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Abstract

Smaltlscale heterogeneities influence fluid flow at wabe and reservoir scale.
However, the influence of deformation bands, commonly found in high porosity
sandstones, is poorly understood

Internal structte of smaliscale heterogeneities is investigated withay computed
tomography (CT). To this aim, higiesolution, artefactbee CT images are needed.
Beam hardening artefact, in cylindricslaped samples, increases thera)X
attenuatio values with igreasing distance from the centre. A new beam hardening
correction technique was developed using a-postessing linearization procedure
on the beam hardening curv&he technique is implemented in an automated -open
source ImageJ plu, and successfiyl applied on Xray CT images of homogeneous
and heterogeneous samples containing deformation bands.

Petrophysical and multiphase properties of heterogeneous sandstones were
investigated by performing core flooding experiments with pasitemission
tomography (PET) and/or Xay CT imaging. Experiments were conducted on a
Navajo sandstone core characterized by diagonal deformation bands agchiinsel
laminae. PET images were used to derive the single phase hydrodynamic properties of
the core. A drainag experiment (C&water) was conducted in the wataturated

core and imaged with a medicalrdy CT scanner. Experimental results and numerical
simulations indicate that deformation bands form stronger capillary barriers than

laminae.

A drainage core floding experiment (Mwater) was performed on a Navajo sandstone
core containing conjugate deformation band clusters. Results show a high N
saturation in the host rock compartments upstream of a thick cluster of deformation
bands, identifid as an extremeapillary barrier. At the end of the experiment, host
rock compartments show variable $aturation. Simulation models demonstrate that

the capillary end effect and discontinuities in bands impact fluid saturation.

Clusters and individuatataclastic barsl strongly affect fluid flow, minimizing

crossflow between compartments and promoting fluid compartmentaliZagtailed



characterization ofleformation bands is necessary for accurate reservoir prediction,

both forcarbon storage and fenhanced oil r@very.



Contents

I [ 0 {0 Yo 18 o 1[0 o PRSPPI 8
O T = 0] = 1= PR 8
1.2. Scope Of the theSi.......cccoiiiiiiieeeeeee e 9
1.3. Ouline Of the thESIS. .. ... e 10

2. LITErature TEVIBW .....ciieeiiii e et eeeee ettt e ettt e e e nmme et e e e e e eaa e e 13
2.1, RAIONAIE. ... e e 13
2.2. Deformation Dands..........cccciiiiiiiiiieie s 14

2.2.1. Classification of deformation bands and their petrophysical propetdes
2.2.2. DISHIDULION. ...ttt 19
2.2.3. Deformation band orientation................oevevuviimmmeeeeeeeeeeeeiiiii e 24
2.2.4. Influence on fluid flow: @vious studies............cceevvvvvviiicneeeeeeennns 26
2.3. Micro computed tomOography..........cc.uuveviiimmiiieeeiiiiiiieie e 28
2.3.1. BaSIC PriNCIPIES .....cceeeiieiiieeeeeeee e 29
2.3.2. Bem hardening artefact..........ccooovviiiiiiiiccc e 30
2.3.3. Beam hardening correction: previous methodologies.................... 31
2.4. Core flooding eXPerimentS..........ooviiiiiiiiiiieree e eeeeeeeeee e 33
2 300 B \Y =11 0 To To (] (o o | Y2 33
2.4.2. Petrophysical and multiphase property characterization............... 34

2.4.3. Sukcore scale influence of smaltale heterogeneities on fluid flow.40

3. Automated high accuracy, rapid beam hardening correction in Xay
computed tomography of multrmineral heterogeneous samplés43

I 200 I 11 0T ¥ Tox 1 o o 43
3.2. Materials and eqUIPMENt..........coeiiiiiiie e eeee e a7
G0 R o = 3 (o o o PRSPPI a7
3.2.2. Lo0Se Sand SAMPIE.......cccoeiieiiiiiiieeeeee e 47
3.2.3. Deformation band sample...........cccoiiiiiiiiiieee e a7
3.2.4. Deformation band network core sample.............cccovvvvieeeeee e, 48
3.2.5. Berea sandstone General ElectriSpeed CT/i......coooeeeeriiiiiiiiiieeen. 48
3.26.Be ea s andst-beanescan@.....Cc.0.0.L...ccoceeeeiiiinnnnn 49
3.3.Beam hardening COrrection proCeaULE............uuvviiiiiiieemeeeeeeeeeeeeeee s 50
3.3.1. Radial profile calculation................cooiviiiiceciiii e 50



G T G114 V7= {111 o o RS PPUSPR 51

S RESUILS....cceeeeeeie et eree e n——— e 56
3.4.1. HOMOQENEOUS SAMPIE......uiiiiiie i eree e 56
3.4.2. Nonuniform shapes and heterogeneous samples...............ccevueee.. 58
3.4.3. Berea sandstone core sample with the medical.scan...................61
3.4.4. Berea sandstone core sample internal scarcengbeam CT............ 62

3.5. Determination of core scale petrophysical properties..............cccoeveeeen. 63
3.5.1. Determination of core Scale POrOSILY.........ccceeveeriiiiiiccceeeeeeeeeeeeene 63
3.5.2. Determination of core scale permeahility..........ccccceeveiiiiceciinnnnnnnnn. 69

3.6. CONCIUSION ... eeee ettt e e smree 71

4. Sub-core scale fluid flow behavior in a sandstone with cataclastic
deformation DANAS.......cooiiei e 72

vt R [ (oo [ B ox 1 o] o AR P UPP PR PP RPN 72

4.2. MethOdOIOQY.......cooiiiiieiet e e eeea e e e e e e e e e e e e ean 75
0 I | [ Tox (T SRR OPPPPPRRPY £ o
4.2.2. POrosity CharaCterization...............eeeeeiiiiieeeiiiiiiiieeeeeee e 75
4.2.3. Single phase permeability characterization..................ccoveeeeeeee... 76
4.2.4. Multiphase core flooding eXperiments...........cccccvveeiieeeeeneeeeeeeeeeenn. 78

4.3, RESUITS ..ottt e e et 80
4.3.1. Deformation band gEOMELNY...........uuuuiiiriiiiiieeerieieieeereeeeeee e e e e e e e e e 80
4.3.2. Porosity distributiQn............cooiieiiiii e 81
4.3.3. INtrinsSic Permeability...........oouiii e 81
4.3.4. Multiphase flow properties............cceeeieieeiiceeeiciiee e eeee 85

4.4. Numerical modelling of multiphas@W experiments..........cccccccvvvieiennes 88
4.4.1. Multiphase fluid flow simulation with capillary end effect.............. 388
4.4.2. Multiphase fluid flow simulation withothe capillary end effect........ 91
4.4.3. Multiphase fluid flow simulation without laminae........................... 92

T I 1= od 1 1] o] 93

4.6. CONCIUSIONS .. ..uuitiiiiiiiiiiiiiiit s ieeette ettt e e e e e e e e e e e s e st e e e e e e e e e e e e e e s e e s e s nnnnas 95

5. Extreme capillary heterogeneities and in situ fluid compartmentalization
due to clusters of deformation bands irsandstones..........c.cccooeevevvviiiieennn. 96

S 00 I 10T ¥ Tox 1 o] o PR 96

5.2. Materials and methods............ooooiii e 99
5.2.1.Rock sample and 3D POIrOBI........cccccuuvvuiiriiiiiiieeeiiiiiiiieeeeeeeee e e e eaas 99



5.2.2. Multiphase core flooding experiments with medical CT scanner..101
5.3. Experimental results: sealing effect of defornmabands on fluid flow....102
5.3.1. Sukcore scale Nsaturation in ussteady and steady state conditiori?2

5.3.2. Evolution of nitroge migration in single compartments................. 107
5.4. Factors influencing compartmsnd s a t..u.r.a.t..i..o.n.............. 109
5.4.1. Model characterization, initial dibboundary conditions................... 109
5.4.2. Multiphase fluid flow modeling results...........ccc.ovvvivviicccrreeeeiiinnns 111
5.5. Impact of deformation band clusters on-phase flow..............cccceeee. 115
5.6. CONCIUSION......coiiiiiiiiitee et e e e e e e e e e e 119
6. Discussion, conclusions and future Work...............oooooiiiiceciin e, 121
6.1. DiScUSSION and CONCIUSIQNS........uuuuriiriiiieiiiieeeriieeeeeeeeeee e e e e e e e e e s s e e s 121
6.2, FULUIE WOIK.....eiieeeeiiiiiiiieie et sttt e e e e e e e e e smmnse s s e e e e e e e e e e eaeeeeennnenns 127
6.2.1. Upscaling field models.........coooeeiiiiiiiiieee e 127
6.2.2. Residual trapping during imbibition. ............ccccoviiiieemiieieen 127
6.2.3. Reactivity of calcite minerals with supercritical&0d water.......... 128
6.2.4. Effect of stress conditions, mineralogical content and cementation on
development of deformation bands.............ccoooeeiiiieeeiii e 128
7. BIDHOGraphy ....ooee e e 129
8. List of Captions for FIQUIES..........cciiuiiiiiie e e 150
9. List of Captions for Tables..........coooieiiiiiiiii e 160
O BN o 0 1= g [0 Lo = 1= 161
Appendix 1: Beam hardening correction step by step procedure.............. 161
Appendix 2: Supplementary text, figgrand tables of Chapter.4................. 164
Appendix 3: Supplementary figures of Chapter.5.........cccoooiiiiiieennnn. 169
Appendix 4: ErrOr @nalySIS............uuuuuuuiiiiiiceeeriiniissse s e e e e e e e smnnnn e 170
Appendix 5. Pressure behavialuring simulations.............cccccooeevvvieecnnnnen. 173



Chapter 1

INTRODUCTION

1.1.Rationale

Spatial variation of petrophysical and multiphase flow propertidsente
fluid flow behaviour at small and reservoir sc@imrey & Rathjens, 1956; Krevor, et
al., 2011; Krevor, et al., 2015; Li & Benson, 2015; Lunn, eR8D3; Perrin & Benson,
2010; Pini, et al., 2012; Saadatpoor, et al., 2010; Shipton, et al.,. 20623t small
scale heterogeneities, such as fractures, bedding planes and lamieabekav
extensively studied at stdwre scale, the role of deformatibands on fluid flow is
still unclear. Cataclastic bands are mm thick strain localization featln@scterized
by low porosity and permeability and high capillary pressure compardtieto
surrounding rockAydin, 1978; Aydin & Johnson , 1978; Deng, et al., 2015; Shipton,
et al., 2002)Individual deformation bands are only able to accommodate small (less
than few cm) displacemends strain increases, clusters of deformation bands may
coalesce, wh further reduction of porosity and permeabi(ifyydin & Johnson , 1978;
Shipton & Cowie, 2003)Deformation bands develap highly porous sandstones
particularly in proximity to both subeismically visible and tge displacement faults
(Shipton & Cowie, 2001; Fossen, et al., 2018)

Sandstones represent the higrpsdlity and highestisrage volume reservoirs
(Benson & Cook, 2005; Bjarlykke dahren, 2010)Accurate site characterization and
understanding the impact of geological features on fluid flow is essential for estimating
storage capacity andssess injection strategies of many subsurface engineering
technologies, such as carbon dae storage, hydrogen storage and enhanced oill

recovery.

Several studies have highlighted that deformation bands have the potential to
negatively affect fluid flowleading to decreasing reservoir permeability, high degree

of fluid tortuosity and fluid bypss(Ogilvie, et al., 2001; Qu & Tveranger, 2016;



Rotevatn & Fossen, 2011; Rwoatn, et al., 2017; Schultz & Siddharthan, 2005;
Shipton, et al., 2002; Shipton, et &005; Wilkins, et al., 2019However, discussion
is still ongoing whether deformation bands are responsible or not for reservoir

compartmentalization.

Until now, fluid behaviour due to the presence of deformation bands has been
mostly investigated thrah field observations and reservoir modellihg.situ and
subcore visualization and quantification of single and multiphase filad in

sandstones with individual and clusters deformation bands have never been performed.
1.2.Scope of the thesis

The aim ofthis PhD is to better understand the role of individual deformation
bands and clusters of bands on fluid flow at thecure scaleThe studies in this
dissertation are aimed not only to derive petrophysical and multiphase properties of
deformation banddyut also to understand how geometry, thickness, and orientation of

bands influence fluid flow.

Detailed characterization of defoation band structure is performed by
acquiring Xray micro computed tomography images. With this imaging technique
high-reolution images are obtained without compromising the integrity of the
samples. However, image quality and the resulting estimatiopetrophysical
properties depend on removal of image artefacts produced during the reconstruction
process. From this consithtion follows the first research question: how can we
improve micreCT image quality for a better visualization of srredhle hetrogeneity

and prediction of petrophysical properties?

Core flooding experiments are conducted on two Navajo sandstone core
samples, taken from vertical boreholes drilled through assigmic normal fault in
Utah (Big Hole FaultShipton, et al., 2002)The first sample is characterized by
individual cataclastic bands diagonally oriented to tbe tind two main fingrained
laminae perpendicular to the axis of the core. The deformation bands do not isolate
any portion of therock within this core sample. Combining experimental and

numerical simulations results addresses the following questiomsdbandividual



deformation bands affect single and multiphase fluid flow? Do laminae contribute

more or less than deformation bamasfluid flow?

Multiphase core flooding experiments are performed on the second sample,
characterized by single conjugatesters of deformation bands cutting laminae. The
research questions addressed with this experiment are: in what way do clusters of
deformation bands influence fluid flow? How significantly different are the
petrophysical and multiphase properties comgbate individual bands? Can

deformation bands be responsible for fluid compartmentalization?
1.3. Outline of the thesis

Chapter 2s a literature review of deformation bands, imaging techniques, core
flooding experiments and the influence of srsalhle hetrogeneity on fluid flow.

Chapter 3 presents a novel and automatic methodology developed for
correction of beam harderg artefact. Beam hardening is common artefact shown in
X-ray micro computed tomography, which increases attenuation values at thé edge o
the images. In this Chapter the correction technique is developed and applied to several
scan images of homogeneousiéheterogeneous samples. The correction improves
images quality and the resulting estimation of petrophysical properties such agporosit
and permeability. The correction was applied to all subsequeay ¥icroCT scans
presented in this thesis.

The wok includes a plug in, which automatically run in the open source
software ImageJ. It has been publishedCmmputers and Geosciencdsunal as
AAut omated high accuracy, r aRay Computeca m h a1
Tomography of multimineral, heterogneous core sampleso by
James M. Minto, Prof. Zoe K. Shipton and Prof. Rebecca J. Lunn. This study was
conceived by albuthors. | acquired micf€T data, and created the code. James M.
Minto acquired micreCT data and carried out the silation for determination of sub
core scale permeability. All authors contributed in the analysis of the results and in

editing the manusipt prior to submission.
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Chapter 4 focuses on the understanding of single and multiphase flow

behaviour in sandstoné&aracterized by cataclastic deformation bands. MEfoX-

ray images were obtained to better define the geometry of the deformationaads
Chapter includes results single phase radiotracer experiments and multiphase core
flooding experiments. Positn Emission Tomography (PET) and medicatay CT

were used for single and multiphase experiments, respectively. Core flooding
experimend were conducted in collaboration with Benson Lab research group, at
Stanford University. Numerical simulations of itme were performed to support the

experimental evidence.

This work has been submitted\Water Resources Reseafjclo ur nal- as i S
core gale fluid flowbehavioi n a sandstone with catacl as
Carla R. Romano, Dr Christopher ZahadRy Charlotte Garing, Dr James M. Minto,

Prof. Sally M. Benson, Prof. Zoe K. Shipton and Prof. Rebecca J. Lunn. | conducted
the single phse flow experiments with assistance from Christopher Zahasky. |
conducted multiphase flow experiments with assistéiroee Charlotte Garing. Time
arrival and fluid velocity maps were developed in collaboration with Christopher
Zahasky. | carried out analg of the data, image processing, and numerical
simulations. All the authors provided feedback on data analysis atet d@te

manuscript before submission to the journal.

Chapter 5presents multiphase fluid flow behaviour in sandstone with clusters
of ddormation bands. MickCT images were taken to better understand the
complicated geometry of clusters of bands. A mpbktise core flooding experiment
was conducted at Stanford University while medicaiby{ CT images were taken in
both unsteady and steadyate conditions. Simulations of a simplified case were
designed for understanding the role of boundary conditionsdawdntinuities in

bands on fluid saturation.

This study has been submitted to a peerewed journaa s A Ext r eme cap
heterogendées andin situ fluid compartmentalization due to clusters of deformation
bands i n sandst on e sCharltttyg Ga@ray,rDf JameRMintdRBroha n o ,
Sally M. Benson, Prof. Zoe K. Shipton, Prof. Rebecca J. Lunn. Core flooding
experiments were cduacted by me, with intellectual contribution of Charlotte Garing.

11



| acquired micreCT data, analysed the scan imagesl @arried out numerical
simulations. All authors contributed in providing feedbacks on analysis of data and

editing manuscript before mission.

Chapter éhighlights and discusses the main findings of the research and brings
out potential future work.

12



Chapter 2

LITERATURE REVIEW

2.1. Rationale

In highly porous sandstonelisplacement is accommodated by forming
deformation band@Aydin, 1978) Deformation bands can be classified based on their
kinematic and deformation mechanigihossen, et al., 200 ataclastic deformation
bands form due to grain rolling, reorganisation and fracturing; this leads to a reduced
porosity and permedlly compared to the host rocdntonellini & Aydin, 1994;
Aydin & Johnson , 1978; Ballas, et #015; Deng, et al., 2015; Shipton, et al., 2002;
Taylor & Polland, 200Q)Cataclastic bands are mainly found in the damage and
process zone of normal fauliBossen, et al., 2007The frequency of deformation
bands increases towards the fault core, buetationship has been found between the
frequency of bands and the fault displacem@uhueller, et al., 2013)lherefore,
clusters of bands characterizeth small displacement, sisleismic faults and large
seismically resolvable structures. Severakeechers, based on field observation and
numerical simulations, have shown that deformation bands negatively affect fluid flow
(Rotevatn & Fossen, 2011; Wihs, et al., 2019)

Micro computed tomography is nowadays widely used for the characterization
of rock features and the geometry of snsaifle heterogeneities. The acquisition
process can take several hours, however, the obtained scan images have an
unpaalleled spatial resolution of several micrometres. The quality of these images is
strongly affectd by previous processing of mie@rl' images, aimed at removing

common images artefacts, such as the beam hardening artefact.

Core flooding experiments are luable tools for understanding fluid flow
behaviour at reservoir conditions. Integration of thegeements with increasingly
advanced imaging techniques allows visualizaitositu of the effect on fluid flow of
sub core scale features and the measamerof porosity, permeability, capillary
pressure and relative permeability. Multiple studies have shown how-staé

13



heterogeneities influence fluid flow. The impact of fractutasjinae and bedding
planes on single and multiphase flow has been witelystigated at subore scale
through core flooding experiment&lemu, et al., 2013; Hingerl, et al., 2016; Huo &
Benson, 2016; Krevor, et al., 2012; Pini & Benson, 2017; Tueckmantal., 2012;
Zahasky & Benson, 2018)

2.2. Deformation bands

In highly porous sandstones (porosity > 0.15) strain localization results in the
development of deformation bands rather than fract(hgdin, 1978; Schultz &
Siddharthan, 2005; Fossen,at, 2007) Deformation bands are sigkismic scale,
millimetres to cetimetres thickdeformation structure¢Aydin, 1978; Aydin &
Johnson , 1978prmed during fault initiation and damagene developmerfAydin,

1978; Shipton & Cowie, 2001)

2.2.1. Clasification of deformation bands and their petrophysical properties

Deformation bands can be classified based on their kinen(&bssen, et al.,
2018) Three main kinematic classes can be distinguished: simple shear band, pure
compaction band and purdation band. These can be placed as end members of a
triangle shape diagm where at the middle points, classes of bands resulting from the
combination of shear and dilation, or shear and compaction can be identified (Figure
2-1).

Simple shear

Dilational A =58

% Compactional
shear bands D$B

CSE shear bands

PCB
Dilation Compaction
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Figure2-1. Kinematic classes of deformationras. Simple shear, pure dilation and
compaction bands are the end members. St@aanced dilation bands form due to
the combination of shear and dilation. Compactional shear form when shear and
compaction combine and when the shear component is highrethtdacompaction

one. When compaction and shear have a similar magnitude, insteaegrshaaced
compaction bands forifiFossen, et al., 2018)

Pure dilation bands develop in poorly consolidated sandstones at shallow
depth, low overburden pressure condiiolThe deformation mechanism consists of
grain rotation and translation. Dilation is accommodated in very tHnnGin)tabular
layers. Dilation bands are not very common. They have been reported by Du Bernard,
et al., (2002) in thé&Savage Creek marinertace, northern California, where they
accommodate slip along associated shear bands. Dilation band orientation has been
found to be parallel to the bisector of the acute angle of conjugate shear bands. Along
dilation bands a host rock porosity increasé¥%fwas observed tu Bernard, et al.,

(2002)

Shear dilation bands also occur when confining pressure conditionsaare lo
Antonellini et al. (1994)found shear dilation bands together with shear compaction
bands in the Moab Member of Entrada Formatldtah. The different deformation
mechanisms are representative of different sandstone porosity and confining pressure
condtions. In the study of Antonellini et al. (1994)loag shear dilation bands a host
rock porosity increase (image segmentation ofgkittions) of 8% has been observed.
However later diagenetic processes promoted the fillithexfeshear dilation bands
with iron, calcite or other diagenetic minerals. This is why an overall permeability
decrease has been observed along these shemmndiands.

Simple shear bands show no variation in volume, neither positive dilatancy as
dilation bands or reduction @blume as shear compaction bands. Simple shear bands
form due to combinations of minor episodes of both compaction and di{&bssa,
et al., 2018) No change in porosity and permeability is observed along simple shear
bandg(Fossen, 2010)

Dilation bands, shear dilation bands and simple shear bands can be also defined
as disaggregation bands, following the classification of defiométands based on

deformation mechanism (Figure22). Disaggregation bands refers to all the bands

15



that form due to gia rolling, translation and breaking of thin film of cement around

grains(Fossen, et al., 2007)

Disaggregation bands characterizeg high content (0-D.15) of platy
minerals, such as muscovite, biotite, chlorite, kaolinite) are called phyllosbiezatks
(Figure 22b) (Knipe, et al., 1997; Fossen, et al., 200)this case, the abundance of
clay minerals promotes grain sliding. host rock porosity decrease of 13% and a

permeability reduction up to three orders of magnitude is observed alongsifodte

bands in Torabi and Foss&009)

i
\
i
i
i

W
.| Phyllosilicat
N hyllosilicate

4 e band
EH %
B

_ ‘Solution and
R cementation

Figure2-2 a) Disaggregation band dueagr rolling and sliding. b) Phyllosilicate band
where the sliding and rolling of the grain is favored by phyllosilicate minerals. c)
Cataclastic band form due to grain rolling and fracturing. In this case simple shear is
comhbned with compaction. d) Solaih and cementation band form due to quartz
dissolution and cementation, usually pdeformation(Fossen, et al., 2007)

Compaction shear bands are ntimck structures characterized by cataclasis

(Figure 22c). Cataclasis e dominant mechanism by whideformation bands form
in porous materiglAydin, et al., 2008)here grain sliding and rolling is combined with
grain crushing and fracturing. The pore throat dimension along cataclastic bands is

extremely reduced compartathe host rock. Compactiorgliear or cataclastic bands

16



usually form at depths higher than 1 km, but there has also been evidence of cataclastic
bands at shallower depth, i.e. with low overburden pressure, in unconsolidated
sandstonegCashman & Cashma2000; Rawling & Goodwin, 2003)n this latter

case the cataclasis process is less intense, and the mechanism of grain fracturing is
strongly related to the mineralogic content of the host rock. Deformation of felspar
minerals leads to intergranular fraghg along cleavage planesfaenation of quartz
minerals, instead, creates small fractures at the edge of the single grains and flakes
(Rawling & Goodwin, 2003) The cataclastic deformation mechanism promotes
decreases in host rock porosity of about order of magnitude and a cogsent
decrease in host rock permeability up to six orders of magr(fudenellini & Aydin,

1994; Aydin & Johnson , 1978; Ballas, et al., 2015; Deng, et al., 2015; Fossen, et al.,
2007; Shipton, et al., 2002; Taylor & Polthr2000)

Postdeformation grai-contact quartz dissolution and cementation can also
occur along cataclastic deformation bands (solution and cementation band), (Figure 2
2d). Intergranular quartz dissolves in water, and is transported by adveittision
processes, such as chemicadtl ressure gradien{8Vorden, 2004) The dissolved
qguartz Aprecipitates on anot her (Brmlatrt of
2006)(Figure 23). Quartz dissolution is usually enhanced at temperatures above 90°C
(Walderhaug, 1996)Despite tempmture being the most controlling factor on silica
solubility (Worden & Morad, 200Q)cementation can happen at shallower depths and
hence also along disaggregation bands. Cementation is enhanced by highly reactive
microcrysalline quartz grains producedy lxataclasis(Fossen, et al., 2007)The
presence of grain coating clay minerals inhibits cementation in the hostHisbkr
& Knipe, 2001) but enhances it along the deformation bands where the coating is
broken due to gia fracturing and crushingHegshammer, et al., 2002; Leveille, et al.,
1997; Fossen, et al., 200Ty pressure solution or cemented bands, the porosity and
permeability are significantly decreased compared to host rock values. Ogilve et and
Glover (2001) estimated for southern Northe& sandstones, a host rock porosity
reduction of 25%, 50% and 75 % along cataclastic, cemented cataclastic bands and
cemented disaggregation bands, respectively. Permeability is up to two and up to five
orders of magnitude $s than host rock permeabiligng cataclastic and cemented

bands, respectively.
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Figure2-3.A) Backscattered SEM image of a solution and cementation bandzQua

iIs grey, feldspar is white, voids are in black. a denotes the area whar&
precipitated in the cataclastic deformation band; d is the preserved porosity not
affected by quartz cementation. B) Cathodoluminescence SEM image of a solution
and cemermtion band. Quartz cement (in black) precipitated at grain contact (b) and
in intergranular fractures (¢.abaume, et al., 2001)

If compactional shear bands form when the shear component exceeds the
compactional one, sheanhanced compaction bands fowhen the two kinematic
processes have a similar magnit@@ehhubl, et al.2010) Shearenhanced bands are
cm thick structures (Figurefa), characterized by less cataclasis and less porosity and
permeability reduction when compared to cataclastic déiRdssen, et al., 2018)
Eichhbul et al., (2010) observed a maximum hoskt pmrosity reduction of about 40%
along shear enhanced compaction bands. Ballas €RCGil3) reported a porosity
reduction of 25% and a permeability reduction from 0 tootd2r or magnitude along

shear enhanced compaction bands.

Pure compaction banderim in high porosity (> 0.3) and permeability-10

Darcy) sandstonef~ossen, et al., 201L1They develop wavy and chevron shapes

18



(Figure 24b) perpendicular to the maximymincipal stres§Schultz, et al., 2010As
opposed to pure dilation bands, pa@npaction band orientation is parallel to the
bisector of the obtuse angle between associated shear or compactiofFbases, et
al., 2018) Along pure compaction bandsetestimated reduction in host rock porosity
(Eichhubl, et al., 2010% about 50%the pure compaction bands permeability can be
up to four orders of magnitude lower than host rock permeafBalas, et al., 2015)
Pure compaction bands are rarely fodun nature, because they form in uncommon

conditions, i.e. shallow depth and highncipal stres§Fossen, et al., 2018)

Figure 2-4. a) Sheaenhancd deformation band (SECB) and compactional shear
bands (CSB). b) Wavy and chevron pure compaction bands (PCB) aneshaaced
compaction bandFossen, et al., 2018)

2.2.2. Distribution

A single deformation band is only able to accommodate small, mm and cm
long, displacements. Once formed, rather than accommodating additional strain, the
single deformation band becomes inactive amgw one forms. This process, known
as strain hardeningepeats itself and leads to the formation of conjugate sets or up to
decimetre thick clusters of deformation baijdgdin & Johnson , 1978; Shipton &
Cowie, 2003) A combination of single bands awstusters of deformation bands is

commonly found in the éld, as shown in the Figures2
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Figure 2-5.(top) Cluster of deformation bands (dbs) and sicgkaclastic band (CB)
in Navajo SandstoneUtah. (bottom) Anastomosing clusters of bands in Navajo
Sandstone, Utah.
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Most deformation bands are associated to a specific tectonic origin with the
exceptions of disaggregation bands, that can also form ksedifinent deformations,
such as diapirisgrsyndepositional loading and gravitational instab{lRgssen, 2010)
Extensional tectonic regimes promote the formation of both disaggregation and
cataclastic bands. The reduced minimum horizontal stress abvghagpth favours
grain rolling and slidig rather than grain fracturing, and hence the formation of
disaggregation bands. Cataclastic bands form in all tectonic regimes, from extensional
to strike slip to contractiongFossen, et al., 2018)hile shearerhanced compaction
bands and pure compamti bands occur only in contractional regini®sliva, et al.,
2013)

Cataclastic bands are mainly found around normal faults, in the so called
damage zone, which is the volume of rock that accommodates deforndtiimg
initiation and propagation of glialong the faulfMcGrath & Davison, 1995; Rotevatn
& Fossen, 2011; Shipton & Cowie, 2003he width of the damage zone increase as
the fault grows (Figure -Ba) (Schueller, et al., 2013)However, damage zone
thickness displacement fault relationshghanges if the damage zone is dominated
by fractures or deformation band€hoi, et al., 2016)XFigure 26b) and if the
displacement is over 100 ¢horabi, et al., 2019(Figure 26c).
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Figure2-6. a) Damag zone thickness increases exponentially with fault displacement.
A wider damage zone is found in the hanging wall. Several damage zones are
considerd in these statistics (s&chueller, et al., 20)3(Fossen, et al., 2018p)
Damage zone thickness adidplacement relationship is different if the damage zone

is fracture or deformation bandominated(Choi, et al., 2016)c) Damage zone
thickness ad displacement relationship changes if displacement is higher than 100 m
(Torabi, et al., 2019)

There isno known relationship between fault displacement and the frequency
of deformation band§Schueller, et al., 2013)'his means that it is ngtossible to
distinguish small and large faults based on the density of their associated deformation
bands. Regaltess of fault displacement (and hence size of structure) the frequency of
deformation bands logarithmically decreases with distance fronatitt(Figure 27)
(Schueller, et al., 2013\ higher permeability reduction, induced by clusters of bands,
is found closer to the fault co(&hipton, et al., 2002)
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# def. bands /m

frequency

Figure2-7. Frequency of deformation bands decreases with increase of distance from
the fault. The logarithm fit model used Ys=A+L In(X), where Y is thenumber of
deformation bands per meter, X is the distance from the fault core, and A and L are
constants Database includes 106 fault zones scanlines acquired in porous sandstone
formations of Sinai, Utah, Corsica, EnglaBdalbard and Netherland. See Elher et

al. (2013)for details.

Cataclastic bands are also characteristic of the process henppition of
deformed rock beyond the fault t{®hipton & Cowie, 2001)Figure 28 shows a
schematic model of a normal fault, including damage and procesgFmssen, et al.,

2007) While the length of the fault can be predicted based on several tibabre
models of fault displacement gradient (Cowie & Shipton, 1998), the length of the
process zone is variable and mostly dependent on the properties efdimeet! rock.

In the example provided bigotevatn & Fossen (2011) of the east side of the Cache
fault, Utah, the process zone extends for 350 m and includess clusters of deformation

bands, each of them characterized by at least 40 bands.
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Figure2-8. Schematic model of slip surface, damage zone and process zone. The last
two are characterized by deformation band clusters and single deformation bands. The
extension of the process zone can be up to severdfddimeterbeyond the fault tip
(Fossen, et al., 2007)

Finally, the interaction between more than one fault may create more complex
overlapping zones with wider damage zo(f&sipton & Cowie, 2003)characterized

by synthetic and antithetic clusters @fdrmation lands.

Fault tip process zones are below the
inverting seismic profiles. Moreover, seismic reflection data of complex fault zone
geometries are usually noisi¢Rotevatn & Fossen, 20119nd interpretabn of

compkex geological structures and their extent is extremely challenging.

2.2.3. Deformation band orientation
Orientation of deformation bands, together with type of deformation bands,

is influenced by the applied stress. Ma and Haim&ii6) perfomed uniform
confining and true triaxial stresses experiments for understanding rock failure, type
and orientation of deformation bands on a Bentheim sandstone and a Coconino
sandstone. The samples are characterized by similar mineralogical cGngest % o f
quartz), but their grain geometry and porosity differ. Rounded grains and porosity of
about 17% characterize the Coconino samples; subangular grains and a porosity of
24% is observed in the Bentheim samples. A first experiment consisted in applying
unifom confining pressur e .= gindboth samples, by o t h «
i ncreasi ng 3( hadadetraase inalfe angle of the failure plane is
observed. In the Coconino sample (Figur® a4 ) w3h80 MPal multiple and
conjugate shar bads appear. In the Bentheim sandstone (Fige®el2) wsh58 n (0
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MPa shear enhanced compact i et50MRanpire f or m
compaction bands (angle = 0°) develop.

0,=0;=0 10 20 50 80 100 120 150 MPa

Brittle Brittle-Ductile transition

8 15 30 60 100 120 150 MPa

Brittle rittle-Ductile transition Early ductile zone

Figure2-9.a) FailureinCoeni no sandstone sampbkwwenfor i
U= 36) Failure in Bentheim sandsgt avive ns aimp
= 3(Ma & Haimson, 2016)

True triaxial experiments were pe@med by increasing. for constantls values. In

the Coconino sandstone, deformation bands angle decreases for increasing values of
0.  Whse1®0 MPa, no conjugate and parallel bands are shown as in the previous
experiment. Also in Bentheinsandstone samples the angle of the failure plane
increaseswhetzi ncr eases; howeyveal,uenoi si nofb=sueernvceed
150 MPa. The more compactive behaviour is to address to the higher porosity of

Bentheim sandstone compared to Coconindsame.
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Brittle-Ductile Brittle
transition

Figure2-10. Failure of the Coconino sandstone (left) and Benthaim sandstone (right)
when increaapplgi éd fors constant values of
2.2.4. Influence on fluid flow: previous studies
As mentioned in the section 2.2.1, significant porosity and periitgabi
reduction is observed along cataclastic bands, clusters of bands and dissolution and
cementation bands. Sheamhanced compaction bands alsoespnt reduced
permeability and have higher thickness, but they are less vertically and laterally
extensive ad less common than cataclastic bariBsllas, et al., 2015)As a
conseqguence, cataclastic bands and dissolution cementation bands have received more
attention since they have a greatpotential to strongly influence fluid migration, acting

as barriers toléw.

The reduced pore throat size along cataclastic andrgechdeformation bands
influences not only petrophysical (porosity, absolute permeability), but also
multiphase properties. Capillary entry pressure along cataclastic and cemented bands
is higherthan capillary entry pressure of the surrounding host iMoke details about
capillary pressure and its relationship with pore throat radius are provided in section
2.4.2. Olgive et al. (2016) measured the capillary entry pressure of samples containing
host rock or cataclastic and cemented deformation bands MI@P (Mercury
Injection Capillary Pressure). The average capillary entry pressure estimated for

deformation bands was 1.9 MPa, against the 440 kPa estimated for the host rock. These
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values refeto a system where mercury (Hg) is injected into dry sanfpled(with
air). For calculating the capillary pressure considering another fluid paig)Pthe

following equation can be used

0 — 0
7 T

¢

(2-1)

w h e rig thelinterfacial tension of the fluid pair, ands the contact angle. If the

fluid pair consists, for example, ofdi and water (considering a = 480 mN/m and

a — 130° for Hg/air and g3, = 35 mN/m and a—= 40° for CQ/water), the capillary

entry pressure of cataclastic bands and host rock becomes respectively 165 kPa and 38
kPa.

The nterfacial tensionis dependent on fluid pairs, temperature and pressure
conditions. Contact angle value dggs depending on fluid pair, solid material in
contact with the two fluids, temperature and pressure. A different contact angle value
should only be observed along deforimatbands if the mineralogical content of
deformation bands is changed comparedhtst rock, such as for clay filled
deformation bands or cemented deformation bands. Explanations about interfacial

tension and contact angle concepts are provided in s&ctich

Several studies were conducted for understanding the role of deformation
bands on fluid flow(Naruk, et al., 2009; Ogilvie, et al., 2001; Qu & Tveranger, 2016;
Qu, et al., 2017; Rotevatn & Fossen, 2011; Rotevatn, et al., 2017; Schultz &
Siddharthan2005; Shipton, et al., 2002; Shipton, et al., 2005; Wilkins, et al., 2019)
All the mentioned studies highlight how deformation bands can be responsible for
permeability decrease in a reservoir, fluid compartmentalization, a higher degree of
tortuosity and fluid bypass. For examplRotevatn et al. (2017) conducted reservoir
simulatiors to understand the effect of deformation bands on water migration in a
saturated oil reservoir. The results show that the presence of deformation bands causes
a delay in tke arrival time of the water in the production well, a higher degree of
tortuosity,and a decrease of the total water saturation at the end of the simulation.
These effects are more pronounced in the case of deformation band clusters, which

result in a largr permeability reduction.
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Another study (Rotevatn & Fossen, 201linvestigated th effect of
deformation bands in the process zone. Deformation band geometries derived from
field observations were implemented in reservoir simulations. Water was injetcted
an oil reservoir, through individual vertical injection and production welisy found
that deformation bands reduced permeabilities in the process zone and acted like
capillary barriers. This resulted in an increase in the pressure gradient witen fl
approached the process zone.

Wilkins et al. (2019) studied the impact of sulface deformation bands on
hydrocarbon production in Holstein Field, Gulf of Mexico. Cataclastic deformation
bands were mainly found in the hinge zone of a monoclinal folthe sandstone
reservoir. Well pressure data and core analysis confirmed thptdbence of cross
cutting, low and high angle dipping (to the bedding planes) deformation bands were
responsible for a reservoir permeability decrease and reservoir coraptaiization.

Some authors have suggested that the segregation of fluid in several
pressure/saturation compartments by  deformation bands (reservoir
compartmentalization) may not really happen. Medeiros e{28l10) states that
damage zones are horizohyadnd vertically finite volumes, and hence suggests that
fluid will simply bypass the deformation band zone. Tind2D06) observed the
presence of equally spaced joints that form later and cut across defornaatots I
present, such joints would aas preferential pathways for fluids and thus connect

individual compartments within a reservoir.

2.3. Micro computed tomography

X-ray computed tomography is an imaging technique that allows visualization
of threedimensional objects, without compromisitiggir integrity. Before the 1990s,
X-ray imaging was mostly utilized in medical science, however, in the last 30 years it
has been shown to be a useful tool within several subdisciplines of Earth Science
(Wellington& Vinegar, 1987; Cnudde, et al., 20Q&ger, et al., 2008; Mooney, 2002;
Mooney, et al., 2012; Perrin, et al., 2009; Van Geet, et al., 20868)highresolution

achieved within Xray micro computed tomography (UCT) allows for detailed
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characterization fopore scale geometry at a ceseale ad can be used to determine

the petrophysical properties.

2.3.1. Basic principles

All X -ray instruments are characterized by a seaesepledetector system. A
point or linear source produces a beam aB¥(s (photor) that traverses the sample.
The sampleacts like a filtering system and the resulting attenuated radiation is
measured by a linear or planar detector. The beam shape depends on the source and
detector geometry. Higresolution images are usually produbgctonebeam shaped
systemgqLechuga &Weidlich, 2016) where the beam is emitted from a single point
and detected by a planar detedt®carfe & Farman, 2008)n thiscase, both source
and detector are fixed and the sample is placed on a rotatingot@pleble acquisition
of images througktepby-step rotation (very small angles) (Figurd ), the smaller
the acquisition step (angle), the larger the number of projection views (images

acquired) and the faster the reconstruction process.

\

Sample \

/ Ianar
detector

Rotation
stage

Figure2-11. Schematic model of cone beam geométlyle & Ketcham, 2015)

Filtered Back Projection (FBP(Feldkamp, et al., 1984 the most used
algorithm for 3D reconstruction. This is usually preferred because it is computationally
less intensive, and tedaster, than iterative methods. The FBP algorithm relies on the
assumption of a monochromatic source, i.e. on emitting waitds the same
wavelength. For a monoenergetic source,
(Eq. 22).

0 "0Q- (2-2)
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Here'CGandOare final and initial energyy is the linear attenuation coefficient (unit:

1/length) for the specific material arsds the ray patiCnudde & Boone, 2013)
Considering tis equation, thé-ray is uniformly attenuated when it passes through

the sample ahthe attenuation dependsontheXay 6 s i ni ti al energy,
and the sampleds composition. Af ter the
sectional imagesslices) are produced; this stack of 2D images enables 3D

reconstruction.

2.3.2. Bam hardening artefact

The assumption of a monochromatic source implemented in the FBP
reconstruction method leads to several image artefacts. Actual sources have often a
polychromatic nature and emit-bays at different energies. Low energy photons are
more easily absorbed by the sample material and the resulting beam is characterized
by higher energy photon@chterhold, et al., 2013)The sample material is less
efficienti n absorbing the fihardenedd beam. Thi
of the sample) being more attenuating than long pathways (centre of the sample)
(UTCT, 2016) This phenomenon is called beam hardening and, in case of a
monochromatic source asgsption, it produces a false high attenuation value at edge
of the sample in theesulting images (the cupping effe@rooks & Di Chiro, 1976)
An example of the beam hardening artefact is shown in Fighige 2

a) 7 b)
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Figure2-12. a) Slice of a @stic rod scan affected by the beam hardening artefact. b)
Plot of attenuation values along the blue profile the Figtt2e2
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2.3.3. Beam hardening correction: previous methodologies
Until now several corrections havbeen proposed based on different
modalities: prefiltering correction methods, iterative reconstruction methods, and

linearization correction methods.

The prefiltering approach is widely used and consists of placing a physical
filter between the sourcend object(Jennings, 1988)T he f i |l ter 6s f unc
minimise the low energy Xays before they pass through the object, creating a-quasi
monochromatic source. This technique often requires a longer exposure, and
consequently increases the scan timemamed to a scan without tlrs but with the
same Xray energy and current. Filters can be characterized by different thicknesses
and materials (aluminium, copper, tin, silver, etc.). Multiple trials are often needed to
choose a filter suitable for remogteam hardening. In somases, the cupping effect
can be reduced but not completely removed.

Iterative reconstruction methods consist of assuming an initial object structure
and density, calculating its projections and comparing the calculated pnogewiii
the acquired onedn the case of a misfit between the calculated and measured
projections, the initial structure is changed until conversion is redGiketrt, 1972)
At present, several iterative methods can be used to produce slice images (ART
SART, SIRT, MLEM, etc.).Despite these methods are often integrated into open
source toolboxegBiguri, et al., 2016)there are still limitations related to the amount
of data that can be processed. With large datasets the computational load oé iterativ
reconstruction methods mes they are not feasible for use on a standard desktop

computer.

Linearization methods can be discretized intong@anstruction linearization
methods and poseconstruction linearization methods. fPeeonstruction
linearizaion method consist of apphg, to the projection data (raw data), a
polynomial or exponential correction function. In {pegonstruction linearization
methods, the relationship between attenuation and path length is defined through a
calibration scan madon a phantom object (e.gn object of known density and
geometry)(Herman, 1979; Yan, et al., 2000)hese methods are usually suitable for
single material precorrections and they do not recuipeiori known shape and size
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of the phantom object or pecific distance sourgghantom (Kachelriel3, et al., 2006;
Ritschl, et al., 2010)They are, however, less effective than iterative methods for
correction of the beam hardening effect on raul#iterial objects. The phantom object
is representative of theasiple only if where theresia simple spatial variation of

physical properties and all the densities of the materials are known.

Linearization can be also determined by-getermined correction profiles,
custom usespecified correction profiles, and ¢os1 autedetected correctio
profiles, such as those utilized by CT pro 3D, Nikon Metrology. Indetermined
correction profiles, the software proposes fixed coefficients for linearization of the
beam hardening curves. The coefficients are not calcufatedach sample, and
therd or e they donodt al ways provide -maccur at
scans. Although coefficients can be manually changed -§psmified correction
profiles), they are still randomly chosen. The only automatic corregtiovided by
the softwareis the customoption, based on the sinogram of the full sample. The
sinogram is the product of the stack of the attenuation profiles obtained at different
projection angleg¢Chityala, et al., 2005)This correction often produceslditional
noise and shadg artefacts, especially in the case of muiéterial objects.

Another postreconstruction linearization processes is the method proposed by
Jovanovi(2013)ein whigH the beam hardening cartien conducted is
contempeoaneously to the local segmentation of the imagks.procedure consists of
calculating beam hardening curves for each phase identified in the sample. The
method can be time consuming and is not suitable for samples whereano cl

distinction between meral phases is possible.

Ketcham & Hanna (2014) developed an adébected correction profile
algorithm for heterogeneous geological samples. The user identifies some regions of
interest, each of them including a single matefile method consists of mimizing
CT number variation in a single region, or several regions, that are characterized by
beam hardening. Whilst effective, this method requires an expert user able not only to
identify beam hardening artefacts, but alsdiszretize different mateais. Further, a
clear distinction between different materials may not be possible, particularly in case

of low-resolution Xray images or geological features such as graded bedding.
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2.4. Core flooding experiments
Characterizatin of reservoir propertiegnd estimation of reservoir potential
are achieved by integrating several data sources, such as laboratory tests, seismic data
and field testgGlover, 2001) Core flooding experiments are a laboratory technique
that is commonlygonducted for estimating pephysical and multiphase properties at

reservoir pressure and loading conditions.

2.4.1. Methodology

During core flooding, fluid displacement at a specific burial depth and
temperature is mimicked by placing the core samptearcore holdeigonnected to a
core flooding setup. The core flooding setup and core holder vary based on the purpose
of the study. The core flooding setup is usually characterized by several injection and
collecting fluid pumps, confining pressure puripsapplying an gerburden pressure,
and back pressure pumps (or a regulator) for keeping a constant outlet pressure.
Pressure transducers are placed at the inlet and outlet of the core for monitoring
differential pressure. Additional components can kduohed in the cordlooding
setup, such as a water exchange bath for injecting fluid at certain temperatures and a
fluid separator for continuous circulation of fluids. Details of a core flooding
experimental setup can be found in section 4.2.4.

Integraton of core floodig experiments with more advanced imaging
techniques has allowed sabre scale observation of fluid flow behaviour and
measurement of porosity, permeability, capillary pressure and relative permeability
(Akbarabadi & Piri, 2013; Akin & Kascek, 2003; Krawes 2012; Krause, et al., 2013;
Krevor, et al., 2012; Perrin, et al., 2009; Pini, et al., 2012; Zahasky & Benson, 2018)
The image techniques most used in combination with core flooding experiments are

X-ray CT and Positron Emission Tomaghy (PET).

For apturing fluid behaviour, medical-Kay CT is preferred to most micro
CT imaging systems as the acquisition process is fasteay )CT acquisition is
performed in a few minutes, but a lower resolution of scan images (mm scale) is
achievel. The physical pnciples of medical Xay CT are the same as those explained

in section 2.3.1, but linear array of detectors is (&edg, 2010)In the last generation
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of medical CT scanners, both the source and the linear arrays rotate, while the obje

remains fixed.

PET imaging relies on the coincidental detection of gamma rays oppositely
emitted by electromositron annihilation (Figure-23). Firstly, the sample is injected
with a solution of water and positr@mitting radionuclides. Due to thesuiror
deficiency nature of positron emitters, a single proton is tnangated in a single
neutron, producing a positron and electron neutrino. The energy of the positron is
attenuated by the material in which the solution travels until annihilation happe
(Townsend, 2004 PET imaging is extremely valuable for quantifying radiotracer

migration through a samp(®ini, et al., 2016; Zahasky & Benson, 2018)

Circular array of gamma ray detectors

o ——

Annihilation 511 keV gamma ray -

N\
511keV
gamma ray \
511 keV gamma ray

\' 511kev
Positron-emitting radionuclide gamma ray

Object injected with radionuclide

Figure2-13. Basic principles of positron emissitomography. Annihilation is due to
electronpositron collision. This produces two oppositely oriented gamma rays,
detected by circular arrays of detect@ivnitoba, 2018)

2.4.2. Petophysical and multiphase property characterization
Core flooding expements and acquisition of scan images with a range of
experimental conditions can enable measurements of 3D porosity distribution, bulk

permeability, and the estimation of capillary ma® and relative permeability curves.

Porosity is defined as the quiytof voids in a material. It is the volume
fraction between the void phase and the bulk rock volume. Characterization of sub
core scale porosity can be achieved by acquiring setanfisiagesf the core in dry
and fully watersaturated condition@Vithjack, 1988; Akin & Kovscek, 2003}t is
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i mportant that the |l ocation of the sampl
average porosity in a given representative elementaryne(REV) is then calculated

as follows,
(2-3)

where6 'Y and 0 Y are CT numbers of the fully wateaturated and dry core,

respectively."O and ‘O are the CT numbers of water and air, expressed in
Hounsfield units (HU). It is common to assign a valueléb0 HU to air and 0 HU to
water. For reducing error due to CT number variations during the acquisition process,
Pini etal. (2012) suggestquiring at least three sets of images for each condition and
averaging them. An example of porosity calculated through wet and dry scans is shown
in Figure 214.

Porosity [-]

Figure2-14. Subcore scale porosity of agietz core sandstorfelingerl, et al., 2016)
Voxel dimension id.17x1.17xImm.

Bulk absolute permeability is the ability of the porous media to transmit fluid.
It can be measured by injetg water at several flow rates in the fully wasaturated
sampe and measuring the pressure drop across the core using two pressure transducers
placed at the inlet and outl et of the ¢

applies,
Q —= (2-4)

Here k is the bulk permeability # q is the volumetric flow rate (fs), u is the

dynamic viscosity (P&) at temperature and pressure conditions of the experiment, L
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is the length of the samplm}, A is the cross sectional area of the sampf® &mdY0

is the differential pressure (Pa).

In situ single phase fluid behaviour in core flooding experiments can be
captured by radiotracqulse injection, with PET images being taken prior to
radiotracer breakthrougkPini, et al., 2016; Zahasky & BensorQ1B) The water
radiotracer solution is injected into the fully wasaturated samples at a range of flow
rates with confining pressure being applied to avoid fluid bypass. Reconstruction of
PET images then allows visualization of radiotracer concentrationg the core, at
time intervals of several seconds {20s) depending on the material and acquisition

settings. An example of a single phase PET experiment is shown in Fg&re 2

PV:0.2 PV:0.3

o N A O @

00 Distance from inlet (cm) 0o Distance from inlet (cm)

PV:0.4 PV: 0.5

=== 5 /
;5/(10 10

00 Distance from inlet (cm) 0o Distance from inlet (cm)

Figure2-15. Radiotraer concentration distribution at progressive higher pore volume
of radiotracer injected at 5 ml/min in a Berea sands{@akasky & Benson, 2018)

Multiphase fluid behaviour in core flooding experiments is captured by
acquiring Xray scan images in thre&ferent conditions: the core fully saturated with
the injected fluid, the core fully watsaturated with the displaced fluid and the
experimentatonditions during injection. If a case with injection of J@onwetting
phase) or C® and water (wettingphase) in a fully watesaturated sample is
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considered, the COsaturation and the water saturation can be calculated as follows
(Akin & Kovscek, 203).

Y ———  and Y p Y (2-5)

Hered "Y are the CT numbers of the scan images at experimental conditiows;

and6 "Y are CT numbers of Xay images acquired whehet core is fully saturated

with CO;and water, respectively. To determine the porosity distribution, it is advised
to acquire and average several sets of images for each of these conditionsdo reduc
background noisgPini, et al., 2012) Figure 216 shavs an example of C&saturation

measured during injection of G@nd water into a fully watesaturated sample.

20% CO,

CO, satL.Jration [

Figure 2-16. CO, saturation distribution after injecting G@nd water (except for
100% CO2 cse) in the fully watesaturated Heletz sandstone c{ifingerl, et al.,
2016) Porosity of the sample is shown in Figur&22

Capillary pressure is defined as the difference in pressure between two
immiscible fluids along their curved interface. If there spaces are assumed to be
cylindrical tubes, the capillary pressure is inversely proportional to the radius of the
tube, as dscribed by the Washburn equation (E6)2A reduction in pore throat size
leads to an increase of capillary pressure antl@igpentry pressure values (capillary
pressure condition at which one fluid starts being displaced from the other), as seen
for deformation bands.
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o0 — (2-6)

Her e lnteifasialtensien (N/m) .—is the contact angle andis the radius of

the tube (m)(Fanchi, 2002) The interfacial tension is due to the cohesive forces
between molecules at the fldiliid interface. Its value depends on fluid pair,
tempeature and pressure conditions. A decrease in the interfacial tension value is
observed for increasing pressurel aemperaturéBachu & Bennion, 2009; Chiquet,

et al., 2007) In a multiphase system with two immiscible fluids, the wettability is
referred a the ability of one fluid to adhere to the solid surface when the second fluid
is present. The wettability is guoified through the contact or wetting angle, which is
the angle between the solid and the fluid adhering to the surface. In an oil/water, syst
for example;— > 90° indicates an oil wet system;+- > 90° the system is neutrally
wet. Intermediateonditions (water wet) are reached if tme — < 90°;,—=10°is
observed in total water wet conditions. Contact angle vauesiable based on fluid

pair, solid material, temperature and pressure conditions. In/a@@r/quartz system

the contat angle value increases with increasing temperature and pressure
(Sarmadivaleh, et al., 2015)

Capillary pressure at the inletgtion of the core can be estimated by injecting
100% of nonwetting fluid at progressively higher flow rates into a core sadgrwith
the wetting fluid(Pini, et al., 2012)The displacement of a wetting fluid by a non
wetting fluid is referred to as thiFainage process. Steady state conditions are reached
when no change in differential pressure or saturation is registeredirnee In this
method it is assumed that in steadgite conditions the inlet pressure is equal to the
pressure of the newetting injected fluid and the outlet pressure corresponds to the
pressure of the wetting fluid (no pressure gradient is assunveatén phase) (Figure
2-17).
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Figure2-17. CQy is injected at a constant flowtesu with a fractional flowf equal to

1 (100% CQ injected). Once steady state conditions are reached, the pressure
difference P1- P2 is equal to the capillary pressure at inlet face. Outlet pressure is
imposed by the back pressure pump (Bfi, et al, 2012)

The capillary pressure at the inlet fion of the core {§ s ) Iisequal to the

change in pressur&{}) measured by the pressure transducers placed at the inlet and
outlet of the core.
0 . 0 0 Y0 (2-7)
Drainage capillary pressure experimentgbde estimation of the capillary
pressure values at several flow rates. By plotting capillary pressure values against the
inlet water saturation, the capillary pressure curve can be fitted with a Btuoky
model (Eq. 28) (Brooks & Corey, 1964)

00 0w IVY0 (2-8)
Y0 — (2-9)

Here0 dis the capillary pressur®, @ s the capillary emy pressureg-is a facor

reflecting the poresize distribution andy 0 is the irreducible water saturation.

When two fluids are present at the same time in a porous media, the relative
permeability of one phase is reduced by the other. Themuess a second fluid
redues the ability of the first fluid to flow. The relative permeability is defined as the
ratio between the effective permeability and the absolute permeability. The effective
permeability is the permeability of an individual phasken multiphase fluid flovs
taken in account (Glover, 2001). Relative permeability values can be estimated by
conducting drainage experiments, injecting the-wetting fluid at progressively
higher fractional flows. Fractional flow is defined as th#orbetween the volumetric
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flow rate of the nofwetting phase and the total volumetric flow rate impqgasrin,

et al., 2009) In other words, relative permeability drainage experiments are performed

by injecting both wetting and nemetting fluids at asingle total flow rate. Foeach

step, the flow rate of the nemetting phase is progressively increased, with a
consequent decrease in the wetting fluid flow rate in order to keep the total flow rate
constant. Relative permeability of thphase for a timogeneous sample is estieth

by an extension of the oftki mensi on al Darcyos | aw equal
(Krevor, et al., 2012)

<

(2-10)

Heren) is thevolumetric flow rate of the i phase, A is the cross sectional &sahe
absolute permeabilityQi is the relative permeability of the i phaseijs the dynamic
viscosity of i phaseYd is the differential pressure across the corelaistthe length
of the sample. Relative permeability values obtained with core flooding experiments
can be fitted with a Brook€orey model as followgBrooks & Corey, 1964)esulting

in characteristic relative permeability curves: .
ko) p YO p YO 7 (2-11)
Qi YO 7 (2-12)

Here'Qi and'Qi are the relative permeability values of the tweetting and wetting
phasesrespectively."Y0 and_ are as specified in Equation9and following

sentence.

2.4.3. Subcore scale influence of smalcale heterogeneities on fluid flow

Several studies have highlighted how srsalile heterogeneities influence
fluid flow behaviour. Vasco et a2018)and Zahasky and Bens¢2018)conducted
single phase radiotraceulse injection experiments with PET on a Berea sandstone
core sample. Deg#te the rock core appearing to be homogeneous, subtle
heterogeneities in porosityd permeability were responsible for variations in the fluid
velocity field. High permeability portions of the rock corresponded to low values of

the mean arrival time ohe radiotracer solution.
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In the case of multiphase fluids, in addition to the peahbility variation, an
important role is played by variations in the capillary entry pressure. Multiple studies
have attested that capillary heterogeneities, such as lgegidines, lamination and
fractures, influence plume migration, fluid saturation egidual saturatio(Krevor,
et al., 2011; Hingerl, et al., 2016; Huo & Benson, 2016; Krevor, et al., 2012; Perrin &
Benson, 2010; Pini, et al., 2012; Pini & Benson, 20Kr@vor et al.(2011)analysed
multiphase flow behaviour and multiphase properties bit. Simon sandstone core
sample characterized by fingrained bedding planes. Drainage and imbibition
experiments (100% water flooding after 100%Gl0oding) were caducted while
medical Xray CT images were acquired. Results showed that low ppitositding
planes act like capillary barriers, causing a fluid saturation 4wpldch the host rock
region upwards of the bedding planes. Capillary heterogeneities alsivetie

enhance trapping mechanisms of&@er water flooding (Figure-28).
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Figure2-18. a) Porosity distribution of a Mt. Simon sandstone core sample. ) CO
saturation distribution at steady state during imbibition. c¢) Csestonal average
porosity and C@saturation when 50% G@nd 50% water were injected into the fully
watersaturated sample, when 100% £Gas injected, and when 100% water was
injectedafter 100% CQflooding (Krevor, et al., 2011)
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Chapter 3

AUTOMATED HIGH ACCURACY, RAPID BEAM

HARDENING CORRECTION IN X -RAY COMPUTED
TOMOGRAPHY OF MULTI -MINERAL,
HETEROGENEOUS CORE SAMPLES

3.1. Introduction

X-ray computed tomography {pay CT)is a modern noimtrusive imaging
technique that produces cressctional images (slices) of a sample and, using
tomography, allowghreedimensional reconstruction of the sample. rdy CT is
widely used in life science, and in the last 30 years, it bagpletely revolutionized
measurement techniques in geoscience. EatgyXanalysis was mostly applied to
palaeontology and petroleuengineeringWellington & Vinegar, 1987)In recent
years, thanks to technological progress, and the possibility to reach micrometre
resolution, it boasts many more geological applications. For example, it has been used
to measte macroscopic soil porositfMooney, 2002)pore structure of hydrocarbon
reservoir rockgVan Geet, et al., 2000and for visualisation of roots in sdiMooney,
et al., 202). X-ray CT has been integrated into core flooding experiments for
understanding how to enhance oil recovery irboihe systemgLager, et al., 2008)
and to illuminate trapping mechanisms for carbon storgBerrin, et al., 2009)
Moreover, Xray CT allows the pragttion of 3D porosity distributions and spatial and
temporal measurement of saturation distribution of each phase during multiphase flow
experiments. To ensure accurate quantitative iesitlis necessary to have high
quality images that avoid sourcesesfor, such as artefacts due to the reconstruction
process.

A beam of Xrays passes through the sample and radiation is measured by a

detection system (detector) to produce attenuatiofiigs. The attenuation values are
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related to the electron densgtie of t he s a mpHKrehietal.c20ldymd nent s

the energy and current values of the scan. All the instruments are characterized by a
sourcesampledetecor system, but in relation to the geometries of the source (point

or linear source) and the detector (linear or planar), there are different beam shapes.
Cone beam geometry-My CT scanners are characterized by a fpeit X-ray

source and a planar deter. The beam is cone shaped and each ray passes through the
object with a certain angle. This enables higher resolution imag@eschuga &
Weidlich, 2016)ut results in a more complicated reconstruction process. In fan beam
geametry, instead, the source is a point source and the detectaurnged array. The

beam is planar fan shaped and the incident rays are perpendicular to the object. In this
case, the reconstruction is fast, but the resolution is low. Artefacts andibnstate

mainly related to the operator choices and the reconstrudfCnudde & Boone,

2013) Such artefacts may affect the accuracy of the measurements of interest. One of
the most common artefacts is-called beam hardeninggerived from the incorrect
assumption of a monochromatic source,evéas most of the -Xay systems are
characterized by polychromatic sources. This assumption is made by the most
commonly used and fast method for thd@mensional reconstruction, i.e. teited

Back Projection(Feldkamp, etla 1984)

A monochromatic source produces waves with same wavelength. In this case
the Xray is uniformly attenuated when it passes through the sample and the
attenuation depends dmetX-r ay ener gy and the sampl eds

withtheBeer 6 s Law

L I=-NHV'V (3-1)

wherel is the Xray intensity,e is the attenuation, arglis the ray path(Cnudde &

Boone, 2013)A polychromatic source, instead, produces radiations with more than
one wavelength; the components of the spectra are not uniformly attenuated, and the
lower energies are absorbed more easily by the sample. The congegiuassuming

a monochromatic soce in the reconstruction process is often higher attenuation
values at the sample edges than the centre. This artefact is often termed a cupping

effect. Because the measurement of petrophysical properties (i.e. porelsitiyer
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permeability, capillarity are strictly related to the quality of the-r&y images,

ignoring the beam hardening artefact effects their accuracy.

Different approaches have been proposed to correct the beam hardening
artefact, but no solutions thateacomputationally possible onr¢ge datasets, and
applicable to all types of materials, have yet been developed. Using physical filters
(Jennings, 1988pefore scanning often requires higher exposure and it can be time
demandig and not economically sustainabln addition, multiple trials are necessary
to define the best filter and the correction of the artefact is not certain. In addition to
Filtered Back Projection, several iterative reconstruction (ART, SART, SIRT, MLEM,
etc.) methods can be applied on jeation data (Gilbert, 1972; Biguri, et al., 2016)
However, the computation of these methods on large datasets, such as the 14 GB that
results from 3142 projections, is not possible gtaadard computer. Most of theep
reconstruction linearization methods rely on producing a calibration scan using a
phantom object with the same density as the sa(Kalehelriel3, et al., 2006; Ritschl,
et al., 2010) The method cannot be applied if the sample is heterogeneous, multi
material and/or of unknown density. Consequently, these methods are not suitable for
correcting scans of geological samples. Linesionacan be also determined by pre
determined correctioprofiles, custom usepecified correction profiles, and custom
autodetected correction profiles (such as those utilized by CT pro 3D, Nikon
Metrology). However, in the above methods there are sdisedvantages: pre
determined correction profiledways use the same coefficients for linearization of all
beam hardening curves and therefore, do
Custom usespecified correction profiles suffer from a difficulty determining the
optimum coefficients as they are ordgtermined from a single central slice. Some
custom autaletected correction profiles, often implemented in commercial
reconstruction software, require a mematerial sample, which is generally not
appropriate for geological samples. Ketcham & Hannd4R@eveloped an auto
detected correction profile algorithm for heterogeneous geological samples. This
method relies instead on defining a region of interest (ROI) characterized by a single
material. he ROI is used to infer the density of the material Use in image
correction. The method, whilst effective, but may not be applicable in some cases, for

example, a clear distinction in density properties may not be possible in low resolution
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images orn the case of graduated material properties, suchaaedrbedding or

mi ner al alteration. Mor eover, the method
software and requires expertise in recognizing the scan regions clearly affected by
beam hardening. 1@ other posteconstruction linearization process,tlie method
proposed by J(@0t3 inaovhichithe beam haildening correction is
simultaneous to segmentation of the images. The procedure is based on thaaralcul

of beam hardening curves for each phase andichs it is time demanding. Moreover,

it is not applicable to samples in which discrimination between different phases is not

possible, for example in materials with a small grain size or irré&seluton scans.

In this studydevelop a new method for peastconstruction beam hardening
linearization By considering the limits related to the correction techniques described
above, a beam hardening correction method is developed with the following

characteistics:
1. is suitable for neacylindrical geological (miti-mineral) core samples,
2. does not require a priori knowledge of the sample properties,
3. works on samples with a heterogeneous spatial distribution of materials,

4. is applied posteconstruction, henceaskks on any Xray source and scanner

configuration,

5. is open source, customizable, and suitable to run on a standard desktop

computer.

To this end, an open source ImageJ ptugvas created and it is available to

download at https://pureportal.strath.ac.uk/en/datasets/autontfatggdaccuracy

rapidbeamhardeningcorrectionin-x-ray-. Details of the correction methodology

employed byhe plugin are provided in a step by step proceduraudwnts available

in Appendix 1. The plugn is validated on a range of natural and artificial geological
samples. The implications of beam hardening correction on porosity measurement,
multiphase flowmeasurement and quantitative analysis of geologicaplesnare

discussed.
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3.2. Materials and equipment

Four samples with cylindrical and quasilindrical shapes and increasing
structural complexity have been scanned with mE1o(uCT) conebeam scanner
(custom Nikon® XT H Xray CT with 180 and 225 kV sozes) in the University of
Strathclyde, Advanced Materials Research Laboratory. One of the samples, a Berea
Sandstone, has also been scanned with a General Elee8peEd CT/i at thBenson
Lab, Stanford University. Scanner settings were chosen to rnisaxmesolution and
image quality for each sample scan resulting in the use of different distances from the
source and detector, physical filters, values ofa)X energy, current, detect
exposure, andevenXay source unit depecagropariges.on t h

More details about the settings used for each sample are included Tablel.

3.2.1 Plastic rod
A grey Polyvinyl Chloriderod of 40 mm of diameter was scanned/atidate
the plugin on homogeneous material.

3.2.2. Loose sand sample
A plasticcylinder was filled with coarsgrained sand pluviated from a constant
distance and frequently tapped to ensure uniform packing. The container had an

external diameter of 66/m and an internal diameter of 50 mm.

3.2.3. Deformation band sample

A fine-grained core sample of the Navajo Sandstone Formation was collected
at a depth of 59.74 m from a borehole (BH3) in the area of Big Hole Fault, Utah
(Shipton, et al., 2002 he core, measuring 60 mm in diameter and 1#8imlengh,
has 34 single anastomosing deformation bands running through the sample. To allow
air permeameter tests along the core length, this sample had previously been slabbed
creating a 20 to 29 mm wide flat edge (Figurg)dence it was no longerpeerfect

cylinder when scanned.
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Gray value 100 pixels

.

0 65535

Figure 3-1.Uncorrected slice number 1024 of deformation band core sample. The
original core sample had been cut f@rmeameter tests, and the operation created a
flatedge.Pie I si ze 1is 100 & m.

3.2.4. Deformation band network core sample

From the same borehole as the first sample a roughly cylindrical Navajo
Sandstone core (BHB) with length 96 mm and diameter of 80n, was collected at
a depth of 60.44 m (Shipton et al., 200 The sample is characterised by a dense

network of deformation bands.

3.2.5. Berea sandstone General Electric-Bpeed CT/i

A homogeneous Berea Sandstone (sample dimensions 100 mm long, 50.8 mm
diameter) extracted frome Upper Devonian Berea sandscdformation in Ohio,
USA, was scanned with a General Electric medical scanner in both dry (pore space
filled with air) and watessaturated conditions and a porosity of approximately 20.6%
(Minto, et al., 2017)was previously daulated for the specific sample using the
difference between the wet and dry scans in the central core volume unaffected by
beamhardening effects. Similar slidey-slice porosity calculations also showed the

porosity to be neamniform along the core |gph.
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3.2.6. Berea s-beandssdanene € CT cone
A highly truncated internal scan of the Berea Sandstone core in sectibraBa¥e
was made to have a higher resolution of the upper part of the core, which was
unaffected by calcite precipitatidiMinto, et al., 2017)A truncated scan is one in
which some of the sample lies outside the field of vieance, sample properties in
region surrounding the scan are unknown. Truncated internal scans made with a cone
beam CT do not normallsesult in a highquality reconstruction, since they are prone
to artefacts caused by-pay attenuation in the unknowngien. This type of artefact

presents in a similar manner to beam hardening.

Sample Distance Distance Energy Current Physical Resolution

source object (kV) filter
object detector
(mm) (mm)

Plastic 168.43 505.36 140 86 & 2mmAl 49 ¢

Loose 370.55 688.5 120 196 None 70 ¢

sand
Single db 377 377 140 86 €025mm 100 ¢

Cu

Db 184 867 145 173 1Imm Cu 35 ¢
network

Berea 630 469.31 120 200 mA None 0.4883
medical mm

scan

Berea 33.7 640 178 53 & 1mmCu 10 ¢

Cone

Beam

Tablel. Table summarizing the settings used and resolutions obtained for each sample
scanned.
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3.3.Beam hardening correction procedure
In this section, the theory underpinning the proposed beam hardening

correction procedure is explained.

3.3.1. Radial profile calculation

The code is suitable for core samples and roughly cylindrical shapes, or for
samples contained within a cylindrical coredwesl or other cylindrical container (for
example in the case of the loose material, see 3.2.2.). For images obtained with a cone
beamgeometry scanner, it is advised to avoid correcting the slices at the very top and
very bottom of the sample. These areeeff€d by geometric unsharpness (penumbra)
and their attenuation values are not related to the actual composition of the sample, but
to geometric factors of the cone beam geometry. The quantity of slices to not consider
is variable and depends on the sotobgect, objectetector distances and the focal

spot sizgPauwels, et al., 2014)

As described abovéeam hardening in cylindrical shapes produces alteration
of the attenuation values in relation to the distance from theecé&ddnsequently, it
seems reasonable to propose a correction based on a radial linearization beam

hardening curve.

The beam hardemy curve is calculated using the plugn fA Radi al Pr
E x t e n(Gael,d2006) The beam harmhing curve, from here on termed the radial
profile is a radial average of the attenuation values as a function of the distance from
the centre of the sample. The plmg in fact, draws concentric circles (usually
increasing the radius by 1 pixel) and atdhtes for each circle the sum of the
attenuation or intensity values divided by the number of the pixels included in the
circle. In this way, the radial profile is defined for each slice. For computational
efficiency, all the radial profile curves obtath (one for each slice once the top and
bottom slices affected by penumbra have been removed) are averaged and one single
average rdial profile (Figure 3) is obtained. In this way, the following fitting of
beam hardening curve is operated only oncendJaisingle average radial profile also
improves the correction process if there are some heterogeneities in the sample, since

it is not much affected by unusually high values, such as those caused by the presence
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of deformation bands, bright grains, no{ségure 32), or conversely by low values

related to fractures.
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3.955
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Figure3-2. Radial profile of several slices of the Berea sandstone core sample scanned
with conebeam CT scanner and the average radiilp (black) used for the curve
fitting.

3.3.2. Curve fitting

To proceed to the beam hardening correction, the average radial profile is fitted
using two equations: an exponential function with offset and an Inverse Rodbard
relationship. The first is ainglecoefficient exponential model with a vertical offset

C,

W R W (3-2)

0w 0w — (3-3)
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In equation 33, thea and d coefficient are, respectively, the lower and upper
asymptotes. Thd coefficient represents the steepness of the curve, ana the
coefficient is the halfway point betwearandd.

Figure 33 illustrates the best fit curves for both the Exponential modktran
Inverse Rodbard model for the average radial profile in Figtte Bhe exponential
function alone does not provide ancarate correction because it is not able to
accurately fit the steep section of the average radial profile close to the eithge of
sample (Figure-3). The Inverse Rodbard method is well able to fit a steep curve, but
when applied to the entire radial file including the central flat section, it is only
possible to achieve a poor fit (Figuré&3 Achieving a good fit for the ¢ part of the
curve, i.e. of the very high attenuation values related to beam hardening, is very
important for providing accutaresults and is not possible with the exponential model
alone. Hence, it was decided to apply the exponential model to ttralqeart of the
core and then to fit the Inverse Rodbard only to outer pixels where the curvature is
high (Figure 34).

and
3.985 X 10 - | ! T

3.98 — B

—

3.975 - [
— Average Radial profile /

— Exponential with offset
Inverse Rodbard

w
w0
~

3.965 — T

3.96 - n
3.955 ) |
_—
395 | 1 | | 1 | |
0 100 200 300 400 500 600 700 800 900

Distance from centre (pixel)

Average attenuation values

Figure 3-3. Curve fitting on the average radial profile (blue) of several slicekeof t
Berea sandstone core sampigh both Exponential with offset function (red)dn
Inversion Rodbard function (green).

The curvature of each function is related to the maximum and minimum values
of each of the two fitted sections. Hence, to obtain a dgiodds important to define

the boundary between the two regions, termed theftytoint (COP, Figure 3}).
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Sensitivity tests were made to determine the best value for the COP that minimised

errors in the fit. This resulted in the COP being defined by
o0y ——z2Z¢qu a (3-4)

wheremgis the mean value of the fir§0% of the curve, to remove noise at the centre

of the image, andhaxis the maximum value of the average radial profile.

A small ovelapping window is set during fitting to ensure a smooth transition
from one function to th next at the cubff point (i.e. to remove any kink).The
window starts from the COP (Figure43 and its width is 1% of the entire radius, with
a minimum size ob pixels. In this window, the average radial profile is fitted with
both the Rodbard and Ba&nential equations. A correction coefficient is then
calculated, subtracting the average of the points calculated in the window with the
Rodbard equation to the aege of the points calculated in the window with

Exponential equation.
£ A0y AO (3-5)

This correction coefficient is implemented as an additional factor when the outer
portion of the core sample isrcected using the Rodbard equation. So, Equati@n 3

becomes,

u A — A (3-6)
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Figure3-4. The average radial profile of Berea sandstone conglsais split in two
for the curvditting with Exponential with Offset in the central part and with Inverse
Rodbard in the outer part. The black box is referred to as the overlapping window

To facilitate the curve fitting and reduce the number of itemattaken to find
a reasonable solon for the fitting of thelnverse Rodbardit is desirable to define
initial guesses for the, b, ¢, andd coefficients in the equation. This ensures that the
iterative fitting procedure converges. Considering thatatkeefficient is the lower
asymptoe and usually has negative values, its initial guess is set as @cdé#ficient
is the point at which the curve reaches its maximum value; for this reason, an initial
guess equal to the radius is used. For investigaie behaviour of the andc
codficients, the fitted values for samples 3.2.1., 3.2.2., 3.2.3., 3.2.4., and 3.2.6., plus
two scans made with different-bay calibration settings for both the plastic rod and
for sample 3.2.5 (Figure-8). Theb andc coefficients follow respectively adwer
law (Figure 35a),

® ¢xXWca ¢ (3-7)
and an exponential law (Figures®)

w oPpgehp?d (3-8)

wherex is the logto base 10 of the difference between ti@ximum and minimum

values of the section of the radial profile fitted by the Inverse Rodbard function.
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For heterogeneous samples (loose sand and multiple deformation bands
samples) thd coefficient covers sevdrarders of magnitude for the same rarge
the xaxis (Figure 36a). For these samples, using the full range of values on Figure 3
5a for the initial guess resulted in the same solution. The initial guess for the value of
c can be better constrained (Figu8-5b). For both thé andc coefficients, changes to
the calibration of the Xay CT scanner led to significantly different fitted values (old
scans on Figure-3).
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Figure 3-5. a) b cofficient valuesvs the log difference between the maximum and
minimum value of the Radial profile fitted by the inverse Rodbard equation. It follows
a power law. b) c coefficient values vs the log difference between the maximum and
minimum value of the Raal profile fitted by the inverse Rodbard equation. The red
line is a best fit Exponential function.

Once the initial guesses have been defined, it is possible to fit the average
profile and, using the calculated coefficients for each equdixpgnentialith offset

ard Inverse Rodbardo correct each pixel of the image.

3.4. Results
The plugin was applied to all the samples described in section 3.2. In each
case, the beam hardening artefact was significantly reduced, and the method did not

produce any ovecorrectionor blurring of the image.

3.4.1. Homogeneous sample

In this sectio the results for the plastic rod (Figuré &,b,c) and the loose
sand material sample (Figureés3l,e,f) are shown. The plastic rod was used for testing
the reliability of the plugn amd to show that beam hardening occurs in a
homogeneous, uniform mai@ Whereas, the loose sand sample whilst still being a
homogeneous sample, contains moltheral components. Visual analysis of Figure

3-6 shows that an excellent correction has beaieged in each case.
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Figure3-6. a) Slice number 1567 of Plastic rod uncorrected; b) slice number 1567 of
Plastic rod uncorrected corrected with the glugproposed; c) plot of attenuation

values alag the selections of the uncorrected (blue) and corrected image (red); pixel
sizeis4E m. d) Slice number 1299 of Loose san
e) slice number 1299 of Loose sand with outer ring sample corrected with the plug
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proposedf) plot of attenuation values along the selections of the uncorrected (blue)
andcorect ed I mage (red). Pi xel size iIs 70

3.4.2. Nonuniform shapes and heterogeneous samples
Figure 37 shows results of the correction applied to the deformation band core
sample and the deformation band network core sample. Both haveytedrical

shams and contain structural heterogeneities in the form of deformation bands and/or

fractures.
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Figure3-7. a) Slice number 1660 of sand sample uncorrected; b) slice number 1660 of
sandstone with deformatiomibds core sample corrected with the glugroposed c)

plot of attenuation values along the selections of the uncorrected (blue) and corrected
image (red) In both profiles is possible to distinguish a positive spike related to the
deformation band, a natjve spike related to the fracture and another positive one due
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to the presence of oxides in the rock.
multiple deformation bands core sampieorrected; e) slice number 1029 of multiple
deformation bands cersample corrected with the phug proposed; f) plot of
attenuation values along the selections of the uncorrected (blue) and corrected image
(red).Pi xel size is 35 &egm.

For cores containing a slabbed edge, a second artefact, in addition to beam
hardeningis present. This artefact is termed the exponential -gdagient effect
(EEGE)(Joseph & Spital, 1988nd is a no#linear effect arising from the intersection
of X-ray paths at corners, which is not accounted for in filtdradkprojection
algorithms. Its effect results in a lowering of the attenuation values at corners
(Ketcham & Hanna, 2014JFigure 38a). For this reason, the correction was not able
to fully correct the beam hardening closetie slabbed edge (Figure8®) and it is

advised to avoid quantitative measurements in this region.

It is worth noting here that a very similar issuél occur to that of the slabbing
in the case of a core that contains a discrete contact betweenatrials with very
different densities e.g. where a sedimentary contact between two very different strata
runs along the length of the core. In thisegatie beam hardening curve calculated
will be an average of the two materials. Hence, the individualtyges in the image
will not be accurately corrected. In this case, it is suggested to threshold the image and

isolate the two portions of the cordéisen apply separately the correction provided in

this study.
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Figure 3-8. a) Global segmentation (Auto Treshold in ImageJ) of the uncorrected
image of thesandstone with deformation bands core sample (as shown in Figure 3
7a). The beam hardening artefact is not a radial function focylardrical shapes.
Lower attenuation values occur at the corner due to EEGE. b) Segmentation of the
corrected image of theandstone with deformation bands core sample (as shown in
Figure 37b). The combined EEGE/beam hardening artefact is not corrected along the
flat portion.

For the deformation band network sample, segmented images clearly show the
beam hardening artefac®Vithout the correction it is not possible to define the
complete pattern of the deformation bands (Figu®a)3sincesegmenting the portion
of the deformatio bands close to the edge means that the central part of the bands
disappears. With the correcti@pplied, Figure 3®b, the band network is clearly

visible.

Figure3-9.a) Global segmentation (Auto TreshaidmageJ) of the uncorrected image
of multiple debrmation bands core sample (as shown in Figuif)3 Without
correction it is not possible to identify completely the deformation bands. b)
Segmentation of the corrected image of multiple deformationidgas shown in
Figure 37e). All the deformation bads are shown.

3.4.3. Berea sandstone core sample with the medical scan

The correction plugn is also applied to the medically scanned Berea sandstone
sample (section 3.2.55he sample was scanned iresia high pressure core holder at
dry and watessaturated conditions and both datasets were corrected for the beam
hardeningartefact.Figure 310 shows the watesaturated scan and how the code can
also remove the beam hardening effect in this lower résnlmedical CT scanner

dataset. For this specific cadfore applying the correction, it was cropped out the
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core holdemand a minimal portion of the outer part of the core itself, where the partial
volume effect resulted in a ring of pixels in whickeauation was part core, part steel

core holder (which has extremely high attenuation valli¢shg such pixels would
prodiwce a beam hardening curve that is steeper and not truly representative of the core

sample, which will then, in turn, not be propechyrected.
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Figure 3-10. a) Sice number 59 of watesaturated Berea sandstone core sample
uncorrected. This dataset has been acquired with a medical scan; b) slice number 59
of Berea sandstone core sammerected with the plu; c) plot of attenuation values

along the selectionsf the uncorrected (blue) and corrected image (red). Pixel size is
0.4883 mm.

3.4.4. Berea sandstone core sample internal scan with dosam CT
Finally, Figure 311 shows theasults of the beam hardening correction plug

in applied to the truncated scahtbe Berea Sandstone core sample (section 3.2.6).
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Once again, the correction is very successful, and the scan artefacts have been

removed.
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Figure3-11. a) Slice number 690 of Berea sandstone core sample uncorrected; b) slice
number 690 of Berea sandstone core sample corrected with thenpligplot of
attenuation values along the selections of the uncorrected (bluepmadtied image

(red). Pixelsize s 10 & m.

3.5. Determination of core scale petrophysical properties

3.5.1. Determination of core scale porosity
Determination of porosity through-kay CT can be achieved following two

main methods. The first one requireseosingle scan with enough resolution to

63



distinguish void and solid phases. The second method instead consists of using two
sets of scan imagesne in which the sample is dry and the other in which the sample
is fully saturated with water.

3.5.1.1. Segnmeation-based method

The segmentatichased method for porosity calculation is common, since it
only requires a single scan and, therefore, aweseboth time and money. To use the
method there needs to be reference features larger than the imageioesahd free
from any partial volume effect and blurring. When the resolution does not meet this
criteria, additional image techniqu@w®t testd here)can be employed for enhancing
the edges and boundaries between different matéHalsna & Ketcham, 2017 o
check the improvement provided by the beam hardening correctionnppayosity
calculation using segmentation, the internal scan of the Berea sandstone core sample
is considered. An internal scan is used, since far mhethod, it is required an
extremely highresolution image. Using a single slice, 2D images of porosity were
created using a standard thresholding approach to convert the grey scaled image into
a binary image (i.e. pore/not pore). The threshold valteselected such that voids
and grains have values of 1 and O respectively. Finally, porosity is obtained by
calculating the proportion of pixels valued at 1 or O in the shape described by the
sample.

Results derived using the plug in are compared witkdahaken straight from
the autedetected correction software supplied with the instrument, CT pro 3D. Even
when thestrongcorrection is used, it was not able to remove the cupping effect. As
explained in the section 3.1, in the CT pro 3D softwarepbssible to customize the
corredion profiles and choose different coefficients to those proposed istribieg
correction, although there is no methodology for their seledionthe uncorrected
sample, a porosity of 7.23% is obtained (Figu23); tle porosity calculated for the
slice using thestrong correction option in the Nikon software is 14.24% (Figwe 3
12b); and the porosity calculated with the new beam hardening correction is 20.54%
(Figure 312c). This last porosity is consistent with pubéd values for Berea

sandstonerad with the value of 20.6% derived for the core in Minto et al. (2017).
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Petroleum reservoirs are mostly sandstones, underestimates in porosity of
~13% with no correction and ~6% using the commercially supplied softwareg woul
be highly significant and wodllead to incorrect assessments of reservoir quality. In
fact, 7.23% porosity is outside the usual range for a homogeneous sandstone and even
a difference in porosity estimate from 20.5% to 14.24% would result in a dowmgradi
of reservoir quality from gaibto fair. It is clear the correction phig has a significant
effect on the estimate of porosity, so it is important to determine accuracy of these

porosity estimates.
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Figure 3-12. a) Image thresholding of slice 690 of Berea sandstone core sample
uncorrected: calculated porosity is equal to 7.23%; b) Image thresholding of slice 690
of Berea sandstone core sample with strong correction of Nikon sefteadculated

porosityis equal to 14.24%; c) Image thresholding of slice 690 of Berea sandstone
core sample with beam hardening correction: calculated porosity is equal to 20.54%.
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3.5.1.2. Saturated and dry scans method

The saturated and dry scan metfamrddetermining porosjtis commonly more
accurate than the singgec an met hod, since it uses the
and dry scans. As a consequence, if the errors incurred during reconstruction are the
same in the wet and dry images, then tglane image form the oth removes them.

Using this method, the porosity is calculated Kyevor, et al., 2012)

(3-9)

where the denominator is defined as the difference between the Hounsfield units of the
air (-1000) and the water (0). The rhetl also has the advantage that it can be used on
low resolution scan images, in which each voxel contains both andegrains and a

clear interface between only two materials is not possible/
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Figure3-13. Difference between beam hardening curves of the vgaterated and dry
datasets. Each curve has been obtained by averaging all the slices of the corresponding
dataset and calculating the radial profile.

The wet and dry method was used to obtain a pgrestimate for the Berea
sandstone core, acquired with the medical searfan internal cylindrical high
resolution scan of the same core was used for the single scan method above). Figure
3-13 shows radial profiles for the dry and wadaturated image®oth of which are

clearly affected by beam hardening. From visual aiglyvhilst the beam hardening
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effect in the two scans is similar, they have slightly different curve shapes. This
difference in curve shape means that the beam hardening effecha@loestirely
disappear when subtracting the two datasets. As a resalynitorrected porosity
estimate is characterized by a decrease in porosity toward the radial edge of the slice
(Figure 314). Since Berea sandstone is known to be very homogeneisugsstial can

be attributed to the different shapes of the beam hardenings.

23

225F .
—Uncorrected porosity
22 —Corrected porosity

21.5

21

Porosity (%)

18.5 ‘ ‘ ‘
0 5 10 15 20 25 30 35 40 45

Radius (pixel)

Figure3-14. Radial profile of both uncorrected and corrected porosity of slice 59. The
uncorrected porosity decreases altmgedges of theample.

Both images, dry and wateaturated, were corrected with the proposed-plug
in and the porosity was then-celculated. The core average total porosity was
calculated in each case, resulting in values of 20.5% and 19.82% forrbeted and
uncorected images respectively (Figurd8). The uncertainty in porosity, based on
the uncertainty associated with the CT number at voxel level, for both measurements
is £1.36% (of the calculated total porosity) using the method proposeihibgt @l.,
(2012. Both measurements are similar to the 20.6% porosity calculated in Minto et al.
(2017). However, it is clear from the Figurel3, that the two porosity trends are
divergent at the end of the sample: the porosity calculated using wtedrdatasets
deaeases at the edge of the core, which is not justified by any specific compositional
of structural feature. Considering that this trend is present in all the slices of the core,

the average slice porosity of the uncorrected dataset is tbeve the corrded one.
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Figure3-15. Average of uncorrected and corrected porosity for each slice (solid line)
and the uncorrected and corrected core average pofdagied line).

3.5.2. Determination bcore scale permeability

Using CT data, porscale flow modelling can be used as a method of
estimating the corscale permeability (~ 200 md for host rock, ~ 1 md for deformation
bands). For example, using the CT scan for the multiple deformation ban@Fure
3-16, left), eah voxel is defined as either host rock or deformation band (Figlée 3
middle). The NavieStokes equations, with added Daigynkman losses due to
porous resistang@linto, et al., 2018)can tha be solved numerically imulate 3D
flow paths within the core (FigureI%, right). The modelled pressure drop across the
core for a simulation with a constant flow rate, can be used to calculate the core
average permeability.
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Figure3-16. From left to right: Xray attenuation value, binary segmented image, and
calculated velocity distribution for A) the original uncorrected scan data and B) the

same scan data after bedrardening correction. Core aveeagermeability was

calculated as 12.2 md for the uncorrected data and 6.47 md for the corrected model.
Cores cut in half to visualise internal properties.
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In the uncorrected dataset (Figurel@A), the deformation bands ear
underrepresented in the centiethe core and overrepresented at the edges. This
creates an unrealistically high permeability central channel, through which most of the
flow is focused, and leads to a bulk permeability estimate of 12.2 md. Wherdwes, in t
corrected dataset, the defoma bands are well represented throughout the core,
resulting in a more uniform flow distribution and a bulk permeability estimate of 6.47
md. The error in the spatial representation of deformation bands in the uncorrected
core will also have implication®r estimates of other petrophysical properties, in
particular relative permeability and capillary entry values, both of which are key to

understanding reservoir performance for-@@hanced oil recovery, G®apping and
long-term CQ storage.
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3.6. Concusion

In this study, a new technique is presented for beam hardening correction. The
method is completely automatic and independent of the sample material, the material
heterogeneity, scanner resolution, and the scannergsetThe method is presented
through development of an open source glugunning on ImageJ. The correction has
been applied on both homogeneous and heterogeneous cylindrical anglimeizical
geological samples and provides excellent results icaaks. The application of the
comrection leads to significant differences in the estimates of porosity and permeability.
Further, unlike other beam hardening correction methods, the proposead pargbe
used to correct for cupping errors in truncatedrimal scans. This is highly valble,
since truncated scans provide small volume,nggolution data, without the need for

sample destruction.
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Chapter 4

SUB-CORE SCALE FLUID FLOW BEHAVIOR IN A

SANDSTONE WITH CATACLASTIC DEFORMATION
BANDS

4.1. Introduction
Sandstones are one betmost high quality and high storage volume candidate

geological formations for gas storage due to their global distribution, and high porosity
and permeabilityBenson & Cook, 2005; Bjgrlykke & Jame2010) Key to ealizing
their potential will be an accurate assessment of their resescal® petrophysical
properties and multiphase flow characteristics. These properties govern the behaviour
of multiphase fluids within the rock and hence wdktermine the efficiernc of
injection projects such as carbon dioxide storage, hydrogen storage, and enhanced oil

recovery schemes.

Together with field observations, laboratory core flooding experiments are a
valuable tool for determining petrophysical operties and multiphasdlow
characteristics under reservoir conditions. Integrating experiments with advanced
imaging techniques, such asrXy computed tomography (CT) and positron emission
tomography (PET), enables measurement of single and multiploasg@roperties
from theporescale to the centimetiscale. In Xray CT, an Xray beam is generated,
and attenuation values are determined based on the electron density of materials within
the samplgKruth, et al., 2011)This allows the spatial digbution of fluids with
differing densities to be determinédlkin & Kovscek, 2003) Both medical CT and
micro-CT are commonly used in Earth science. Medical CT is able scan centimetre
scale samplesn minutes with millimetre esolution while micreCT provides
micrometrescale images with scans that take several hours. PET imaging, by contrast,
relies on the detection of photons from positesnitting radiotracers that are injected

into the rock. Detetion of the photons enabldsme-resolved quantification of
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radiotracer migration through the sample. Thus with PET imaging it is possible to
quantify fluid transport behaviour, while CT provides hmgisolution information
about rock structure and flughturation distributiofPini, et al., 2012; Zahasky, et al.,
2019)

Imaging and analysis of core flooding experiments enables quantification of
rock and fluid properties, such as porosity and absolute permedHKiayse, et al.,
2013; Ochi & Vernoux, 1998; Perrin, et al., 2009; Zahasky & Benson, 20ai)
saturation, capillary pressure and relative permeahiffgbarabadi & Piri, 2013;
Krevor, et al., 2012; Pini, et al., 2012; Ruprecht, et al., 2014; Vinegar & Wellington,
1987) Many of these studies indicated that sandstones are characterized by subtle
smallscale leterogeneities that activesffect fluid flow. Variations in porosity and
permeability affect the fluid velocity field, with high velocities being associated with
regions of high porosity and permeabiliigloomfield, et &, 2001; Grathwohl &
Kleineidam, 1995; Vasco, et al., 2018; Zahasky & Benson, 2&i@Yor multiphase
fluid flow, variations in capillary pressure and relative permeability affect plume
migration and residual saturation aity the pore and the fieladale (Hingerl, et al.,
2016; Krevor, et al., 2012; Krevor, et al., 2015; Li & Benson, 2015; Perrin & Benson,
2010; Pini& Benson, 2017; Saadatpoet al., 201Q)In particular, Krevor et a{2011)
reported that regions presenting high capillary entry pressures (i.e. small pore throats)
act as capillary barriers for the naretting fluid, leading to an increase $aturation

of the latter in the preceding pores.

Until now, subcore scale flow and transport behaviour in heterogeneous
porous media has focused on sandstones characterized by the presence of bedding
planes, laminae and/or ttaires(Corey & Rathjens, 1956; Hingerl, et al., 2016; Kim,
et al., 2018; Krevor, et al., 2011; Li, et al., 2019; Manzocchi, et al.,;200@ina, et
al., 2011; Rsala, et al., 2013; Shipton, et al., 2002; Tueckmantel, et al.,.2012)
Relatively little attention has been given to experimentally understanding the impact
of deformation bands on fluid flow. Deformation bands are low porosity bands that
form in respose to shear and they are extremely common in sandstones with a porosity
greater than 0.1RAydin, 1978; Fossen, et al., 2007; Schultz & Siddharthan, 2005)
Several types of deformation bands can defined based on their kinematic
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mechanisms. The most common are compaat shear or cataclastic bandsydin,

et al., 2006) These form by a combination of shear and compaction mechanisms and
are always characterized by cdéasts. Cataclastic bands are millimetthgk tabular
structuregAydin, 1978; Aydin & Johnson , 1978long which grain rolling and grain
fracturing lead to a reduced porosity and permeability. Multiple stidies reported

that deformation bands are several orders of magnitude less permeable than the host
rocks in which they fornfAntonellini & Aydin, 1994; Aydin & Johnson , 1978; Ballas,

et al., 2015; Fossen, et al., 2007; Taylor & Polland, 200@ preexisting band
experiences strain hardenifydin & Johnson , 1978; Shipton & Cowie, 2008F a

result, new bands form to accommodate additiomalrstThis is why conjugate sets

or anastomosing clusters of deformation bands are common. Cataclastic bands usually
form at burial depths great¢han 1 km, but there is evidence of their presence at
shallower burial depths in unconsolidated sandst¢@ashman & Cashman, 2000;
Rawling & Goodwin, 2003)They are often found in fault damage zones, i.e. in the
volume of rock that accommodates deformation during initiation and propagation of
slip along fault(McGrath & Davison, 1995; Rotevatn & Fossen, 2011; Shipton &
Cowie, 2001; Shipton & Cowie, 20Q3¥incedeformation bands are well below the
resolution of seismic data, their extent within the damage zone is ryotoepedict
(subseismic faults are generally faults with an offset of < 10 m that cannot be detected
using seismic reflection data, althoughkst slip faults of much larger offsets are also
not resolvable). Moreover, it has been found that no reldiprexists between fault
displacement and frequency of deformation baisthueller, et al., 2013}he same
frequerty of deformation bands may be associated with seismically resofeailie

and subseismic faults.

It is highly likely that deformation bands will be present in most high porosity
sandstone reservoirs, hence understanding how they influence flibwg and
determining their petrophysical properties, is key to accurate reservoir
characterization. Several studibave highlighted how deformation bands can
negatively affect fluid flow, leading to pressure compartmentalization, a higher degree
of tortuosity, fluid bypass and a lower than expected reservoir permed@itiivie,
et al., 2001; Qu & Tveranger, 2016; Rotevatn & Fossen, 2011; Rotevatn, elld]., 20
Schultz & Siddharthan, 2005; Shipton, et al., 2002; Shipton, et al., 2005; Wilkins, et
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al., 2019) However, nost of these studies have relied on results from reservoir
simulations and analysis of field data. Here, it is presented thmfaistivisualization

and quantification of subore scale single phase and multiphase fluid flow
experiments in a sandstoraek core that contains deformation bands anddiaéned
laminae. Laminae are mthick sedimentary layers forming due to episodic change
in depositional energyCampbell, 1967) Single phase flow experiments were
conducted sing PET imaging. Multiphase flow experiments were performed by
injecting CQ into a watersaturated rock sample and acquiring severatecutive
medical Xray CT scans. Results demonstrate that deformation bands significantly
influence single phase floand that in a multiphase flow setting, they have a profound
effect on fluid phase distribution within the rock.

4.2. Methodology
The 5 crdiameter, 10 cm long rock core used in this study was retrieved from
a borehole depth of 57 m in the Navajo sandstormeation. The borehole was drilled
into the hanging wall of the Big Hole normal fault, in the north of the San Rafael Swell,
Utah (Shipton, et al., 2002)T'he core was sampled from the 17 m thick damage zone
that surronds the Big Hole Fault at this location. The host rock is characterized as a

fine-grained sandstone with cataclastic deformation bands (Figlag. 4

4.2.1. MicroCT

To characterize the genetry of the deformation bands, the core was scanned
at the Univesity of Strathclyde with an Xay micreCT scanner (Nikon XT H 225
LC) that produced thredimensional (3D) tomographic images with a voxel size of
0.029x0.029x0.029 mm. The above mentiofamdity was, however, not available for
imaging during the cordlooding experiments. Core flooding experiments were
conducted at Stanford University using medical CT and PET imaging. The high
resolution micreCT images provide more detailed information the deformation
band geometries that could not be inferredHeylower resolution of medical CT and

PET scanner.

4.2.2. Porosity characterization
The 3D porosity distribution within the core was determined using a medical
X-ray CT scanner (General Etec Hi-Speed CT/i) at Stanford University. Image

75



acquisition wagerformed at 120 kV and 200 mA, obtaining a voxel dimension of

0.3125x0.3125x0.625 mm. Images of the core were taken when fullydiy () and

when fully watersaturatedd Y ). The porosity! , was then calculated using the
following relationship(Withjack, 1988; Akin & Kovscek, 2003)

(4-1)

wherel water and| air are the water and air-Kay attenuation values respectively,
which differ by 1000 Hounsfield unit§Vellington & Vinegar, 1987) To reduce noise

in CT images at least three series for eacluitimm were acquired and averad®&ini,

et al., 2012) The images of the entire core were discretized into 38x38x76 cells, each
with a dimension of @25 cm.

4.2.3. Single phase permeability characterization

Bulk intrinsic pemeability was determined using the cdél@ding setup
described in the section 4.2.4 and under the same conditions of temperature, pressure
and confining pressure as for the tplase flow experiment. Injecting water at
several flow rates into the watsaturated core sample and measuring corresponding
di fferenti al pressure across the <core,

Law.

To investigate the 3D distribution @ermeability within the core, a tracer
experiment was conducted within thécro-PET scanner (Siemens InveorRFET)
using the experimental setup describedZahasky & Bensorf2018) Before fluid
injection, the corevas wrapped in two heatrinkable Teflon layers and a rubber
sleeve to avoid any leakage of the confining fluids into the core. The core was then
placed in an aluminum core holder with inlet and outlet caps etched watiteanpof
connected grooves fan even distribution of injected fluids. Finally, the core holder

was placed in the micfBET scanner and connected to the core flooding equipment.

To ensure full core water saturation, the core was first dried.v&® the
injected to displace the aifpllowed immediately by water that was injected for
displacing and dissolving the GOOnce the core was fully saturated, a solution of

Fludeoxyglucose fF-FDG) diluted in tap water was injected at 4 mL/min. The
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approximateadioactive concentration wass@ mCi/mL. Throughout the experiment
a PET scan continuously acquired photon detection data. The experiment was carried
out at a constant temperature of 20 °C, with a confining pressure of 2.4 MPa. The back

pressure was nratained just above atmosphepiessure.

To calculate the 3D concentration field of the radiotracer within the core, the
PET scan data was reconstructed with a{ste@ length of 40 seconds. Timeage
based core was discretized into a grid of 22x22x4I2 geving a voxel size for each
concentration measurement d.23x0.23x0.23 cm. Analysing concentration
measurements as a function of time from the PET scans, enables estimates of the mean
arrival time and fluid velocity at any location within the coréheTradiotracer
concentration ireach voxel over time was fitted with a first order Gaussian function
to remove background noig€asco, et al., 2018)rhe total mass of radiotracer was

calculated for each voxel using the tengd@ero moment equation
Om . @Qo (4-2)

where ¢ is the radiotracer concentration in each voxel. The mean arrival time is
identified as the centre of mass of the Gaussian function and calculated with the

temporal first moment eqtian (Naff, 1990)

~

0p . w®o (4-3)
The normalized first moment then defines the mean arrival time of the plume centre.
Ep — (4-4)

Knowing the distance between two adjacentyjnie. the distance between voxels, a
map of the velocity field can be derived. The velocity is normalized, enforcing a mass
balance, by setting the total flow rate of eacsssectional slice within the core equal

to the inflow rate imposed in the expaent (4 mL/min). This analysis assumes flow

is parallel to the axis of the core, a good approximation as the cylindrical faces of the

core were ndlow boundaries
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4.2.4. Mdtiphase core flooding experiments

To determine the multiphase flow propertielstioe rock core, C&water
drainage capillary pressure experimefsi, et al., 2012at steadystate conditions
were conducted at 25 °C and 9 &Rvith a confining pressure of 11 MPa. Drainage
is the process of displacing the wetting phase (water) withwatting phase (C§¢).
Near ambient temperature was used here because previous $taneshown that
temperature has no influence on the saiomaend point when C£&is injected in a
water saturated samp(@iu, et al., 2015 he core flooding setup is similar to the one
used in previous experimer(tsrevor, et al, 2012; Ni, et al., 2019; Perrin & Benson,
2010)and a schematic diagram can be found in Appendix 2 (Figure Al). The core was
not fired before the experiment, due to the low clay corf&mpton, et al., 2002)nd
beause previous studies have shown that firing in/@&ter/sandstone (with low clay
content) system does not change experimental results and wetting prd@atiag
& Benson, 2019) The core was first dried in the oven foveel days and then
wrapped using the same layering protocol as for the single phase experiment (section
4.2.3). Since the C{xan permeate through Teflon, an additional layer of aluminum
foil has been placed between the Teflon layers to avoid any riftlisiah of CQ out
of the rock core. The core was then placed in an aluminum core holder and connected
to a core flooding sap suitable for conducting high pressure and temperature

controlled experiments.

The flooding system consisted of a syringe puf@lddyne Isco 260D) for
pressurizing the confining fluid, connected to the outer part of the core holder.
Backpressure in theore was maintained by a syringe pump (Teledyne Isco 1000D),
connected to two dual water syringe pumps (Teledyne Isco 500D) &val ghase
separator (TEMCO AMS00). The phase separator collected and separated water and
COe coming out the core. Water sitj on the bottom of the separator, progressively
refilled the baclkpressure pump, which then refilled the water pumps: @Qhetop
of the separator was connected to the refilling system of two duasy@idge pumps
(Teledyne Isco 500D) used for injemt of CQ into the core. Both fluids were injected
in the core at constant temperature using a heat exchanger bath aheadlet.the i
Pressure was recorded with two high accuracy pressure transducers (Paroscientific)

measuring pressure at the inlet andet of the core. The medicalbay CT scanner
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(section 4.2.2) was used for obtaining scan images of thes@Orated core, wate
saturated core and partially saturated core with a voxel size of 0.3125x0.3125x0.625

mm.

Before CQ injection, the rock ca was fully saturated with water that had been pre
equilibrated with CQ@at the experimental conditions. For the drainage expatime

100% CQ was continuously injected at progressively higher flow rates, from 0.3

mL/min to 20 mL/min. At these conditionke capillary numbes ® ranges

from 10’t0 1083, where 3 i s t heof7n06xk1°RadEdPci Byt
viscosity of the CQ@at experimental conditions ahd= 35 (mN/m) is the C@water

interfacial tension. This suggeskat capillary forces dominate over viscous forces in

this system. A Bond numbed, £ A (density differencé” o f 2 0 fandkay Am

pore length L of 50 micron) on the order of°liddicates that buoyancy forces are

smaller compared to capillargrces.

At each flow rate each flow rate, a minimum of least 5 PV (1 PV = 38 mL) of
COy were injected to ensure steastgte was reachéBerrin, et al., 20090nce steady
state conditions were reached, partiaiurated scan images (Y ) were taken for
measuring C@ saturation (Y ), using the following formulgAkin & Kovscek,

2003)

Y (4-5)

where 0 Y are scan images taken when the core Ylly saturated with
equilibrated watery "Y are the scan images of the fully €€aturated core. For
each condition, at least three series of sgar® taken; and the average of the three
was computed for reducing uncertainties on séturaesultgPini, et al., 2012)The
resulting images were then coarsened for further noise reduction, obtaining a final
voxelresolution of 0.125x0.125x0.125 cm.

Capillary pressure at the inlet portion of the core was meddor each flow

rate as the difference between the core inlet and outlet pressure readings. This assumes

79



that during steady state G@,jection the pressureecorded at the inlet is the GO
pressure and the pressure recorded at the outlet is the vessungPini, et al., 2012)

4.3. Results

4.3.1. Deformation band geometry
Figures 41a and 41b show a photograph of tleere alongside a 3D image of the
distribution of attenuation values from theray micreCT scanner: higer attenuation
values, in white, correspond to higher density materials. A deformation band is clearly
visible in both images traversing the full samplorizontally from endo-end, at an
angle of approximately 18° to the lo@agis of the core. Two co#gerpendicular
laminae of finer grained material are also apparent in the f@i€rscan (Figure-4b).
Analysis of sequential crosectional slices inhie X-ray microCT scan (Figures-4
1c-1f) show that, rather than a single band, there are two bands. gifsetehe first
and second laminae by 3 mm and 5 mm respectively in the slice shown in Figures 4
1c and 4l1e. On all the Xray micreCT slices, thewo main deformation bands are
separated by host rock and therefore they do not isolate any portiorcofehi(&igure
4-1d). Toward the end of the core (Figuré&f}, only one deformation band is present,

which takes the form of a small anastomosing elust

a) b) Micro-CT

Deformation
band

« 5mm
Laminae

Figure4-1. a) Sandstone core sample with catdidatiagonal deformation band. b)
3D microCT scan of the sandstone core: the sample is characterizeddtgiclastic
deformation band and laminae. c) 2D Slice image showing that the two deformation
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bands offset the first lamina by 3 mm. Deformation batwdsot connect to each other

on the left side of the image. d) A third deformation band appears islides The

bands are not joined and hence they do not form any isolated compartments. e) Second
lamina cut by a single deformation band. Offset of &baum. f) Small anastomosing
network of deformation bands at the end of the core.

4.3.2.Porosity distribution

The distribution of porosity within the core, based on the dry and water
saturated medical Xay CT scans (section 4.2.2), is shown in Figus2. Ahe
deformation bands and laminae are clearly visible as low porosity features. Bulk
porosity of the core was calculated as 0.196. Deformation band porosity ranges from

0.07 to 0.15, while porosity of laminae varies from €0185.

Porosity
0.3

0.25

0.2

0.15

0.1

Distance from inlet (cm)

Figure4-2. Porosity map calculated by using watsaturated and dry scan images with
the medical Xray CT scanner. Voxel resolution 0.125x0.125x0.125 @&m.
uncer tgof 0.00§2 in(vaxel porosity due to random error of CT number was
calculated using methods expiad in Pini et al. (2012).

4.3.3. Intrinsic permeability

Based on measurement of the inlet and outlet pressures at a constant flow rate,
alwl k sample permeability of 53 md was
heterogeneous distribution of permeability within the core was investigated using the
PET scanner. Fige 43 shows the concentrations of the single phase radiotracer
injection experimen during six different timeframes of the PET scan taken at
consecutive Zninute intervals. Stylized deformation bands and laminae (derived from
the micreCT images) have baesuperimposed on the PET images to illustrate their
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effect on the tracer plume nmagion. Results show that the tracer plume above and
below the bands is beginning to diverge 4 min after the start of injection. This effect is
more pronounced with increag distance from the inlet. There is a very low

radiotracer concentration the bands.

2 min 4 min

‘ 0.6

6 05

8 qn
10
Distance from inlet (cm) Distance from inlet (cm)

0.4
0.3
10 min ) 12 min

0.2

0.1

UOIJBIJUSOUOD JOIBIJOIPEI PIZI[EWLION

5
10
Distance from inlet (cm) Distance from inlet (cm) Distance from inlet (cm)

Figure4-3. Axial plane snapshots of radiotracer concentration measur2dinute

time intervals after injection at 4 mL/min into a sandstone core with deformation
bands. In black, the approximatefdrmation bansl (continuous black lines) and
laminae (dashed black lines) locations are superimposed on the PET.iNaxgs
size is 0.23x0.23x0.23 cm.

The 3D map of mean arrival time calculated from the PET images (Figure 4
4a) shows a significantly teyed arrival time for the portion of the host rock that is
below the deformation bands compared to above. In the coneisy 3D map of fluid
velocity (Figure 44b) there is a clear distinction between velocity in the rock above
and below the deformatidrands. These differences are related to the geometry of the
deformation band within the sample. The deformation bandgaihich the estimated
velocity is almost zero, subdivides the host rock into two regions. In the upper region,
the crosssectional a@a decreases towards the outlet and hence, according to the
principle of continuity, if the flow rate is held constafite tvelocity increases. Viee
versa for the region below the bands, the eeestional area increases towards the
outlet and, hence, ttikiid velocity decreases. In both the estimated mean arrival time
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(Figure 44a) and the velocity (Figure4b) maps ther is no discernable effect of the

two subvertical laminae on flow.

To estimate the mean intrinsic permeability for both the host aockthe
deformation bands, the PET experiment was modelled numernisatly the Stanford
University General Purpose Raseh Simulator software (GPR8}ao, 2002; Jiang,
2008; Li, 2011; Boon, et al., 2018; Cao & Aziz, 2002; Krause, 2012; Kratiss.,

2013; Li, et al., 2012; Li & Benson, 2019)etails of model setip are included in
supporting information (Table A1, Rige A2). Multiple combinations of the host rock
permeability and deformation band permeability were tested. Each coimmbihatd

an equivalent bulk core permeability equal togkperimentallyneasured value of 53

md. Flow within the core was modelled2D, using a grid of 35X78 cells with a grid

cell resolution of 0.125 cng homogeneous host rock and a single, stradigagonal
deformation band are shown in Figurd@). The velocity of the fluid for each cell in

the simulations was calculated usinggDay 6 s | aw, assuming an
The simulation results for three combinations of host rock and deformadimh b
permeability were 55 md and 10 md, 100 md and 0.5 md, 500 md and 0.0005 md. A
comparison of the velocity fields calculated from mlbgimulations with the PET
derived velocity field shows that, although all three models have the same bulk
permeability,the local velocity distributions differ. The results for a permeability of
100 md for the host rock and 0.5 md for the deformationl lbanst closely resemble

the experimental data (Figuredd).
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Tracer mean arrival time

Time (min)

l15

b)
Approximate flow velocity along axis of core

Velocity(cm/min)

e lo.s
H =8 .
aia

10 10

Distance from inlet (cm) Distance from inlet (cm)

HR= 100 md, DB= 0.5 md HR= 500 md, DB= 0.0005 md

Velocity(cm/min)

HR= 55 md, DB= 10 md

— « K

D|stance from |nlet (cm)

Dlstance from mIet (cm) D|stance from mlet (cm)

Figure4-4. a) Mean arrival time of the radiotracer solution in the sandstone core with
deformation bands. Delayed arrival time in compartmelotbthe deformation bands.

b) Fluid velocity along the axis of the core calculated from the experimental data. c)
Fluid vdocity calculated simulating water injection in three pseudo 3D models with
different permeability in the host rock (HR) and deformatband (DB). The model
with 100 md in the HR and 0.5 md in the DB provides the best match with the velocity
field obtainel in the experiments.

The heterogeneous permeability distribution was estimated using the porosity

permeability relationship proposég Torabi et al(2013)

Q PQ  we (4-6)

Q Qe (4-7)

1T’Q ’.

host rock and deformation bands respety and Aur and Aps are dimensionless

whereQ e are permeability (md) and porosity (in percentage) of the
constants. Among several porositgrmeability relationships, this is preferred
considering that it sifically relies on corglug laboratory measurements of
undeformed and deformed samples (single and clustdsarafs). For this specific

study case, porosity for each voxel in the core was taken from the data in FRyure 4
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The Aur and Ape coefficientsfound by Torabi et al. (2013) are 9.09 and 6.31,
respectively. However, by using these coefficients the resulbntk core
permeability, calculated performing single phase simulations, was 280 md as opposed
to the 53 md experimentally calculatddhe contantsAnr andApg were then fitted by
constraininghe bulk core permeability to have the measured value of 53 mthand

bulk host rock and deformation band permeabilities to have values of 100 md and 0.5
md respectively, as estimated from the analyssvehin Figure 44. This resulted in
estimates fortte constant8+r andApg of 8.6 and 5.4 for the host rock and deformation

bands. respectivelyfi.he estimated permeability in each cell is shown in Figtbe 4

Figure4-5. Permeability distribution in millidarcy (md) calculated using an adapted
version of the porositpermeability relationship found in Torabi et @013)

4.3.4. Multiphase flow properéis

Results of tk core flooding C®@injection experiments are shown in Figure 4
6. The injection flow rate was steadily increased in a-sigp fashion over time
(Figure 46a). At each step, the flow rate was maintained for a sufficient duration to
achieve a steadstate CO, saturation digibution (as determined from consecutive
medical CT scans). Figure@b shows that as the flemate increases, GQaturation
increases in the host rock compartments above and below the deformation bands, but
that there remains a low€iO; saturation inlte compartment below the bands. At low
flow rates (0.3 mL/miri 0.6 mL/minT 1 mL/mini 2 mL/min) CQ is not able to
saturate the outlet of the core below the deformation bands, creating a shadow zone of
reduced CQsaturation.
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