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as the majority of fine grained siliciclastic rocks include shale and mudstone (Dewhurst et al. 2002).
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1. What are the genetic origins of the pore types present in the Rodby and Lista Shale F8rmation
Mudstones generally retain their fimgained texture even after undergoing physical and
chemical processes during burial and mineral diage(&gim & Macquaker 2011Jhe origin
of each pore type in mudstones is directly related to the depositional environment, burial
history, and diagenetic processsuch as compaction and cementati@kplin & Macquaker
2011; Loucks et al. 2012; Armitage et al. 2013m) address this research question, a
classification of pore types in mudstone was adopted frootks et al. (200and modified to
fit the scope of the thesis for characterising CCS top seals and explore the origin of pore types
in the Rodby and Lista Shale Formatidigure 1.1)

2. What is thesignificance gbore sizes in the Rodby and Lista Shalmatiorsfor CCS top seals
In the context of CCS systems, the term "pore" can be ambiguous, as it encompasses both pore
throats and open poredn this study the term "pore body'ls usedto describe the largest
dimension across a por@ouquerol et al. 1994Meanwhile, "pore throat" refers to the
maximum dimension of the opening between grains that links neighbouring pore poaligs

& Aplin 1998)For an effective top seal, the porosity must be relatieglyand the pore bodies

oo



3.

4,

mustbe smalkenoughto retard any flow movement. To address this research question, a pore
bodysizeand throatclassification of mudstone was adopted frRouquerol et al. (1994nd

Zhang et al. (2020andmodifiedfor top seasfor CCS project{igure 1.1)

What controls reactive surface area of the Rodby andFdstaationsShale top seal?

The reactive surface area of minerals typically changes during processes of dissolution and
precipitation (Shu et al. 2012; Bolourinejad et al. 2018&veral factors such as porosity,
permeability, mineral composition, pressure, temperature, brine composition, and reactive
surface area, influence the physical and cherbiebhviour of C&n the subsurfacéShu et al.

2012; Bolourinejad et al. 20144 s fluids interact with the mineral matrix, alteration in mineral
proportions and gemechanical properties of the rock can ocBteefel et al. 2005When
CQinteractswith shales, itanimpact the pore structure, surface area, fractal dimension, pore
volume, and pore size distributigiratah et al. 2020)To address this research question a
comprehensive characterisation of pateucture,surface area, fractal dimension was applied

for the Rodby and Lista Shale Formation top g€#jsire 1.1)

What are the controlen the pore structure and surface area of the Rodby and Lista Shale
Formationtop seals?

The controls on pore structure and surface area can be from grain size , pore body and throat
size, and mineral fabric after undergoing diagenetic procd&egg & Sing 1982; Tian et al.
2013) Mineralogical composition of mudstones can also influence the pore structure and
surface area depending on the mineral framework and resistance to compaction from the
overburden(Ding et al. 2021)Defining the control®n pore throat and surface arga
important for effective CCS #&ssas the capacity of gas adsorption in shales and to integrate
the tortuosity and pore network connection depemi on the complexity of pore structure.

To address this research question, aeotibnof methods applied in this stuthas beercarried



out to investigate the controls on pore structure and surface area of the Rodby and Lista Shale

Formations top sedgFigure 1.1)
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7. Arethe Rodby and Lista Sh&dermationdikely to be a good seal for the injected O
The combination of novel methods applied in this study will be discusfanthier details in

the following chapters to conclude the likelihood of the Rodby and Lista Shale Formations being

a good seal for the injected &@@igure 1.1)
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Xray diffraction analysis was undertaken for whsdenple mineral quantification of the Rodby and
Lista Shale top seals. Approximately 5 gramssitiples were crushed in a McCrone micronizing mill,
in 11 mL of distilled water to produce a powder of < dOwhich was then dried overnight in an oven
at 60°C. After drying, the samples were crushed into a loose powder using an agate mortar and pestle.
Samples were badkaded into cavity holders, creating random powders for XRD analysis. To confirm
the identifcation of clay minerals; the clay size fraction was separated using standard ultrasonication
and gravity settling techniqguéMoore & Reynolds 1989and collected on a 0.2 um peseze silver
filter membrane. For the determination of the presence and proportion of swelling clays, the samples
were saturated in ethylene glycol, according to the vapour pressure method, at 60 °C {tMdttédn
& Reynolds 1989A copper NI & (1 dz0S 61+ & dzaSR 6 A GK -raysyffeScurSt FAf
range was from4to 70 H ® ¢ KS |j dzI y G A T A Ol undeaenathie Univesity bfy | £ & 4 S
Liverpool, using HighScore Plus® software. Quantification was achieved using the relative intensity ratio
(RIR) metho¢Hillier 2000)with reference patterns from the International Centre for Diffraction Data,

Powder Diffraction Filé+ Release 2022.
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to pore pressure build up,
pushing the high overpressure to
flow deeper.
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mudstone if the pore water are BT e 3) Invasion of larger pores first
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5) Acidification of formation brine Hydrofracture
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mineral dissolution w > Capillary interface

Induced Capillary pressure
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Q g _' ) I:I Caprock 4) Percolating path develops which trigger
| @ |Clay and silt grains |:| Reservoir CO, breakthrough the caprock
CO, filled pore - CO, Plume
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1 What are the characteristic pore sizes in the Rodby Shale?

1 What are the genetic origins of the pore types present in the Rodby Shale?

1 What range of specific surface area measurements define the Rodby Shale?

1 What controls reactive surface area of the Rodby Shale top seal?

1 Are there compositional controls on pore structure and surface area of the Rodby Shale?
1 Is the Rodby Shali&ely to be a good seal for the injected,€O
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Xray diffraction analysis was undertaken for wksdenple mineral quantification of the Rodby Shale.
Approximately 5 gram stdamples were crushed in a McCrone micronizing mill, in 11 mL of distilled
water to produce a powder of < 10 pm which was theaddovernight in an oven at 60°C. After drying,
the samples were crushed into a loose powder using an agate mortar and pestle. Samples were back
loaded into cavity holders, creating randoapresentativepowders for XRD analysis. To confirm the
identification of clay minerals; the clay size fraction was separated using standard ultrasonication and
gravity settling technique@voore & Reynolds 1989and collected on a 0.2 um peseze silver filter
membrane. For the determination of the presence and proportion of swelling clays, the samples were
saturated in ethylene glycol, according to the vapour pressure method, at 60 °C f¢Mdbre &
Reynolds 1989A copper NJ & (dzo S 61 & dzaSR 6 A GK lrays/theGstaBt FAfL (
rangewasfromZo70H @& ¢KS ljdzZ YGAFAOI GA2Yy 2F - w5 |ylfeasSa
using HighScore Plus® software. Quantification was achieved using the relative intensity ratio (RIR)
method (Hillier 2000) with reference patterns from the International Centre for Diffraction Data,
Powder Diffraction Fild+ Release 2022.
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14/26a-

7A 64915 15 7 4 23 43 0 7 1 0 0 100
6492 17 4 3 23 44 0 8 2 0 0 101
64945 17 9 4 26 33 0.5 9 2 0 0 100.5
6495 14 7 5 18 35 2 15 4 0 0 100
6512.2 20 6 5 21 33 1 10 4 1 0 101
6513 32 11 6 15 26 0.5 8 0.5 0 0.5 99.5
6530.25 17 8 5 14 45 0 8 3 1 0 101

14/26a

8 6539.1 12 9 5 0 36 25 10 3 0 0.5 100.5
6393 48 6 6 12 20 0 6 2 0 0.5 100.5
6394 36 4 4 11 29 3 11 2 0 0 100
6396 35 8 5 7 35 4 5 1 0 0.5 100.5
6417 39 6 8 3 27 8 9 0.5 0 0 100.5
6419 18 4 6 9 34 8 16 4 0 3 99
6420 27 8 5 3 36 8 10 3 0.5 0.5 101
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Sample area area  volume Dv(r) diameter MICP diameter diameter area( Smectite Calcite Sorting size
ID(ft) (m2/g) (m2/g) (cclg) (nm) (nm) porosity  (MICP) (nm) m2/q) % % Quartz% 0 Y0 (um)
6393 11.26 16.49 0.066 1.59 17.74 13.43 0.015 14.94 18.98 20 12 48 2.04 6.7
6396 9.3 13.65 0.064 1.58 17.49 14.03 0.016 20.93 14.13 35 7 35 1.71 7.03
6417 10.55 14.46 0.054 1.58 16.91 14.29 0.015 18.01 16.87 27 3 39 1.26 7.44
6420 11.78 15.51 0.063 1.58 17.27 13.41 0.015 11.41 24.29 36 3 27 1.96 5.86
6492 8.57 11.1 0.056 1.58 16.85 13.5 0.014 15.84 17.07 44 23 17 1.71 6.06
6494 7.86 11.79 0.057 1.68 18.33 13.31 0.016 16.77 16.48 34 23 17 15 7.13
6512 8.7 11.99 0.05 1.57 17.78 13.7 0.014 19.89 14.42 33 21 20 1.94 6.09
6513 11.64 15.41 0.069 1.59 17.2 14.67 0.01 18.68 16.44 26 15 32 1.55 7.08
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Diagenetic process Eodiagenesis Mesodiagenesis
Burial depth < 6,600 ft ,65°C| Burial depth 6,600 ft, > 70°C | MPact on pore systems

Deposited clay usually hold

Mud deposition high pores before compaction

* The iron-oxides coating has no
impact on pore systems as
mostly controlled by
depositional environment

Fe-oxides coats -

(Fig. 7E and F)
Mechanical compaction

Clay aggregates
Compaction
(Fig. 6A)

Compaction reduces the
primary pores with deep
burials and high
temperature

Compaction
(Fig. 6D) -r * Compaction of ductile grains
reduces the primary

Ductile grains (biotite)

Cementation interparticle pore spaces
(Carbonate cement) within the rock

(Fig. 6H and 1) ??

Carbonate cement block

Chemical compaction the primary pore and
at the quartz-mica

pore throats
interface

(Fig. 7D and H) ” » Dissolution blocks the
pathways for pore throats
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------- Desorption .
—— Adsorption ”

Volume (STP)

P/Po

Monolayer @ Micropore filling Mesopore filling
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Based on the assumptions and given data for the Rodby top seal, the calculatiiuSion rate, at
6.5 x 1@ kg/n/yr, is much less than the reference leak rate; diffusive loss 46 @@likely to be an

issue.

If CQ capillary entry pressure is exceeded for the Rodby, then the rate of advective lossi®f CO

presented in Figure 20. Due to the different,G@&turations and consequent relative permeability

scaling factors controlled by distance from injection well, the rate of advective flux & Righly

variable. For a 10 MPa pressure difference close to the injection well, thbrpakthrough C&Xflux

rate may be up to 2.3 kghtyr. For a 5 MPa pressure difference hundreds of metres from the injection

well, the postbreakthrough C&lux rate may be up to 0.3 kg#hgr. For a 1 MPa pressure difference

many hundreds of metres from the injection well, the gastakthrough C&Xlux rate may be up to
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A sensitivity test was performed on the range of input parameters for stability number for the Rodby

Shale (Figre 321). Three parameters dominate the stability number of the top sealsddanent

column height, the bulk density of sediment, and, most importantly, the maximum thickness of the CO

plume. The average stability number of the Rodby top seal is 265.

Compared to other CCS field cases, the Rodby top seal is better than the Utsira Formation at Sleipner
(Chadwick et al. 2004)nd close to the seal at In Salah (Krectibanitage et al. 2010and Frio
(Kharaka et al. 200@Figure 3.21).
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