in the same order of
magnitude as measured permeability for shale vathlikite dominating the clay fraction but two to
three orders of magnitude higher than measured gadgitity for shale rich in smectite. Yang and
Aplin modelled permeability fall within +/- 1 ordef magnitude as the measured permeability.
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Figure 1 Relationship between predicted permeability froazéfy’'s and Yang and Aplin model as
compared with measured permeability for both sywitlad natural shale material.

Conclusions

Porosity measured from three independent methods gjfferent results. The results indicate that a
higher porosity is measured by nuclear magnetionasce method (21%) and helium porosimetry-
mercury immersion method (20%) than mercury ingctcapillary pressure method (11%) for the
same samples. It implies that defining shale ptrdsased on a single method can bias results. The
static and dynamic compressibility can be compdrased on uniaxial geomechanical testing. We
find that the elastic compressibility of the Jurashale as measured from uniaxial stress anchstrai
data at in situ stress and the beginning of thevadihg stress path correspond with dynamic
compressibility data. The compressibility of thisake formation measured from core samples is
smaller by a factor of 10 or more than previouslplished data on shale. The reason is probably a
procedure designed for geotechnical purpose usecdtimating shale compressibility in earlier
studies.

Permeability for the same shale material may rdraga micro to hanodarcy value depending on the
methodology used for the evaluation. We found Kateny’s modelled permeability fall in the same
order of magnitude with measured permeability forls rich in kaolinite but overestimates
permeability by two to three orders of magnitudes ghale with high content of smectite. The
empirical Yang and Aplin model gives good permegb#stimate comparable to the measured one
for shale rich in smectite. This is probably beea¥Mang and Aplin model was calibrated in London
clay which is rich in smectite. It is therefore iontant that any model that is meant to estimatéesha

permeability should be calibrated on a large amairdata from both synthetic and natural shale
samples.
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ABSTRACT

The Vedsted structure located in the Northern part of Jutland in Denmark has previously been
considered for industrial-scale CO, storage. The site comprises reservoir sandstone of Upper
Triassic - Lower Jurassic age. The site is a domed shaped saline aquifer covering an area of
about 12 km x 6 km and at 1.9 km depth; it is bounded by an overlying shaley caprock of 500 m.
Laboratory experiments and dynamic sonic velocity data from relevant shale formations in
Denmark indicates that shale compressibility might be lower than often assumed for reservoir
simulation studies. The consequences of this low compressibility are investigated in a simulation
case study. Laboratory measurements were carried out on centimeter-scale core plug samples
from analogue onshore wells. The experiments were performed under drained conditions. A
series of uniaxially confined loading and unloading stress paths were applied up to the in situ
stress level. Static compressibility was determined from the loading and unloading stress paths.
The loading experiments were undertaken with continuous ultrasonic recording of compressional
and shear wave velocities. At reservoir conditions, dynamic compressibility is similar to the
static compressibility at the beginning of the unloading stress path corresponding to elastic
deformation. The analysis of both data sets indicate that compressibility might be one order of
magnitude lower than the standard values of 4.5 x 10™ bar™ (Buschet et al. 2012; Birkholzer et
al. 2009; Zhou et al. 2008 etc) normally used for shale compressibility in reservoir simulation
studies. Since the magnitude of overpressure in a CO, storage site depends on the
compressibility, this can have important implications.

The Eclipse reservoir simulator was used to simulate a CO; injection process with varying values
of compressibility between 5 x 10° bar™ and 4.5 x 10” bar™ (Table 1). The simulation results
show that the lower compressibility (increased stiffness) of the caprock causes a faster upwards
propagation of the overpressure caused by the CO, injection, and it also causes a generally
higher level of overpressure throughout the reservoir formation (Fig.1).

The base of the caprock around the injection well shows pressure differences of about 5 bar
between the two cases, so that overestimating the compressibility can cause underestimation of
the pressure increase in the caprock. This pressure difference can be decisive in a case with
highly permeable vertical faults.



Tablel. Model setup/caprock properties
Properties/Caprock properties Proposed case Standard case
Horizontal permeability, ki, (mD) 1.0x10° 1.0x10°
K,k 1.0x 10™ 1.0x10™
Uniaxial compressibility, M (bar™) 5.0 x 10° 45x10°
Porosity 0.11 0.11
Simulated area (km) 50 x 50 50 x 50
CO, injection rate (sm>/day) 2.3x10° 2.3x10°
Injection period (years) 40 40
Resrvoir depth from top (km) 19 1.9
Number of grid cells 1.2 x 10° 1.2 x 10°
Grid cell dimension (m) 200 x 200 200 x 200
255
—M-10of 5 x 10 bart, 40
Profile at the middle _ yrs of CO; injection
245 1 layer of the reservoir at™ ~ ~ — M- of 4.5 x 105 bar-l
1.97 km 40 yrs of CO, injection
5235 -
'EE Profile at the base Profile at the top layer of
& 25 | layerof the caprock the caprock at 1.25 km
] at1.75 km \ 7
- /
2
S 215
205 1
1
195 - . . .
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Fig.1. Water potential versus lateral distance along a y-plane in the middle layer of the reservoir

Lateral distance along y-plane [km]

model and the base and top layers of Fjerritslev Formation caprock.

REFERENCES

Birkholzer, J.T., Zhou, Q., Tsang C.F. 2009. Large-scale impact of CO, storage in deep saline
aquifers: A sensitivity study on pressure response in stratified systems. International Journal of
Greenhouse Gas control, 3, 181-194.

Zhou, Q., Birkholzer, J.T., Tsang, C.-F., Rutgvist, J. 2008. A method for quick assessment of
CO, storage capacity in closed and semi-closed saline formations. International Journal of
Greenhouse Gas Control, 2, 626-639.

Buscheck, T.A., Sun, Y., Chen, M., Hao, Y., Wolery, T.J., et al. 2012. Active CO, Reservoir
Management for CO, Capture, Utilization, and Storage: An Approach to Improve CO, Storage
Capacity and to Reduce Risk. Carbon Management Technology Conference, Orlando, Florida,
USA, 7-9 February 2012.



IV

Pore Radius and Permeability Prediction
from Sonic Velocity

Mbia, E.N & Fabricius, I.L.

Extended abstract and presentation at the 3rd
EAGE Shale Workshop, 23-25 January 2012
iIn Barcelona, Spain.



EAGE

EUROPEAN
ASSOCIATION OF
GEOSCIENTISTS &
ENGINEERS

Introduction

Several authors have predicted permeability of shales either through laboratory measurements and or
from field data using various empirical relations. A critical literature review by Mondol et al., (2008)
on available permeability models, concluded that none of the existing models is ideal and all need to
be calibrated and validated through a much larger permeability database of well-characterized
mudstones. His results on smectite and kaolinite aggregates suggest that the permeability of smectitic
clays may be up to five orders of magnitude lower than that of kaolinitic clays with the same porosity,
density, velocity or rock mechanical properties. Mari et al., (2011) described a methodology for
obtaining a permeability log based on acoustic velocities V,, and Vj, porosity ¢, P-wave attenuation
and frequency, their calculation of the specific surface S of the formation was based on the
relationship between porosity ¢, V,/Vs and S proposed by Fabricius et al. (2007). Fabricius (2011)
indicate that pore radius and thus permeability of shale in the depth interval of mechanical compaction
may be predicted from porosity and sonic velocity. In this work we are presenting the empirical
equations developed from experimental data that can be used to predict pore radius and permeability
of shale from sonic velocity data measured in the field.

Method and Theory

Experimental data from Cenozoic and Jurassic shale of Skjold Flank-1 well (Mbia et al., 2011) and
that of kaolinite and smectite aggregates (Mondol et al., 2007) were used. The experimental data used
includes porosity ¢, BET specific surface, grain density p, and sonic velocities (Vp and Vs). Those of
Mondol et al., (2007) are given for mixtures of kaolinite or smectite and brine. Bulk density, p, for
each data point was calculated from ¢, p,, and py.

p=pe(1-¢) + pad 6]

Elastic compressional modulus, M, was calculated as: M= pr2 (2)
Elastic shear modulus, G, was calculated as: G= st2 3)
Elastic bulk modulus, K, was as calculated as: K=M-4/3G 4)

For modeling pore radius, we need information on ¢, p,, and on specific surface, S, of the solid.

The pore radius, r, is approximated by: r=(2 $)/(Ss pg (1-9)) = 2/S, &)

Where S, is the specific surface relative to pore space.

The calculated pore radius r, eqn. (5) together with the moduli eqn. (2) to (4), (Fig. 2a, 2¢ & 2¢) were

used to compute the following empirical equations which can predict pore radius r, directly from
acoustic data (Fig. 2b, 2d & 2f).

=9 x 10° +3.3E-6.77M (6)
rg= 19.95E-9G 7 (7)
r«=6x 10” +3E-6.77K (8)

were moduli are given in GPa and ry, is pore radius from compressional modulus, rg from shear
modulus and rg from bulk modulus.

Permeabilities, k (Fig. 2), were modeled by using eqn. (6) to (8) and Kozeny’s relation so that we will
have eqn. (9) to (11) as follows:
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kv = c(¢priu/4) 9)
kg = c(§r’c/4) (10)
kk = c(§rix/4), (11)

Where, c is Kozeny’s constant and ¢ is porosity.

Results

Experimental data from Cenozoic and Jurassic shales of Skjold Flank-1 well (Mbia et al., 2011) and
that of kaolinite and smectite aggregates (Mondol et al, 2007) were used to calculate compressional
modulus which vary from 4 to 40 GPa, shear modulus (0.1 — 8 GPa) and bulk modulus (4 — 35 GPa)
and pore radius from BET, porosity and grain density (1E-09 —1E-07 m). The cross plots of elastic
moduli versus pore radius (Fig. 2.) were used to derived the empirical equations which can be used to
predict pore radius and permeability from field data. The cross plots (Fig. 2a, 2¢ & 2¢) show that
kaolinite, smectite and Cenozoic (containing kaolinite, interlayered illite/Smectite) blend together
with very low elastic moduli and corresponding large pore radius. This is because Cenozoic shale
including kaolinite and smectite aggregates are not cemented and in the mechanical compaction zone.
The Jurassic samples at greater depth show very high elastic moduli with corresponding small pore
radius. The high elastic moduli and small pore radius may indicate that this material has undergone
some degree of cementation under chemical compaction. The predicted pore radius from
compressional and bulk moduli anyway fits very well in linear scale ( 5% difference in some few data
points) with that calculated from measured BET specific surface, grain density and porosity (Fig. 2b
& 2f) but that predicted from shear modulus shows some degree of scattering at higher values.

The empirical equations were used to derive permeability log from field data (Fig. 1) and the
predicted permeability matched each other very well and shows the same depth trend from Cenozoic
to Jurassic shale for the three equations. The predicted permeability for Cenozoic shale varies from
0.5 to 10 uD while that of Jurassic shale vary from 0.0001 to 0.5 uD. It implies that one can use
compressional or shear velocity to predict pore radius and thus permeability.

Bulk density [gicm?] Porosity Modelled permeability [uD]
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Fig.1. Depth plot of density, porosity and predicted permeability of shale intervals from of Skjold
Flank-1 well.
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Fig.2. Cross plots of calculated pore radius versus predicted pore radius and moduli. (a) pore radius
calculated from BET specific surface, porosity and grain density versus compressional modulus, (b)
calculated pore radius versus the predicted pore radius from M, (c) calculated pore radius versus
shear modulus G, (d) calculated pore radius versus pore radius predicted from shear modulus G, (e)
calculated pore radius versus bulk modulus K, (f) calculated pore radius versus pore radius predicted

from bulk modulus, K.
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Conclusions

The empirical equations developed (eqn. 6 — 11) can be applied to field data to predict pore radius and
permeability of shale in the depth interval of mechanical compaction and will give a fair estimate in
shale that have underdone degree of cementation at greater depth.

This result is very important for field applications and can be very useful for CO, storage and for other
engineering applications. It should be noted that in order to validate these findings more experimental
work is needed to be done on extensive shale samples from different locations.
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Introduction

Shale permeability prediction is recently gainintptof attention due to the growing concern in gas
shale, CQand other toxic waste storage. Shale form majpfroaks in majority of our sedimentary
basins around the world and knowing permeabilitytridse rocks is one of the most important
parameters in assessing their integrity as potesgals. The two widely accepted models in
calculating permeability of porous media are Dascghd Kozeny’s equations. The Darcy equation
relates the instantaneous discharge rate throygiraus medium, the viscosity of the fluid and the
pressure gradient over a given distance, while Kpziescribes permeability in terms of porosity and
specific surface area. A majority of authors hasactuded that Darcy model gives a more reliable
estimate of shale permeability compared with Kozenyodel which often produces discrepancies of
many orders of magnitude between predicted andume@permeability in mudstones (Yang & Aplin
1998; Dewhurst et al. 1999a, b; Revil & Cathles9)99his discrepancy may be due partly to their
assumptions that all pores are capillary tubes thighsame cross-sectional area, which means equal
pore diameters (Mondol et al, 2008). In reality dstone pores have a wide range of diameters (Olsen
1962; Griffiths & Joshi 1989; Katsube & Williamsd®94; Dewhurst et al. 1999b; Yang & Aplin
2007). In this work we are going to address howdiimate permeability in shale from constant rate
of strain testing (Wissa et al, 1971) since itesydifficult to drain a shale sample and then camp

the result with predicted permeability values frimzeny’s model. This will be done using core and
cuttings samples of Fjerritslev shale formatiomfr&tenlille and Vedsted on-shore wells of Danish
basin.

Method and Theory

Thirteen Fjerritslev Formation shale cuttings and tore trim samples were taken from the Jurassic
section of Stenlille-2, 5 and Vedsted-1 on-shordisn&f Danish Basin at depths between 1222 and
1740 m. Mineralogy, porosity, grain density, BEEeific surface and cation exchange capacity were
measured in the laboratory using the procedureritbescby Mbia et al., (2011) and the results is
shown in table 1. All experiments were performédamm temperature between®20and 28C.
Permeability (k) is predicted using the Kozeny tiela as described by Mortensen et al., (1998) as
follows;

¢

k=c— ,k=c — k=c e

s (o) (9 -6
where Kk is the liquid permeabilitg,is porosity, Ss grain-specific surface area per bulk volumgsS
specific surface (grain-surface area per grainmely andd is equivalent spherical diameter and is
determined by combining for the grain-surface akean*d® and grain volume V = 1/6%d® into the
expression S A/V = 6/d. Kozeny’s constant and is given by;

-1
1 8° 4
c=|4cosg =arccosp— —-1|+—rm|+4

Consolidation tests (Oedometer tests); Experimargalpaction measurements on two natural shale
samples of Fjerritslev Formation obtained at depthl483—-1484 m from Stenlille-2 well, were
performed at Danish Geotechnical Institute (GEQ)e Tore material has been well preserved to
maintain in-situ saturation of the shale sampledvered at about 98% to 99.5 %). The salinity ef th
pore water varies between 100.000 ppm and 150.p60(pDS). The shale samples were plugged
normal to bedding with diameter of 25 mm and heightLl3.76 mm. The compaction tests were
performed by running constant rate of strain tasthe high stress oedometer cell. The samples were
loaded up to 17.5 and 100 MPa, at rate of 0.013hrand then switched at 17.5 MPa from 0.013
mm/h to 0.056 mm/h to 33 MPa all at controlled poressure (Figure 1a). The data obtained directly
from the test include the average strain rate,pibie pressure at the top and at the bottom of the
sample, and the total stress at the top of the lgarijpe difference in effective stress at the butto

7 AL ®
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and top of the sample can be computed. The ratexoéss pore pressure at the bottom to effective
vertical stress was controlled at + 30%. The sampldrained towards the top and excess pore
pressure is measured at the bottom, ph. The hydreohductivity ) of these shale samples was
calculated at time intervals of 21 minutes froméfeess pressure at the bottom of the sample and th
average strain rate as time increagds (The estimated errors in measurements are, #da@90 kN,
deformation + 1% and pore pressure 0.006 MPa angsing the approach described by Wissa et al.,
(1971), the hydraulic conductiviy(m/s) of the sample can be calculated as;

R 05 HZY W) e e (3)

where; €, is the strain rate, = AEJ/At  where AE;= AH/H. uh is excess pore pressure,
Yw =0 X G (g is the gravitational acceleration andgydensity of brine)

Permeability (k), rhfrom Darcy can be calculated knowing the hydractinductivity (3) as;

K =R (UPG) v v eveeee e oo et et (4)

Where u is the dynamic viscosity, kg/(m.s)
Equation (4) now becomes,

K= 0.5EHZUIUNY oo e e e e e (5)

Results

The XRD analysis of cuttings and core trim samjpeshown in table 1. These samples contain clay
minerals including illite (8—40%), kaolinite (4—28%Smectite (1-7%) and chlorite (1-10%). The
non-clay minerals include quartz (35-70%), cal€itel4%), K-feldspar (0—8%), plagioclase (0-5%)
and dolomite (0—2%). The calculated permeabilinfrspecific surface vary from 90 to 48530 nD
while that calculated from consolidation test dfedent time interval vary from 100 nD at a low
vertical effective stress to 9 nD at high vertieffiective stress of 100 MPa. Permeability estimated
from Kozeny’'s model depend on the specific surfaoepsity and the degree of the homogeneity of
the material express by Kozeny’s constant. The tesripom Vedsted well contain high content of
non-clay minerals (55-76%) compared with Stenlilell samples which is reflected on their
relatively low specific surface and high estimafmtmeability by Kozeny’'s model (table.1). The
permeability values estimated from consolidatiost & higher vertical effective stresses above 40
MPa fall in the same range of magnitude as thokmileded from the specific surface and porosity
data of samples from Vedsted well. On the otherdhidne permeability is two to four orders of
magnitude higher than Stenlille shale samples hrektto five orders of magnitude higher than the
core trim samples at the same depth at lower @rifective stress below 40 MPa. This imply that
Kozeny's permeability model is sensitive to heterugjty of the shale material with high clay content
above 30% as shown in table 1.

Permeability values determined from consolidatiests at increasing vertical effective stress is als
sensitive to the type of pore fluid express by essty and the development of the pore pressure.
Fig.1(a) show the vertical effective stress veibasvertical strain of two the samples from Stémlil
from very low stress to 33 MPa and 100 MPa and reigu(b) show corresponding permeability
versus vertical effective stress. The two samptevssimilarity in higher permeability values of albou
1000 nD at low stress level at the same strainbvategpermeability falls rapidly as the strain rege
increased in sample 2. The increased strain radbaply increases compaction and causes pore
pressure to build up at the bottom resulting indowermeability values at the same vertical eféecti
stress in the two samples (Figure 1b).

74" EAGE Conference & Exhibition incorporating SPE EDIREC 2012
Copenhagen, Denmark, 4-7 June 2012



/

Copenhagen 12

Table 1. Cuttings data from Fjerritslev shale formation; @land non-clay fractions determined by

XRD, pgrain IS grain densityg is mercury porosity, BET is specific surface byabsorption, CEC is

cation exchange capacity. Experimental errors &oe pgain < 3 glent; for ¢ <2 p.u; for BET < 0.3
ntlg; for CEC < 5%.

12 4

Average Vertical Strain [%)]
©

16 -

(€Y

1000

10000

(b)

Depth Well Formation Clay Non-Clay ¢ P_grain CEC BET
(m) (%) % (p.u) glem® mEQ/100¢  (m%/g)
1222 Vedsted-1 Fjerritslev 24 76 44 2.64 21 13.71
1255 24 76 53 2.69 31 22.00
1350 46 54 50 2.64 36 37.87
1445 53 53 41 2.71 28 31.30
1515 39 61 32 2.77 29 26.71
1585 34 66 44 2.77 36 27.16
1675 45 55 35 2.68 25 31.70
1740 28 72 42 2.70 33 28.32
1745 44 56 42 2.71 28 17.78
1419 Stenlille 5 53 47 25 2.67 19 42.64
1422 58 42 26 2.67 24 43.70
1527 56 44 33 2.66 12 42.83
1530 48 52 26 2.64 33 42.01
1475  Stenlille 2 55 45 22 2.66 25 46.27
1483-84 65 35 17 2.63 34 48.34
Vertical Effective Stress [MPa] Vertical Effective Stress [MPa]
. 9 1‘5 3‘0 4.5 6|0 7.5 9.0 1(?5 L 20 40 60 80 100
——Sample 1
==Sample 1 _ —Sample2
4l —Sample 2 2 10
%
E
&5 100

Figurel. (a) Cross plots of vertical effective stress usrgertical strain for two shale samples loaded
up to 100 and 33 MPa. (b) Cross plots of indingetmeability data calculated at time interval of 21

minutes versus vertical effective stress of twdessamples obtained from 1483 m and 1484 m
intervals.

Conclusions

The indirect permeability calculated from consdiida tests falls in the same magnitude at higher
vertical effective stress, above 40 MPa, as thah®Kozeny model for shale samples with high non-
clay content> 70% but are higher by two to five orders of magmés at lower vertical effective
stress below 40 MPa as the content of clay min@nateases causing heterogeneity in shale material.
This imply that Kozeny’s model may be applicablestimate maximum permeability values in shale
with high content of non-clay minerals above 30 &b lbecome less applicable with increasing clay
content.

Indirect permeability from consolidation testing very useful in estimating the maximum and
minimum values of shale permeability required whinulating fluid flow in caprocks. Permeability

is seen to be higher at lower vertical effectiveest where the pore pressure is still very low and
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reduces to lower values as the stress increasesdddree to which permeability reduces with velrtica
effective stress also depends on the strain rategiwhich the material is loaded which will give
different permeability values at the same vertaftdctive stress.
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SUMMARY

Stratigraphical variation of shale petrophysical properties in the Central North Sea was studied by
laboratory analysis of cuttings samples and compared to wireline logging data obtained from Skjold
Flank-1 well, Skjold field in the Danish North Sea. The logged section is split into six depth intervals
based on wireline log pattern, and with reference to the mud log, cuttings samples were selected. The
shallowest intervals (1-3) are silty shale. Interval 2 is rich in organic material. Interval 4 comprises of
chalk and underlying calcareous shale. Interval 5 is shale with sand stringers; whereas interval 6 is mainly
shale. X-ray diffraction analysis reveals the dominance of inter-layered smectite/illite in interval 1-3 and
upper part of interval 4, whereas illite dominates interval 5 and 6. Other minerals include kaolinite,
chlorite, quartz, calcite, Opal-CT, dolomite and plagioclase. Mineralogical variation is reflected in cation
exchange capacity, BET specific surface, and grain density. Shales vary in total organic carbon,
radioactivity, carbonate content, porosity and modeled permeability. Cross plots of logging data splits
intervals according to mineralogy, porosity, modeled permeability, and induration. The most effective of
intervals splitting is obtained by cross-plotting shear velocity and gamma ray.
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Introduction

The stratigraphical variation of shale petrophysical properties in the Central North Sea can be studied
by laboratory analysis of cuttings samples as compared to wireline logging data. Shale typically has
clay content in excess of about 40% (Shaw & Weaver, 1965), and is the most common and abundant
sedimentary rock. It has characteristic physical and chemical properties and due to its low
permeability it may act as a seal to hydrocarbon accumulation. When shale has a high content of
organic material (high TOC) it may act as a source rock. In the last decade shale has increasingly been
seen as a possible reservoir rock.

The purpose of this study is to examine mineralogical variation and variation in petrophysical
parameters (TOC, grain density, radioactivity, porosity, Cation Exchange Capacity (CEC), Carbonate
content, specific surface by BET and modeled permeability) in Cenozoic, Cretaceous and Jurassic
shales, and to show how these properties are reflected in wireline logging results. Our study is based
on cuttings samples and logging data from the Skjold Flank-1 well, in the Skjold field, Danish North
Sea.

Methods

Geophysical logs

The following well logs from Skjold Flank-1 were used; mud log, caliper, gamma ray, density,
neutron, resistivity, as well as P-wave and S-wave velocity logs. The mud log was compiled during
drilling operation and records the lithology. It was used for selecting samples from the operator’s
store. Six depth intervals were defined from the log pattern. Interval 1(1200-1487m) is slightly silty
shales, 2 (1487-1792m) is organically rich shales, 3 (1793-2095m) is silty shales. Intervals 1-3 are of
Cenozoic age. Interval 4 (2095-3008m) is Cretaceous chalk and shale. Interval 5 (3008-3917m) is
Jurassic shale with sand stringers. Interval 6 (3917-4474m) is Jurassic shale with few stringers.

Cuttings-data

Thirty one shale cuttings samples were collected from Skjold Flank-1 well. The samples were
carefully cleaned and each sample was handpicked for cavings. The following procedures were then
followed; determination of porosity by mercury immersion, BET specific surface by nitrogen
adsorption according to the method developed by Brunauer, Emmet and Teller (1938), Permeability
was modeled by Kozeny’s equation according to Mortensen et al. (1998), The concentrations of U, Th
and K were measured on powdered samples by a Nal-crystal gamma spectrometer. Carbonate content
was obtained by means of titration and the total organic carbon (TOC) was measured by combustion
in a LECO (CS-200) Carbon/Sulfur Analyzer-oven, CEC was measured by Ba-ion exchange followed
by Inductively Coupled Plasma-Optical Emission Spectrophotometry (ICP-OES). Mineralogy was
determined through X-ray diffractometry. We did not measure the TOC and the concentration of U,
Th and K on 8 Cretaceous samples with high carbonate content.

Results and Discussion

The six shale intervals show variation in petrophysical properties from Cenozoic to deeper Jurassic
shales as shown in Table 1. XRD results reveal that quartz, calcite, plagioclase, and Opal CT are
present as the non-clay minerals while mixed-layered smectite/illite, illite, kaolinite and chlorite are
present among the clay minerals.

Solid phase

A high content of smectite and relatively low content of illite in the inter-layered smectite/illite in
intervals 1, 2 and 3 of Cenozoic shales is associated with low grain densities and high measured
porosity which corresponds very well with the high neutron porosity (Figure 1a) and contributes
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Table 1: Cuttings data from well Skjold Flank-1; pean is grain density , ¢ is mercury porosity, BET is
specific surface by N, adsorption, k is calculated permeability by Kozeny’s model, TOC is total
organic carbon, CEC is cation exchange capacity, Th is Thorium, U is uranium and K is potassium
identified by spectral gamma radiometry. Experimental errors are; for pgain < 3 glem’; for o <7 p.u;
for BET < 0.3 m’/g.; for k< 12%; for TOC < 8%; for CEC < 15%; for U: < 0.2 ppm., Th: < 0.5
ppm., K: < 0.02%,

Spectral Gamma Ray

Age Interval Depth Poran  BET ¢ Calck CEC CaCO;  TOC Th U K
(m,tvd) (g/em®) (m?%g) (Pu) (D) (MEQ/100g) (%) (%) (ppm)  (ppm) (%)
552 2,65 31 32 1,99 38 5,88 0,57 14,40 498 1,87
707 2,54 26 26 1,47 26 5,65 0,91 1290 4,38 1,74
- 863 2,66 31 30 2,20 22 4,03 1,10 11,60 458 1,63
= 872 2,58 32 33 2,17 27 4,84 1,12 12,90 538 1,68
S} - 1009 2,61 26 26 1,77 36 3,85 0,93 13,90 4,38 1,66
g 1164 2,62 30 28 1,70 48 3,62 0,87 12,80 5,88 1,81
Z 1338 2,85 23 30 2,82 55 1,58 0,83 9,40 598 1,77
© N 1484 2,74 22 32 3,75 46 2,55 2,58 8,10 3,58 1,90
k= 1622 2,51 19 32 3,40 43 2,25 3,52 7,40 6,48 1,85
1768 2,75 26 29 2,52 48 3,51 1,36 7,30 5,68 2,22
@ 1923 2,78 42 32 0,96 29 1,55 1,00 XX XX XX
E 2070 2,77 43 30 0,74 39 5,00 0,71 XX XX XX
2691 2,79 12 31 24,51 9 55,69 XX XX XX XX
2719 2,82 37 24 0,76 22 27,20 XX XX XX XX
§ 2746 2,77 18 21 2,00 7 72,29 XX XX XX XX
o, j 2774 2,70 10 21 9,68 8 44,20 XX XX XX XX
E £ 2807 2,64 18 27 3,18 15 51,58 XX 2,30 4,68 0,69
S 2829 2,73 13 25 7,60 10 66,04 XX XX XX XX
2850 2,71 28 28 1,84 22 9,96 XX XX XX XX
2871 2,63 19 33 5,20 20 10,50 XX XX XX XX
3051 2,66 15 22 5,05 9 27,68 1,99 7,70 468 1,86
3200 2,83 13 36 15,36 14 14,69 2,39 4,70 348 142
o 3353 2,81 14 32 9,27 17 12,64 2,48 7,10 2,38 1,34
= 3520 2,75 16 37 11,55 14 13,35 2,32 XX XX XX
= 3658 2,82 16 27 5,55 12 11,09 2,36 7,80 2,88 1,68
3 3810 2,80 23 33 3,56 13 6,57 2,58 XX XX XX
2 3959 2,83 19 17 1,39 15 5,28 1,39 9,60 3,68 1,78
© 4115 2,81 22 10 0,45 14 7,22 1,41 9,00 498 217
o 4270 2,75 29 15 0,57 15 6,30 1,69 8,20 518 2,15
- 4420 2,79 26 13 0,29 13 5,65 2,20 XX XX XX
4572 2,79 22 19 1,17 16 5,25 1,24 10,30 4,38 1,94
160 160
120 4 120
g 5
E 80 - g 80 7
4} ]
40 7 40 1
(a) (b)
0 T T ; 0 .
0 20 40 60 80 1.5 2 25 3 35
Neutron porosity [p.u.] Density [g/cm?3]
¢ Group 1 OGroup 2 AGroup3 BGroup4 9 Group 5 ® Group 6

Figure 1: Cross plots of gamma log versus (a) neutron porosity and (b) density
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the low bulk density seen in these shales (Figure 1b). Cenozoic intervals with high content of smectite
splits from the Cretaceous chalk rich in calcite and Cretaceous and Jurassic shale intervals rich in illite
and Kaolinite as shown in Figure 1la. Variation in the concentration of Th, U and K with depth is
reflected in the variable gamma radioactivity seen in the Cenozoic and Jurassic shale intervals (Table
1).

Reservoir properties

6.0 3.0

5.0

2.0 1
4.0 A

Vs [km/s]

Vp [km/s]

3.0 1
1.0 1

2.0 A

0 20 40 60 80 1.5 2.0 25 3.0 35

Neutron porosity [p.u] Density [g/cm?]

* Group 1 OGroup 2 AGroup 3 B Group 4 @ Group 5 ® Group 6

Figure 2: Cross plots of (a) P-wave velocity versus neutron porosity and (b) S-wave velocity
versus density. S-wave velocities versus density show a positive correlation for all the
intervals while P-wave velocity versus neutron porosity shows a common trend with L-shaped
curve.

There is a significant variation in porosity, bulk density and induration of shales with depth
from interval 1 to 6 as shown by the cross plots of sonic velocities versus neutron porosity
and bulk density. P-wave velocity (Figure 2a) versus neutron porosity gives a very good
slope with a negative correlation for the Cretaceous and Jurassic intervals while the Cenozoic
intervals have near constant Vp with high porosity and low velocity as a result of high
content of smectite.

Plot of S-wave velocity versus density (Figure 2b) gives a general positive correlation with a
break in slope between Cenozoic and Cretaceous shales. Cretaceous chalk splits out from the
Cretaceous and Jurassic shale unlike in Figure 2a despite having the same range of bulk
densities. The split is caused by cementation and stiffening in Cretaceous chalk.

Elastic properties

The boundary where smectite is completely transformed to illite (at about 55 — 65° C) is
easily visible in the plot of shear modulus versus average porosity (Figure 3a). This plot
gives negative slope with L-shape similar to the plot of P-wave velocity versus neutron
porosity (Figure 2a), except in this case, interval 4, 5 and 6 with high content of illite and
kaolinite, separates from the chalk group with high cementation and stiffness. The plot of
acoustic impedance versus ratio of P-wave and S-wave velocity (Figure 3b) gives three
distinct trends as a result of change in the content of illite, kaolinite and smectite.

Plots of gamma ray versus Vp-impedance (Figure 3c) and Vs-impedance (Figure 3d) also
result in three different trends but gamma ray versus Vs-impedance gives a better split
between Cenozoic intervals, Cretaceous chalk, and shales of interval 4, 5 and 6 as a result of
change in the content of clay minerals.
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Figure 3: Cross plots of shear modulus versus average porosity (a), acoustic impedance versus Vp/Vs
ratio (b) and that of gamma ray versus sonic wave impedance (c and d).

Conclusions

Detailed interpretation of logging data could be done or supplemented by integrating petrophysical
analysis of core data obtained from laboratory measurements. In most wells we often lack core
materials for shale intervals and studies have used cuttings materials to determine mineralogy of
shales. In this study we have shown that cuttings analysis can also supplement logging data in
providing us with additional petrophysical information which is useful in borehole formation
evaluation.
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