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Abstract

Action and solutions to combat the challenges of changing climate is needed. To meet
global climate targets, there is an anticipation that there must be a scaling up of existing
and emerging subsurface technologies (e.g. geological carbon dioxide (GOstorage,
energy storage (e.g., hydrogen) and geothermal energyylany of these emerging
technologies involve some element of subsurface fluid injection, storage, and
withdrawal. Therefore key to secure and safe operation is robust site selection criteria
appropriate measuring, monitoring, and verification (MMV3¥ystems and remediation
procedures. Understandingthe architecture of shallow fault zones €1 km depth in the
E¢ | q 6 K tand fhplieations for subsurface fluid flow is important to inform these
criteria, systems and approaches Yet, shallow fault zones are less well studied and
modelled compared with deeper faulting (i.e. reservoir depths). To enhance current
understanding of shallow fault systems,this thesis presents a comprehensive study of
two field siteswhich have injected CQ into shallow fault zones the In-Situ Lab (Harvey,
Western Australia) and the Otway International Test Centre (Otway, VictoridData
collected at the field sites are examined rock coreis observedat different scales and
sampled, and fieldwork is undertakento understand the regional structural setting By
synthesising these data, research findings showthat shallow fault zonesoften do not
¥ 6 RARqW/MBHD ¢t | R & mwihidh Gre baget on déHrRvatichHm thd Hdttle
regime, and nstead the dominant deformation style in shallower fault zones is
particulate flow, which is only observed througtusing methods of study across a range
of scales. The resulting variability in deformation styles influences the hydraulic
properties of the rock Furthermore, fault rock and surrounding host rock can often be
weak in shallow fault zones meaimg the methods used for analysis need to be suitable
for use on lower strength sedimentary rocks Shallow fault zones present new
challenges in effectively designing suitable geological modelling approacheslue to
increased uncertainties in shallow stress magnitudes and the characteristics of shallow
fault architecture T meaningit is not reasonable to use standard fault or stress analysis
tools. Separately, a global study of natural hydrogen seepage sitess presented which
provides insights into variations in surface seepage expression andccontrols on the
production, consumption and transformation of hydrogen in the subsurface, with

implications for environmental monitoring.



Research Summary

PhD Aim: To improve understanding of the architecture of shallow fault systems

and their control on subsurface fluid flow.

[celqWAYUUt WennWHgqWnide RT WaVY2W300U0qs Ragé RUWa6 1
a host of implications for performance and measurement, monitoring, and verification

(MMV) of subsurface technologies (e.g. geological GOstorage, energy storage,

geothermal energy, and radioactive waste disposal). However, to date most fault

studies have been focused on faults at hydrocarbon reservoir depths (typically >1km),

with limited work focusing on shallower faults (<1km depth)Defining fault zoneswas

important to establish consistent terminology. There are therefore five broad categories

of faults in the subsurface, defined by fault activity, depth and burial/lexhumation

history. This categorisation is newand providesimportant context for studying shallow

fault zones. The categories are:

1. [ cedqRUNDWRUOWA! YeUNk WI Y#HE t WY THY FaMtRgiwillll g 6 ¢ q LU
Ge2NWARNN0OWE AFqR2 JWHEG Yt 1JWa Y W likeliBcbe vy k + W 2 |
poorly consolidated unless there has been very neasurface diagenesis.These
fault rocks are currently experiencing the greatest levels of stress in their history
and are considered to be underconsolidated in an engineering soil mechanics
sense (e.g.Brumbys Fault see Section3.2.3).

2. Faulting in rocks that have been exhumed from depths less than 1krand which
may be completely, partially orun-lithified. Because they are at stress levels less
than the greatest stress levels they have experienced, they are considered to be
over consolidated in an engineering sense (e.§10 Fault see Section3.1.3).

3. [celiqt WaécaqWse 2 JWANWYUWEHqR2IJWE qWN! 3¢ aqldl WI
and have since been uplifted to depths shallower than 1km, and overprinted by
later faulting at shallower depths.

4. Faults has been active at depth, and been exhumed with no further fault activity
during exhumation.

5. A final category are faults which are presently active or inactive at depths >1km

and have not been exhumed.

Vi



The 1km depth is used as thiss a key transition depth where the dominant deformation

processes change (seeSection 2.3). Faulting and fault zones in category 1 and 2 as

| In 3l 1 T WaqVYWet Wt 6cttdVYslWneetdaqRUNwWAWMBIT6cdaYs
qé 13t Wel JWaqdWWnYHat WYNWadRE WadJt RsuKIGEI ¢ qlINY I
nceldaqRUNKIOWY ¢ aq I NN I &= WiiAste &) eUTHTINLET Gt LEHD 4RAEH2 G 1T s FOLL €
faults are not the focus of this thesis, theseare referred to¢ + W sl DI GWNCE 2 dat H
Gl YHIVH Dt Wet Wl DG WneaeldqRUNKIO

Understanding shallow fault zone architecture is important to predict how they
influence the hydraulic properties and pathways in the overburden and the implications
this could have for subsurface containment and effective MMV systems design. This

PhD aimed to address this knowledge gap.

Two field test facilities in Australia have inje@d CO,RUq YWt 6 ¢ GG Ys WnceadaqlAY
In-Situ x ¢ AW lAI g6 AW Wt qUll UW 2t ql ¢caReébWeUT Waqb W
Centre (OITC) Otway, VictoriaTable 0-1 summarises the characteristics of the main

faults at these sites, which formed the focus for field research during this study.

TableO-1wComparative summary of the two faults studied for this thesis

] Otway International Test
In-Situ Lab
Characteristics Centre
Harvey, Western Australia o
Otway, Victoria

Harvewy 1,2, 3,4,In-Situ Brumbys-1, -2, -3, -4, Pizo
Intersecting wells
Lab-OB1 1,-2,
Name F10Fault Brumbys Fault
Host lithology Siliciclastic Carbonate
Interpreted
Normal Strike Slip
Type
Fault
Fault width ~300m <5m
Vertical
distance from
>1km ~425m
surface to
bottom of fault

Vil



Vertical Throw 750-1600m 2-4m
Surface Length 30-40km ~1-1.5km
Max. Burial
~1-2km ~100-200m
Depth
Injection depth ~340m ~80m
Injection experiment Quantity of CO2 38t 10t
Date Completed: February 2020 Completed: May 2024

Boreholes intersecting fault zones with corerecovered are globally rare, and so these
field sites present a unique opportunity T particularly as they are two different
lithologies. Both sites are at different stages of their respective shallow release
experiments (Table G1), with the In-Situ lab having completed in 2020 and the OITC
completed in 2024. This thenallows rhistory matchingwat the In-Situ Lab for the F10
Fault, as results are published, and forecast at the OITC for the Brumbyd-ault
experiment, as data are still being collected andanalysed. Significant amounts of
subsurface data have been collected at both study sites, making them ideal sites to

study shallow fault zones.

Through examining data collected at the field sites, observations made from theck

core and sampling, fieldwork to understand the regional structural setting and synthesis

of these data, this thesis finds that shallow fault zones are complexShallow fault

zones YnqUUWT YWUYqW W+ 6 RHRq W mwhbiten tptedeiitad Lhrthe 2 G q LW ¢ |
literature that comprises a fault core of finegrained material (gouge) and surrounding

fractured fault damage zone. Insteadpbservationsfrom the studied shallow fault zones

indicate that their geometry can be asymmetric and have anisotropic deformation

patterns. Suchvariability in deformation style can influence the hydraulic properties

of the rock, leading to differences in permeability both vertically and laterallyFurther,

the observable deformation varies at different scales, and soit is important to use

methods of study across a range of scales bIRIOIJOWN | Y& Wh G ¢ HI YW He 0K L
MOt YWt AedWKkWHRY!I DWaYNNRUNDW qYWhaRHED YWt HE G
comprehensive understanding of the fault zone architecture and deformation

processes. This is not necessarily distinct from deeper fault zones, but dee dominant
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deformation style in shallower fault zones is particulate flow processes it is often
difficult to observe deformation or movement indicators at the macro scale besides
offset horizons. Moreover, observations from the sites studied indicate that théault
rock and surrounding host rock can often be weak in shallow fault zones T both as a
function of the fault zone deformation and due to the burial history, which is often limited
to shallow depths and prevents lithification. These observatiors have been foundat
other sites where there has been drilling throughfault zones or lowstrength
sedimentary rocks. This means themethods used for analysis need to be suitable for

use on lower strength sedimentary rocks to ensure effective data collection.

Attempts to model the stress regime around shallow fault zone systems indicate that
these shallow fault zones present new challenges in effectively designing suitable
geological modelling approaches to capture their unique architectures and
associated uncertainties. One challenge is the increased uncertainty in some important
fault and fault-related variables for the mechanical and hydraulic behaviour For
example, understanding the stress regime is important for being able to effectively
predict fault reactivation and fracture networks. Yet,for shallow fault systems the
stress magnitude is highly uncertain due to the low vertical stresses nearer to the
E¢Il q6 Kkt Wuehluimceértaimly has resulted in all three possible faulting modes
being interpreted at both sites. An additional challenge is the suitability of modelling
approaches and tools for shallow fault zone architecture. For example, observatns
indicate the absence of tectonic fractures at the studied sitestT meaning it is not
reasonable to use standard fault or stress analysis tools (e.g. fault/fracture
reactivation potential, fracture stability, slip/dilation tendency analysis) to predict the
location and behaviour of fracture networks around the fault zonesFurther work is
required to develop and adapt modelling approaches to account for the unique
architecture of shallow fault zones and assess the impact that these architectures

could have on the mechanical and hydraulic behaviour of shallow fault zones.

If subsurface fluids migrate through the overburden towards the shallow subsurface,
then understanding and predicting the fate of that fluid within the subsurface and any
potential pathways to surface is crucial to enable the design of effective MMV systean
To assess subsurface fluid flow pathways and surface expressions of seepage and the

role of fault zones (during a period when no fieldwork was possible du€OVID



restrictions) a study on natural hydrogen seeps was undertakenwhich also compared
hydrogen migration and seeps with C@migration and seeps.Compared with CO,,
hydrogen is more easily consumed or transformed in the subsurface by biotic or
abiotic reactions, and more readily dispersed in air. Thesurface expression of
hydrogen seepage was also different between sites of hydrogen seepage , depending
on the local geological and hydrogeological conditionsbut broadly the same as surface
expressions of CQ seepage. These findings indicate that while there are transferable
knowledge and learnings between C@and hydrogen, it will be necessary to tailor MMV

programmes specific to the fluid injected as well as the site characteristics.
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Figure 81 T Location of 60 hydrogen seeps within 13 clusters (letters-M) that may be
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Figure 82 T Hydrogen concentrations (vol %) for each cluster of seepage sites, plotted
as (a) a function of seep type and (b) a function of measurement type (i.e. whether
measured in the near surface, top ~1m in soils/fractured rock (Group 1) or at the face

in gas vents or bubbles (Group 2)). Coloured boxes represent the sample median
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Figure 83 1 Soil gas profiles of Smith Bay (#9, Zgonnik et al. 2015), Arthur Road Bay (#8,
Zgonnik et al. 2015) and Satellite Podovoye (#6, Larin et al. 2015). Distance on tfaxis

is normalised so that a value of 1 corresponds to the edge of the depraen feature. The
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Depression shape, size, orientation and transect orientations are shown for each site.
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Figure 84 1 Transects of hydrogen concentration at the edge of the Nikulino (#4, Larin et
al. 2015), Yakhroma (#3, Larin et al. 2015) and Jones Lake Bay (#10, Zgonnik et al. 2015)
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Figure 85 T Measured gas concentrations reported from hydrogen seepage sites.
Clusters are organised by surface expression of seepage. Cluster 6 is split into 2
sections to represent different surface expression of seepage, either via (a) bedrock
fractures or (b) water. Coloured boxes represent the sample median (horizontal line),
and the first and third quartiles, with the extending lines representing the minimum, the

maximum values. Grey dots show the data points, black crosses show outliers.... 220

Figure 86 T Hydrogen concentrations (ppm) of seepage from specific rock types in
Oman. Coloured boxes represent the sample median (horizontal line), and the first and
third quartiles, with the extending lines representing the minimum, the maximum
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where the shales directly overlie Precambrian basement and are below the ophiolite

Figure 87 T Seep area vs reported rate of hydrogen seepage. Numbers (#) are seep
numbers (Tables Table A7 1, Table A7- 2, Table A7- 3 andTable A7- 4). Markers
represent surface expression of seepage: circles represent soils and sediments, and
triangles represent bedrock fractures. Error bars represent maximum and minimum
leakage rates constrained by uncertainties in assumptions. Seep area is the footptiof
the subcircular depression, or the size of the region of leakage. Data from Larin et al.

(2015), Zgonnik et al. (2015; 2019) and Moretti et al. (2019a)...........cccccvvvvvrreenes ... 225

Figure 88 T Flux vs leakage rate. Numbers (#) are seep numbers (Tables Table-A7
Table A7- 2, Table A7- 3 andTable A7- 4). Markers represent surface expression of
seepage: circles represent soils and sediments, and triangles represent bedrock
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Figure 89 T Seep type, geological environment and surface expression of hydrogen
seepage with example images and cartoons of typologies. (1) Subcircular depressions
with three shapesT circular, elliptical and irregular. (2) Fractured rocks with diffusive
flows of hydrogen (Zgonnik et al. 2019). (3) Bubbling seepage offshore, New Caledonia
(#34). Images in (2) from Zgonnik et al. 2019 and (3) from Vacquand et al. (2018). Satellite
Photos iN (1) from GOOGIE MaPS.......couuiiiieiiiiiiiiee e et reeeeeaaaes 232
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Figure 810 1 Potential mechanisms for hydrogen generation and consumption (purple
circles), trapping (green circles) and migration (orange circles) ithe subsurface and

seep expression at the surface (black circles). Adapted from Heinemann et al. (2021).
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not been exhumed, these are likely to be very poorly consolidated unless there has been

very nearsurface diagenesis. They are currently experiencing the greatetevels of

stress in their history and are considered to be underconsolidated in an engineering soil
mechanics sense (e.g. Brumbys Fault, see Section 3.2.3). 2) Faulting in rocks that have

been exhumed from depths less than 1km, may be completely, partigl or unlithified.

Because they are at stress levels less than the greatest stress levels they have
experienced, they are considered to be overconsolidated in an engineering sense (e.g.

F10 Fault, see Section 3.1.33) Faults that have been active at graar depths in the

Ecl q6kt WHI 2t qUWeXNt GWT DGqéb AWIT Rt Gac! Ll DIGWIT
fabrics) and have since been uplifted to depths shallower than 1km, and overprinted by

later faulting at shallower depths. 4) Faults has been active at dept display deep
deformation features and been exhumed with no further fault activity during
exhumation. 5) Faults which are presently active or inactive at depths >1km and have

not been exhumed. 6) Buried shallow faults (depths >1km), which could have stad as
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Figure 92 1 Cross section of the geology around the Mont Terri rock laboratory. Note the
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Chapter 1 Introduction

1.1 Context of study

Climate has changed. We are no longer discussing the idea of climate change, instead
we are now living in a time ofanthropogenic changing climate. Action and solutions to
combat the challengesof changing climateis needed International agreements, such
as the Paris Climate Agreement, which was ratified by 196 countriesat COP2]
committed to minimising global temperature increases and tackling the main cause of
anthropogenic climate change (United Nations, 2015)However, these targets havenot
been metor are being postponed to the future UNFCCC, 2023a; UNFCCC; 2023bTo
meet global climate targets, there is an anticipation that theremust be a scaling upof
existing and emerging subsurface technologies (e.g. geologicalcarbon dioxide CO)
storage, energy storage (e.g., hydrogefH.), compressed air) and geothermal energy),
alongside other lowcarbon energy sources (e.g. renewable energies, nuclear powet),
support the energy transition and a move towards a globahet zero future (Climate
Change Committee, 2021) Although the climate emergency is urgent progress thus far
deploying some of these solutions has beenslow (e.g., MartinRoberts et al., 2021,

Miocic et al., 2023), therefore much has still to be done to meet global targets.

Geoscience as a discipline is well placed to play a key rolthe energy transition by
enhancing our understanding of themthrough research and development (Gardiner et
al., 2023). Anunderstanding of subsurfacegeological processes is important to ensure
the security and safe operation ofall subsurface technologies. Many of these emerging
technologies involve some element of subsurface fluid injection, storage, and
withdrawal. Therefore ley tosecure and safe operationis robust site selection criteria
and appropriate measuring, monitoring, and verification (MMV) and remediation

procedures.

One subsurface technology of relevance is geological porous media storage of GO,
methane (CH.) or other fluids. Effective MMV systems will ensure the fate of any injected
fluids can be reconciled, sounderstandingthe factors which influence the containment,
capacity and injectivity of fluids in the subsurfaceis important (Ofoegbouet al., 2011,
Kampmanet al., 2012; Lovelesset al., 2014; Rohmeret al., 2015; Aliet al., 2022, Krevor

et al., 2023; Miocic et al., 2023). There are varying levels of exience across the
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different potential storage fluids, plus each fluids brings its own unique challenges
based on fluid properties, but there are learnings that can be shared between
technologies (Tarkowski and UliasaMisiak, 2021). For examplesubsurface storage of
N Y s U g niXture of hydrogen and methaner provided insights into the effect of
bacteria (e.g. methanogens) on the storage of hydrogen (Panfilov, 2010). Further, the
effect of mixing has been investigated and indicate that fluids can reatbgether to form
other fluids (e.g. CQ and H, can react in the reservoir to form Ch) (Ebigboet al., 2013;
Shiet al., 2020). Fluid mixing and resulting reactions are an important consideration for
geological porous media storage, particularly atsites such as depleted hydrocarbon
reservoirs where small quantities of legacy hydrocarbons may remaiim-situ, or sites
where mixtures of gases araused (e.g. using a different gas from the stored gas to act as
mHz2t 6RYULWNECt etalll2021H) RAbbMaihe tésdivoir, there is work to assess
how the sealing capacity of reservoir caprocks variewith different geological or fluid
parameters (Shukla et al., 2010; Espinoza and Santamarina, 2017 Dewhurst et al.,
2018). However, there isan emerging understanding of the need to characterise the
overburden system of a geological storage siterather than solelythe reservoir/caprock
system (Robertset al., 2017), particularly areas where multiple technologies utilise the
subsurface T meaningcoordinating the use of thesubsurface storage capacity is crucial
(Baueret al., 2013; Bartel and Janssen, 201@ump and Hovorka, 2023)Consequently,
research bodies, government organisations and industryhave now explored novel
trapping systems (e.g. overburden migratiorassisted trapping) rather than

conventional reservoir/caprock systems(Bumpet al., 2023).

For all storage types, one key factor that can influence the fatef fluids, performance

and success of these sites is the presence of geological fault zone. Fault zonesand
faulting-associated deformation affectsn @i 2 RT Wa Y23 G WU0q s Ragé6 RUWa 6 13 W
from the microscale to macroscale through different mechanisms (e.g Caineet al.,

1996; Dockrill and Shipton, 2010; Benset al., 2013; Brandes and Tanner, 2019)These

mechanisms are sensitive to a range of variables including rock type, diagenesigtial

depth, stress regime, previous deformation, and other factors, which may vary both

along and across the fault (e.g. Sibson, 1977; Aydin and Johnson, 1983; Fiskeml.,

2003; Shipton and Cowie, 2003; Agosta and Aydin, 2006; Fossehal., 2007; Michie,

2014; Torabiet al. 2019). Deformation processes and subsequent subsurface processes

may enhance or reduce permeability and thus, faults carbe a barrier to fluid flow,
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conduit, or a combination of both specific to a location in the fault zone and surrounds
(e.g. Bense and Person, 20Q8Miocic et al., 2016; Viswanathan et al., 2022; Fisheret al.,
2023). Furthermore, depending on hydrogeological conditions,fluids can both flow
laterally across faults andvertically up faults, sometimes along a single faul{Faulkner
et al.,2010). Therefore, fault zones have a key role in crustal fluid flawluch research is
underway to better understand the mechanical and hydraulic properties of fault zones
and their implications for geological storage but also other applications such as

managing seismicity risks and groundwater.

To datethe majority of fault studies have been focused on faults at reservoir depths
(>1km depth)in the context ofhydrocarbon extraction or geofluid storage (e.g., Aydin,
2000; Chadwick et al., 2009) as they act as a closure/seal/trap (Sorkhabi and Tsuiji,
2005), or as conduits of heat flow for geothermal projects (Bartoet al., 1995; Huenges
and Ledru, 2011; Lovelesst al., 2014). Much subsurface research expands on legacy
hydrocarbon research and this pattern is seen in the structural geology and fairg
literature. The reason forthe focus on hydrocarbonsystems is likely due to selection
bias and availability bias, which has been proven to reduce the quality of results (Shipton
et al., 2020). Studies which are influenced by selection bias can often miss important
details. Examples of good practice include research from McCagt al., (2019)T where
structural observations were combined with sedimentology to show the importance of
sedimentology on controlling fluid flow T rather than only focusing on studying the
fractures in the rocks which most would assume to be gprimary control on the
permeability. Similarly, a study by Robertst al., (2019%) indicates that a shale unit is
more permeable than a sandstone unit, due to the way the shale responds uplift and
unloading which enhances its permeability. These studies exemplify the need to
consider biases in methodologies, but also both challenge tyjeal preconceptions of

geological features and their implications.

Biasin previous research on fault zone$s important when considering how transferable

our understanding of deeper fault zones is téaults in at shallower] 13 Gaq 6+ WR U Llq 6 1J WE
crust. Faults in the shallow subsurface differ to those at depti{Rawling and Goodwin,

2003; Benseet al., 2013), with consequence for fluid flow Pressure and temperature

vary with depthwhich has implications for fluid mechanics and pore fluid composition,

and in-situ stress can vary with depth(Meixneret al., 2014). The water table may vary
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over time at a site as local climates change (e.g. pogjlaciation). Other depth specific
factors to account for include the effect of surface processes and the effect of
diagenesis on rock properties with increasing burial depth.Further, deformation
processes and styles change with depth with a transition from particulate flow
dominated processes to cataclastic processesat approximately 1 km below surfaceas
subsurface conditions change (e.g. stress, pressure, and temperaturelFossenet al.,
2007)(see Section 2.3).

Being able tophysically observe exposed faults ¢ q Wa 6 1JWE ¢ | wpdikindididee | n ¢ H1J
that the fault has either been active at the surface (though could be inactive in the

modern day), orthe fault has been exhumed to some degree.With increasing depth

fault processes and deformation mechanisms change (seeSection 2.3). There are

therefore five broad categoriesof faults in thesubsurface, defined byfault activity, depth

and burial/exhumation history. This categorisation is new and is presented up front

rather than in a later chapter because it is important for the study contexChapter 2

(Literature Review) findghat no previous authors have attempted to distinguish faults

based on depths and history. This is important given the influence that these factors will

have on fault mechanics and fluid flow The categories are

1. [ ¢cedqRUNDWRUOWA! YeUNKk WI Y#HE t WY THY faMtRgiwillll g 6 ¢ q LU
Ge2PWARNNI0OWE AFqR2 IJWHEG Yt 1JWa Y W likeliBcbe vy k + W 2 |
poorly consolidated unless there has been very neasurface diagenesis.These
fault rocks are currently experiencing the greatest levels of stress in their history
and are considered to be underconsolidated in an engineering soil mechanics
sense. (e.g.Brumbys Fault see Section3.2.3)

2. Faulting in rocks that have been exhumed from depths less than 1krand which
may be completely, partially orun-lithified. Because they are at stress levels less
than the greatest stress levels they have experienced, they are considered to be
over consolidated in an engineering sense (e.§10 Fault see Section3.1.3).

3. Faultsthat have been active aigreater] JGq 6+t WRULWaq6 JWEE| q6 Kkt LWHI
and havesince been uplifted to depthsshallower than 1km, and overprinted by
later faulting at shallower depths

4. Faults has been active at depth, and been exhumed with no further fault activity

during exhumation.
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5. Afinal category are faults which are presently activer inactive at depths >1km

and have not been exhumed.

The 1km depth is used as this &ey transition depth where the dominant deformation

processes change (seeSection 2.3). Faulting and fault zones in categoryl and 2 as

referred to as/bt 6 ¢ 0 0 WngrBIH tole G @G O Y s Wih dllendt oplH A YT il ¢ 2 O q W
these are the focus of this thesis Category 1 could be described as mear-surface

faultingis Category 2 can be described asrshallowly exhumeds Category 3 4 and 5

faults are not the focus of this thesis and these faultsare referred to¢ t+ Wbl JIJGLWN ¢ 2 T c
¢ Ul WGl YHIJL 13t We t. ShaldbwXaulEng s léks wedl Gtagied)ddmpared to

deeper faulting, particularly from a fluid flow perspective (e.g. Heynekampet al., 1999;

Cashman and Cashman, 2000; Rawling and Goodwin, 2003)Jnderstanding the

architecture of shallow fault systems and the way in which shallow fault systems

respond to environmental faictors, both natural (e.g. tectonic processes, weathering)

and anthropogenically induced (e.g. injection of fluids), is important tdorecast the

effects they will have on the migration of fluids in the shallow subsurfaceThis is

particularly important for emerging geological storage technologiesas it is important to

understand the role that shallow fault systems could play as a fluid pathway in the

overburden of geological storage sitegsee Section 2.1.3). Ultimately, understanding

shallow fault architecture and the fluid flow properties of shallow fault systems will aid

the design of effective MMV systems.Therefore, further research remains crucial to

enable the effective operation of these technologies to facilitate the scalingip required
(Heinemannet al., 2021b; Miocicet al., 2023).

The research undertakerfor this thesis aims to assessthe architecture and fluid flow
properties of shallow fault systems and consides the implications this has for the
effective desigh of MMV systemdor subsurface storagetechnologies. Learnings can be
shared, where applicable, for othershallow applications (e.g. groundwaterresources,

shallow geothermal systems and remediation technologie}.

1.2 Summary ofmain fieldsites studied in this thesis

Demonstrating the potential of subsurface technologies at field sites is crucial to drive
the uptake of these technologies globally (Stephensoet al., 2022), as theyprovide an
opportunity to examine how fluids moveand interact in the shallow subsurface and

provide useful insights for the scalingup of these technologies (Roberts and Stalker,
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2020). Although useful, field sites areglobally rare meaning opportunities for research

are typically limited. Thisthesis uses two field experiments with shallow fault systems

¢t WHEt VWt qaT RIJE OWRNGS I3t WWt RalJt We I 1JhSith bpb WG Y H ¢ q
located near Perth, Western Australia, whereCQO, injection targets the F10 Fault.

Second, the Otway International Test Site operated by CO2CRC and Geoscience

Australia in Victoria, whereCO; injection targets the Brumbys Fault. An overview of

activities to date at both sites is presented inChapter 3. These sites provide an

opportunity to examine two shallow fault zones located in sites that have a host of

legacy subsurface data andhave anongoing programme of research and injection

experiments. Learningsfrom the research presented in this thesis camlso be compared

to field injection test results at these sites.

1.3 Researchquestionsand objectives

The research questions(RQ) and objectives (ROthat form the focus of this thesisare

outlined in Table1-1.

Table1-1 wSummary of RQ and R@nd the relevant chaptersin which they areaddressed.

Task Chapter (s)

RO How does the architecture of shallow fault zones affect fault -related fluid
flow in the shallow subsurface?

Understand the regional and tectonic setting, and the history of
R01 - - - - . 3, 5, 6
geological activity at both field sites.

Observe, describe and interpret the fault architecture and its
RO2 o 4,5,6,9
heterogeneity in both the F10 an®rumbys Faultzones.

Synthesise observations and features between the two faults
RO3 | and examine implications for fault process, shallow fault 9

systems, fluid flow in the shallow subsurface and MMV.

How important is the scale of analysis when examining shallow fault
RQ2
zones?

RO4 | Analyse shallow fault zones at different scales. 4,5 6

Compare and assess the effectiveness of methods tstudy
RO5 4,5,6
shallow fault zones.
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How effective are petroleum -based modelling tools in modelling shallow

RQ3

fault zones?
RO6 | Create geological models of both fault zones. 7
RO7 Model strain and stress around the fault zones based on fault .

kinematics.

Understand how stress variations and uncertainty affect fault
RO8 | _ 3,7
interpretation.

RO9 Benchmark models to the observed fault architecture and model .
permeability structures (e.g. fractures).

How does natural hydrogen seepage present at the surface and how do

R4 : :
we effectively monitor seepage?
Collate a database of hydrogen seepage sites which are
RO10 | analogous to seepage from an engineered geological hydrogen 8

storage site.

Describe and characterise surface expressions of natural
RO11 8
hydrogen seepage.

Present implications and recommendations for monitoring of
RO12 _ _ _ 8,9
engineered geological hydrogen storage sites.

An additional research guestion (RQ4)was added because oftravel restrictions that
were introduced in at the start ofthe COVID19 pandemic, which is when the Australia
fieldwork was originally scheduled (April 2020) Travel restrictions then remained in

place until late 2022, allowing fieldwork to commencein March 2023.

1.4 Thesisstructure

Chapter 1provides ahigh-level introduction to provide context for the research inthis
thesis. Thetwo field sites are introduced, then the research aims and objectives are

outlined. It concludes with the thesis structure.

Chapter 2contains a literature review ofthe parameters that are critical for subsurface
storage of fluids, as well as processes that influence shallow subsurface fluid flowlt
focuses on fault processes and fluid flow pathways in the shallow subsurface and

provides context for the research in this project.
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Chapter 3is an overview of thewo main field areasinvestigated, including a summary
of the operations and scope of the site, the regional geology, background on the fault of

interest and researchfindings.

Chapter 4 presents an overview of the methods appliedto study shallow fault systems

in this thesis andlinks to the research questions and objectives set out ilChapter 1

Chapter 5is a study of thearchitecture and fluid flow properties of theF10Fault zone,
located at the In-Situ Labin Western Australia, Australia. Thishapter demonstrates two
new methods of analysingrock core, one of which wasspecifically designedto capture
deformation styles observed inshallow fault zonesT using the Harvey2 core as acase
study as it cuts a shallow faultzone (F10Fault). Petrographic analysis and XT data are
presented to show the variation and style of deformatiorat different observational
scales, and to consider the effectiveness of different analytical techniques for
characterising core from shallow fault zones. It concludes by ensidering implications

for fluid flow.

Chapter 6is s study ofthe architecture and fluid flow properties of the Brumbys Fault
located at the Otway International Test Centre in Victoria, AustraliéSimilar to Chapter
5, this chapter applies a new methodology for characterising deformation in the
Brumbys-1 core, which cutsa shallow fault zone (Brumbys Fault). Deformation logs are
combined with fieldwork in the Port Campbell Embayment region to assess faulting
kinematics, deformation features and spatial distribution. Additionally, geochemical
analysis is used to compare lithological variations inland and at the coasiThis chapter
concludes by considering the effect the Brumbys Fault may have osubsurface fluid

flow and considersregional faulting mechanismsto explain variations in faulting styles.

Chapter 7is a short chapter discussing thechallenges of modelling shallow fault zones
using standard approaches from the hydrocarbon industryit presents a model workflow
designed to model fractures around a fault zone. This chapter explordahe challenges
of applying hydrocarbon-based reservoir modelling software to the overburden of

geological storage sites, with a focus on shallow fault systems and stress tensors.

Chapter 8 presents a published paper on natural hydrogen seepage sites and the
insights they can provide for the monitoring of engineered geological hydrogen storage

sites. This workwas published in a special issue of theGeological Society of London
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The discussion inChapter 9 brings together overarching themes from the previous
chapters. First, faults are categorised based on their depth, activity and
burial/exhumations history. Then,there is a comparison and synthesis of the research
on the F10 and BrumbysFault zones. Then, transferable learnings from/to other
subsurface technologies or field sites that consider the shallow subsurface are
considered. Finaly, this chapter concludes by considering subsurface fluid flow and

implications for environmental monitoring of subsurface technologies.

Chapter 10presents conclusions and further work resulting from this PhD.
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Chapter 2 Literaturereview: Faultarchitecture andfluid flow

This chapter presents a comprehensive review odubsurface storage systems andluid
flow in the subsurface(Section 2.1). Faults and faultzone processes are then examined,
including how fault zonesare studied, and the inherent bias that resultySection 2.2).
Section 2.3 discusses shallow fault zones,with proceedingsections focused on faulting
in siliciclastic (Section 2.4) and carbonate Section 2.5) lithologies. Finally, the
implications of fault processes for subsurface technologies andkey research gapsare

outlined in Section 2.6.

2.1 Subsurface storage systems and fluid flow in porous media

This section explores the fundamentals of fluid flown porous media. First, it presents
an overview of porous media and subsurface storage environmentéSection 2.1.1).
Next, the fundamental properties of fluid flow are discussed and the parameters that
influence them are explored(Section2.1.2). Aspects offluid flow within the reservoir and
overburden of geological storage sites are considered, with a focus orcarbon dioxide
(COy) or hydrogen(H,) storage sites(Section 2.1.3). As such, themain fluids considered
in this section are CQ, and H,, rather than traditional reservoir fluids (e.ghydrocarbons,

brine or water).

2.1.1 Porous media and gbsurface storageenvironments

A porous medium is any material that containspores (space) within its framework
which can be filled with fluid (e.g. liquid or gas). Porous media are of interest for
geological storage as the porosity provides space in which to store fluids (e.g. @®; or
other fluids). Understanding how fluids move throughporous media is important for
designing effective and secure injection, storage, and remediation strategies for

subsurface storage technologies.

For subsurface geological porous meda storage, the system must contain a suitable
reservoir. Reservoir rocks are porous and permeable, meaning fluids can move through
and be stored in the pore network of the rock. A reservoir rock is often overlain by a rock
with lower porosity and permeability(e.g. clayrich or salt-rich rock), which allows it to
act as a seal and stops the fluid migrating out of the reservairoften called a caprock or
seal rock. Structural seals, or traps, can also aid the containmenbf fluids by acting as

barriers to fluid movement (e.g.anticlinal folds, or low-permeability fault zones). In
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classic petroleum geology literature, the overburden would contain theeservoir rock,

the sealing caprock andall @ 6 IJ WY 2 131 ! RUNWNWIYOGYN! WaVYWagd JWEE |
units above the petroleum source rock)(Mahoo and Dow, 1994; Peter®t al., 2012).

However, for geologicalporous media storage theterminology used is different. The

reservoir and caprock are ! GRHc G O! WI UnWJI | Ul WaqYWet Wad W
overburden is more commonlyconsidered to bethe rocks above thestorage complex

(Chadwick et al., 2017; Roberts et al., 2017; Rahman et al., 2022). Although, as

discussed in Section 1.1, thereis value in characterising the overburden systenas well

as the storage complex(Robertset al., 2017; Bumpet al., 2023; Bump and Hovorka,

2023).

2.1.2 Fundamentals of fluid flow in porous media

2.1.2.1 Darcy Flow

?2¢I H! Kkt Wx¢es WI+Gua¢eRUY W6 VYs We Wt RUNGWWNnGe RT WniVYs
(flow rate) is proportional to a hydraulic gradient. How proportional these are is

controlled by the hydraulic conductivity, which depends on both the fluid and medium
Gl YGUI qRIJt Wei?2¢l H#! AWUNYPZ6Wce HANI qAWN®NMG Wx Re 4

.. .YQ

V] U O
0

Q= Volumetric Flow Rate (r#'s)

K= hydraulic Conductivity (n¥)

A= cross-sectional Area (n¥)

h =head (m)

L = length of Pressure Drop (m)

2.1.2.2 Non-Darcy Flow

2¢1 A Kkt Wxeé¢s WRY WARGRqUT WqYWadcadRUE!I WnidYsWYnlwe
geoscience applications, it is more likely there is a heterogenous medium with multiple

fluids and potentially non-laminar (turbulent) anisotropic flow. Multiphase flow offluids

is common in geoscience applications such as geological CQ storage, here

supercritical CO, is being injected into a reservoir with formation brine (Jia and
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McPherson, 2019). The NavieBtokes equation is used in these scenarios and considers
the density, pressure, temperature and velocity of the fluid, as well as mass transport
processes (e.g. diffusion). The equations are not included here as this is a coepl
system of equations that can be altered depending on the properties of the system that
you intend to investigate, and there is still uncertainty in the consistency of the results
produced (see Zawawet al., 2018; Sheng, 2020).

2.1.2.3 Mass Transport: Advection, Diffusion, Dispersion and Sorption

Mass transport processes also govern how fluids flow and interact in a porous medium.
Advection represents the transport of a fluid due to its bulk motion. Advection is
HecloRaGcecqll Wet RUNW6 WWe 211 ¢nPWaRUWE! W2 VYHRQa!
the average linear velocity, then hydrodynamic dispersion is occurring (a combination of

molecular diffusion and mechanical dispersion).

~YiWHz2Ge! WT Rnnet RYOWRY WT 3t #l RAVDT WA! W[ RAL Kt L
particles due to their kinetic energy of random motion, associated with temperature,

viscosity and particle mass (Lyman, 1982; Domenico and Schwartz, 1990). The porosity,

tortuosity and reactivity of the media with the fluid determines the diffusion (McDermaoitt,

1999). Particles tend to diffuse from areas of higher concentration to areas of lower
concentration. Molecular diffusion of CQ, is an important controlling factor of

dissolution kinetics areservoir (Iglauer, 2011).

Mechanical dispersion figure 2-1) is controlled by the dispersivity (both longitudinal
and transverse) and represents fluids moving at rates faster and slower than the average

linear velocity as it moves through the tortuous pore network (McDermott, 1999).
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Mean direction of flow

Figure 2-1wExample of mechanical dispersion in porous media, with multiple pathways {d) through the
pore network (Afanasyev, 2018WNot all flow pathways would be active at the same time, as flow pathways
would not cross each other.

Sorption (reactions with the rock matrix) can occur when fluids contain reactive

components.

2.1.3 Parameters that influence fluid flow in porous media

This section outlines the material (rock) and fluid parameters that influence fluid flow in
the subsurface, as well as dynamic parameters that consider the interaction of rock and

fluids.

2.1.3.1 Materialparameters

Porosity is simply the empty space within a rock matrix, measured as:
)
€ =
W
n = porosity (%)
V., = volume of void space

V,; = volume of matrix

Rock porosity varies depending on rock type, depositional environment, and diagenetic
history (cementation, compaction and dissolution) of the rock. These factors affect the
size, type, shape, packing and orientation of grains and ultimately the space (pusity)

between grains. Primary porosity is the original rock porosity upon deposition,
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secondary porosity relates to porosity as a result of modifications (e.g. diagenesis,
fractures) after initial deposition. Effective porosity is often used as this represents the
interconnected porosity, which is the porosity available for fluid flow. Theomplexity of
the interconnected pore network can be defined by its tortuosity (Carman, 1956;
Grathwohl, 1998).

Tortuosity considers the ratio of the real diffusive path length {) to the direct diffusive
path length (I) Figure2-2)TNR2 RUN Waq 6 U Wa ¥.1 gqe Yt Ra! Wné¢HaqVYl W’
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Figure2-2 uFlow in porous medium, showing the real diffusive path length (solid line) and the direct diffusive
path length (dashed line) (Kilgallon2016).

As porosity increases, tortuosity decreases (Grathwohl, 2012). Permeability depends on
the effective porosity of the matrix. It explains the ease of flow of a fluid through a

system.

Porosity and permeability are the two fundamental rock (material) properties that

control how fluids flow in the subsurface(Figure2-3).
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Increasing porosity and permeability

Figure2-3 wSchematic showing change in porosity and permeability of a porous medium. Both porosity and
permeability increase to theright-hand side as the space between the graing greater and the pore spaces
are connected.

2.1.3.2 Fluidparameters

The parameters of geofluids like C@are better understood than geofluids associated
with emerging subsurface technologies (e.g. H). Fluids have specific properties, and
these vary with subsurface conditions including temperature and pressurewith key
parameters often being viscosity (how easily a fluid flows), solubility (how easily a fluid
will dissolve into water/brine) and compressibility (change in fluid volume due to

pressure change), among many other¢Table2-1).

Table2-1 wHydrogen(Hz) and carbon dioxide (C@) dymanic viscosity, solubility and compressibility.

Properties Hydrogen (H.) Carbon Dioxide (COy)
Dynamic viscosity (10° Pa s) at20°C 0.88 1.47
Solubility (in water)at 20°C 0.0016 1.7
Compressibility (Z)at 20°C and 1MPa 1.0021 0.9454

Understanding how fluid parameters change with depth in the subsurface important
to predict how the behaviour of the fluid may change during injection, storage or

withdrawal. Furthermore, understanding how fluids react in the subsurface, with each
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other or with the surrounding rocks, is important foreffective storage of fluids éee

Section 1.1).

2.1.3.3 Dynamicparameters

Wettability describes the tendency of a fluid to adhere to the matrix surface when two or

more immiscible fluids are present and depends on the contact angle of the rock type

(Jia and McPherson, 2019). This concept is relevant in all porous media whererinare

ndeRTt W erAGWet WYRGAWNEt AWAI ROUWAWY! Ws ¢ qldl WGl L
will replace existing fluids on the rock surface. This wettability depends on a
combination of the rock and fluid properties (e.g. pressure, salinity, presee of other

fluids) (Jun and Wan, 2012).

Wettability controls the capillary pressure and the relative permeability of a reservoir.
Capillary pressure is the pressure differential between two immiscible fluids in a porous
medium (Tiab and Donaldson, 2016) and is inversely proportional to the poseze (Slatt,
2013). Where multiple fluids are present, the effective permeability (the ability of that
fluid or phase to flow in the presence of another fluid or phase) is used. The relative
permeability of a rock to a fluid is the ratio of the effective grmeability (of the fluid) and
the absolute permeability (of the rock) (Satter and Igbal, 2016 geological CQ storage
studies, it has been showrthat when CQ, migrates into a waterwet system that the CQ
migration is slowed, whereas in a C@wet system CQ migration is increased (Al-
Khdheeawiet al., 2017). Wettabilityhas implications for CO, containment and trapping
within the reservoir(lglaueret al., 2015; Yekeenet al., 2020). Consideration should also
be given toCO, migration into fault systems that may be waterwet T as this could slow

or stop the migration of CQ within a fault zone.

For H there has beenlittle work to assess theeffect of hydrogen on wettability(Edimann
et al., 2019; Miocic et al., 2023). Studies have shownthat CO, and CH, can alter the
wettability of rocks and this further work is required to understand the effect, may have
on rock wettability and how differentsubsurface conditions (i.e. pressure, temperature)

would affect H, wettability (Edimannet al., 2019; Miocicet al., 2023).

2.1.3.4 Fluid trapping and migratioin CO, and H reservoirs

Storage fluids (e.g.CO,, H, and CH,) are lighter than porefilling brines (Miocic et al.,
2019b) ¢ UT WHY Ut Dhue JU0qd! WGRNI ¢cqlWleGscel T+ WaqVYsel Tt
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buoyancy effect after injection. These fluids can be stopped by fluid barriers (e.g.,
impermeable rocks or faults) where they will accumulate(Bachu and Bennion, 2008

Miocicetal.,= MN ® H 6 LLet al), 262m)! This' i4lknown as structural trapping.

Intra-reservoir fluid flow occurs during the injection and withdrawal of fluids, due to the
change induced in the pressure gradient. For geological GQtorage, injected CQ will
be injected in supercritical phase and willdisplace and dissolve intothe reservoir fluid
(e.g. brine) (Jia and McPherson, 2019). Supercritical GORt G ¢! W2 RiaAYeat Wn |
process resulting in solubility trapping via dissolution (Figure 2-4) (Waggoneret al.,
1992). Maodels suggest mast CO; is not trapped by solubility trapping and instead
remains insupercritical phase, with trapping of this remaining CQvia residual trapping
and structural trapping within the reservoir(Jia and McPherson, 2019§Figure 2-5).
Structural trapping relies on the CQ remaining in the reservoir due to an overlying
caprock/seal (e.g. low permeability rock unit). Residual trapping is when the G@& held
in place by surface tension (Doughty and Pruess; Flett al., 2014), which is controlled
by the wettability. Over time, trapping of C@via mineralisation can occur as the CQ@
reacts with the reservoir rocks (e.g. Snaebjérnsdottir et al., 2020bservations from
field studies in basaltic rocksindicate that most trapping is solubility trapping in the first

year, before moving on to mineral trapping.
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Structural trapping Residual trapping

Caprock

Caprock

Impermeablé rock

Supercritical CO,

»

Solubility trapping

Figure 2-4 wSchematic of trapping, fluid flow and viscous fingering in geological GGtorage reservoir (Jia
and McPherson, 2019).

Over time the CQ trapping will evolve and become more secureRigure2-5).

2100 b 00

% Trapping contribution
% Trapping contribution

1 10 100 1,000 10,000 0.01 0.1 1 10 100
Time since injection stopped (years) Time since injection stopped (years)

Figure2-5 wA) Evolution of CQtrapping mechanisms over time. B) Summary of results of various injection
experiments showing the type of trapping achieved with time after injection has stopped (from
Snaebjérnsdottir et al., 2020).
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For geological H storage, there are additional pressure changes in the welkompared
to CO; storage as there will be repeated cycles of injection and withdrawal. Experiments
from injection and withdrawal of CQ have shown thiscyclicity can influence the relative
permeability of the fluid system(EdIimannet al., 2019), so this requires further work to

understand this effect on H storage systems (Miocicet al., 2023).

2.1.3.5 Leakage from reservoirs arftliid flow in the overburden

Leakageoccurs when astored fluid migrates andescapes from thereservoir. Although
porous media storage is designed to be secure, leakage can occun various ways

(Gholami et al., 2021; Miocic et al., 2021). Common leakage pathways include:

9 Caprock: Diffusion rates through caprocks are incredibly slow (Let al., 2009)
and therefore negligible in terms of overall leakageCapillary leakage offluids
through the caprock is usually an incredibly slow process and does not account
for significant amounts of leakage over short timescales (e.g. yeardfiowever,
there is potential for leakage over time due topressure and temperature
changeswhich can mechanically weaken the caprock anddevelop fractures or
reactivate existing fractures 1 creating erhanced permeability (Green and
Ennis-King, 2010;Naylor et al., 2011; Renardet al., 2012; Gheibi et al., 2017;
Miocic et al., 2019b; Gholami et al., 2021).

9 Faults: Faults zones and faukassociated deformation can create leakage
pathways. Changing stress and pressure canesult in reactivation of fault zones
and deformation features (e.g. fractures). Fault zones can be bottonduits or
barriers to fluid flow depending on the geological properties and setting
(Viswanathanet al., 2022; Fisheret al., 2023) (see Section2.4 and 2.5).

1 Engineered pathways (e.g. well s): Can providefluids with a pathway from the
I 13t DI 2YRI W61l YeN6 W aqd lJLW Y 2 dlifatee DUringWhal ¢ UT W q ¥
installation, operation or abandonment of wells there can be construction or
degradation issues that could create permeable fluid pathways (Zhang and
Bachu, 2011;Ringrose, 2020; Gholamet al., 2021).

These pathways aref interest for all subsurface fluid storage (e.g. C& H.and CH,), but
some fluids pose differentor greaterchallenges due to their properties. For example, H
leakage risk is greater than that o€CH, or CO; due to its physical properties (e.g. low

interfacial tension) which increases the rate of diffusion of hydrogen through a caprock

50



due to lower capillary entry pressure (Ugarte and Salehi, 2022Lonversely, for CH,
storage there is high interfacialtension, higher capillary entry pressure and less
likelihood of capillary leakage (Ugarte and Salehi, 2022)The fluid behaviour is
dependent on the pressure and temperature (i.e. depth)Therefore, nsideration
should be given to theproperties of the fluid being stored in the subsurfaceand the

depth of storagewhen assessing leakage mechanisms and risk.

Figure2-6 outlines some common leakage pathways for C@
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Figure2-6 wSchematic of subsurface CQ leakage pathways (Wang et al. 2020).

Natural analogue studies of natural CQ@sites have highlighted the importance of fluid
overpressure above reservoir overburdens creating a pressure seal, which can
successfully act to retain CQ in the subsurface (Robertset al., 2017). However, it was
noted that in sites where a pressure seal was present, CGtill leaked to surface, likely
via extensional fault systems where the damage zone could act as a fluid conduit
(Robertset al., 2017). These fault systems do not need to be directly connected to the
reservoir to act as efficient fluid pathways (Robertet al., 2017). Bondet al., (2017) note
that natural CO, seeps highlight the importance of fault related fracture permeability for

subsurface storage integrity.
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Once a fluid hasmigrated from a reservoir, there is the potential for this fluid to migrate

through the overburden and towards the Earth t Wt 21 n ¢ HIJ

2.1.3.6 Near surfacefluid flow and seepage

If fluids leak from the reservoir, therthey can migrate into the overburden of the storage
site. During this migration, fluids may berapped or baffled in overlying rocks which are
suitable reservoirs/caprocks (Roberts et al., 2017). Additionally, the changing depth
(and pressure/temperature) will result in a phase change of some fluidse.g. CQ will

move out of the supercritical phaseto gas phaseat depths <1km

If fluids make their way to the near surface, tis can lead to enhanced concentrations of
fluids in shallow groundwater aquifers (asfluids dissolve). For CQ, the change out of
supercritical phase and into gas phase will result in an increased buoyancy compared
to groundwatert meaning CQ may settle above thewater table (phreatic zone)(Roberts
et al., 2017). This C@will be denser than surrounding soil gases in the vadose zone
(unsaturated zone) so may disperse laterally agluid concentration increasesin the soll
(Annunziatellis et al., 2008; Kirk, 2A1; Robertset al., 2017; Wanget al., 2020).

Seepage occurs when a fluid migrates through the entire overburden amdaches the
Ecl q6é Kk t.Matwzal seepagdlof fluids has been documented globally for common
storage fluidsT CO; (Robertset al., 2014; 2015; 2016; 2018; 2019b; Miocic et al., 2016),
H. (Zgonniket al., 2020; Frery et al. 2021; Stalker et al., 2022; McMahon et al., 2023,
Langhi and Strand, 2023 and CH, (Etiopeet al., 2015).In addition, studies of engineered
seepage have provided important learnings foMMV at subsurface porous media
storage sites (Roberts and Stalker, 2020)Further work studying natural hydrogen

seepage is discussed inrChapter 8.

Fluid leakage orseepagein unconsolidated sediments (often found in the near surfacg,
can cause subsurface sediment remobilisation. The cohesiveness of the sediment
controls its deformation style T low cohesion sediments will deform by fluidisation
whereas high cohesion sediments will deform by fracturing andolding. Subsurface
sediment remobilisation is caused by changing pressurde.g. due to fluid injection) and

deformation creates enhancedpermeability pathways (Mayet al., 2019).
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2.2 Faultarchitecture and studying fault systems

This section outlines faultzones and theirarchitecture (Section 2.2.1) and how fault
zones are studied with a focus on the methods used and challengedault studies

present (Section 2.2.2).

2.2.1 Introduction tofault zones

[celaqt WWel YWs RT It Gl DeT WRUWq6WWEE! q6kt WiRaq6 VY
complex heterogenous subsurface structures with implications for multiple geoscience
sub-disciplines (Brandes and Tanner, 2019). Fault zone&ifure 2-7) encompass the

volume of rock deformed when two rock units move in relation to each other, due to

lithospheric stress (Lovelesset al., 2011).
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Figure2-7 wGeometric attributes of a normal fault (Torabi et al., 2019)Fault lengthGi3 the lateral extent of
the fault zone.Fault heightGi3 the vertical extend of the fault zone.

There are three main types ofaults, often characterised by the kinematics and the

angle:
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T Normal faults T occur in extensional environments where one side of the fault
(hangingwall) has moved downward relative to the othei(footwall). Typically
dipping ~60°.

1 Reverse faultst occur in compressional environments where one side of the
fault block (hangingwall) has moved up and over the other blocKfootwall).
Typically dipping ~30°.

1 Strike-slip faults T the two blocks slide past each othert with either a dextral
component (movement to the right) or a sinistral component (movement to the

left). Typically vertical, so dipping~90°.

The amount of displacement on these faultsvertically is referred to assthroww The
cOVYeUqUWYnWl Rt GacHIDAGIWUqWSE Y RPY0tg élifi dnla taliis L1 1In 131

the combination of both the throw and heavgFigure2-8).
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Figure 2-8 - lllustration of a normal fault. A) dip-slip normal fault wshowing both vertical and horizontal
(dextral) displacement. B) Faultappears as a sinistral fault in map viewhorizontal section at Level A). C)
Profile perpendicularto fault strike showing heave and throw. D) Profile perpendicular to fault strike showing
the true displacement (Fossen, 2015)

Fault zone architecture is often characterised bywo main zones: a highstrain fault core
and a lowstrain fault damage zone (sed-igure 2-7). Most of the fault displacement is
accommodated in the fault core, which often contains a finegrained gouge or smear
surface (Sibson, 1977; Caineet al., 1996). The fault damage zone surrounds the fault
core. It can include subsidiary faults or fracture networks and contains structural

elements related to the growth of the fault (Sibson, 1977; Cainet al., 1996; Lovelesset
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al., 2011). Fault zones can contain multiple fault cores in one damage zone when there

IS high strain material Figure2-9).

damage zone core damage zone ultiple cores

Figure 2-9 wFault zone structures. (a) Typical fault damage zone and fault core. (b) multiple fault cores
encompassed by a large damage zone (Faulkner et al., 2010).

Faults can link together and grow by propagation to forrmultiple strands or segments

(Walsh and Waterson, 19910 U W # ¢ & GG I WY n Uiveéreiarzanesdfihigha 0 q WG R
strain occurs between two fault strands,is a relay ramp Relay ramps arecharacterised

by rotated bedding and folding, and can occur at a variety of scales(Suppe and

Medwedeff, 1990;Stewart and Hancock, 1991Peacock and Sanderson, 1994Huggins

et al., 1995; Childs et al., 2009).

2.2.1.1 The control ofaulting depth orfault architecture

Fault architecture varies withthe depth of fault activity, due to different mechanical

processes, lithologies and fault zone structural styles (Brandes and Tanner, 2019)

resulting in fault zonesT Rt G ¢! RUNDWI RnnlJl WUqWGI YGUI qRIJt We¢
telmeRUWqYW Rnnlll WUqWI DGqé6t Ws R RUWqS6IWEE! q6

qWaSWNWEEC! qé6kt W 2l nerUAWNcaTaqt Wel W YGUqRG It
¢t WHPDWULWE W RY H#I Wq Wl e G q faultiindvermehtoDifErenErgult a 6 € + LUt

kinematics will produce different types of fault scarp(Stewart and Hancock, 1990)

1 Normal faults: High-angle gep-like vertical offsetin ground surface Easiest to

observe.
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1 Reverse faults:Lower-angle vertical offset, where the hangingwall block has
come over the footwall.
1 Strike-slip faults: Horizontal offset, can only beeasily observed when the ground

slopes (e.g. a valley) making them thenost difficult to observe.

Fault scarps are often visible in active fault zones, as over time these features can be

eroded. If a fault moves in the subsurface and does not rupture the surface, a fold scarp

can AWM Y!I GUT WsS6WI DWaqSWWEE!I qékt Wt el ncHIWRE WT
movement. If a fault is not visible at theE ¢ | @urfack, the motion on the faut plane

must have ended before thesurface, or the fault scarp has been eroded or buried.

In the subsurface, there are three depth zones in which different types of deformation

occurs: (i) brittle; (iii) plastic and (ii) the transition zone between, shown iRigure2-10.
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Figure2-10 wrault evolution with depth and temperature (Brandes and Tanner, 2019).

The top 10km depth of the lithosphere is dominated by brittle deformatioprocesses
(Brandes and Tanner, 2019). At the lithospheric scale, these deformation processes are

controlled by the material properties of the lithosphere (i.e. by the rocks and minerals
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which make up the lithosphere). This means that for each fault zone, the material
properties of the host rock will influence the deformation processesAt the base of the
brittle deformation zone (~10km depth), there is an intermediate transition zone
between brittle and ductile (plastic) deformation behaviour, occurring from anywhere
from 10km to 20km in depth, depending on geothermal gradient, and lithagy. Below
20km depth, and temperatures >480°C, deformation is fully ductile. Dislocation creep
is the primary deformation mechanism and features such as mylonites can develop
(Brandes and Tanner, 2019).

Importantly, brittle and ductile deformation is not exclusive to particular depths; strain
rate dependent deformation behaviour (e.g., earthquakes) can result in brittle
deformation at depths which typically are dominated by ductile deformation processes
(Frost et al., 2011; Inbalet al., 2015; Brandeset al., 2019). Additionally, deformation
mechanisms such as fault related folding can occur in the upper lithosphere as a far

field effect of fault movement (Brandes and Tanner, 2014).

2.2.2 Studying fault zoas: methods and challenges

Studying fault zones presents challenges as we are limited in the datehich areable to

be collected. i 6 131 WWnceadat Wel DWI+FGYH W WeqWasJWEE! qb
conduct fieldwork and collect data on the fault zone. However, rast fault zones are not

exposed at the surface.So, we must rely on using methods which allow us to image and

measure the faultproperties remotely in the subsurface.

The most common method used to image fault zones in the subsurface geophysical
methods (e.g.seismic imaging) (Tanneret al., 2019). This involves using a source (either
natural or engineered) to generatsound waves which pass through and are reflected by
the rock. An array of receiverprocesses the reflected signals and tle time taken for the
waves toreach the receiver can be used testimate geological boundaries, structural
features and rock type. Other geophysical methods canalso be used to study fault
zones. For example, ground penetrating radar (GPR) could be used to collect
information on shallower structures in the subsurface as the depth this can penetrate to
is limited (<50m). With all geophysical methods, there are uncertainties in the collected
data and theresolution is limited by the method used and the geological settingOne of
the main limitations to the quantity of data collected is the cost. Seismic imaging of the

subsurface is expensive, particularly offshore. Therefore, to da most seismic data
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collected has been for petroleum exploration and extraction. Seismic datare therefore
biased towards reservoir depths Consequently, most images of faults in seismic are
from petroleum basins wherethe survey is designed to maximiseesolution at reservoir

depths.

Featuresat sub-seismic scales (or below the resolution of other geophysical methods)
will not be imaged, meaning features such as smaller fault zones or fauitlated
deformation (e.g. fractures)will not be detected (Bond et al., 2017). Fractures are an
important control on fluid flow in the subsurface (seeSection 2.4.1.2), even where
appropriate caprocks/seals are present (e.g., Boncet al., 2017). This highlights the

importance scale and resolution whenchoosing a methodfor fault analysis.

Within-fault variability is an important parameter to consider.Most fault studies focus
on down-dip sections of fault to examine relationships between fault properties and
stratigraphy (De Rosaet al., 2018). However, studies have shown that the size and
location of relatively high permeability fault rocks exert the strongest influence on
hydraulic behaviour, rather than the mean low permeability fault core thickness
(Heynekampet al., 1999; Lunnet al., 2008; Caine and Minor, 2009; De Ros al., 2018).
Therefore, it is important to investigate the along strike variations at different scales to
assess the probability of higher permeability areas in a low permeability fault zone (De

Rosaet al., 2018). These higher permeability areas could provide routes for fluid flow.

In addition to field studies and fault imaging, there are other methods used to collect
data on fault properties and behaviour3D geological models of fault zones are used to

assess fault kinematics and assess the impact of changing variables (e.g. stress, fluid
pressure, temperature, rock properties). These models can then be used to assess
various scenarios and consider implications for fault reactivation or fracture

development. Chapter 7discusses fault modelling in further detalil.

Where it is possible to get samples from fault zones, either in the field or from rock core
recovered from the subsurfacerit is possible to conduct experiments to assess thdault
rock properties (e.g. mechanical and hydrauli¢. These methods can provide useful
quantification of key parameters for geological modelling.Other common methods
applied to rock core include fracture loggindKulanderet al., 1990). This involves logging
the location and properties of fractures along a cored section. Focus is given to if the

fracture is naturally occurring (i.e. formed inthe subsurface due to tectonic processes)
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or induced (i.e. due to the drilling, extraction, handling, or storage of the coreThe
location, type and formation mechanism of the fracture are important to predict the
influence these may have on the mechanical or hydraulic properties of the rock.
Fractures and fracture logging are discussed further iBections 2.3,2.4.1.2,4.1and 5.3.
Other experiments assessing fault zone kinematics and propertiesnclude sandbox
experiments (e.g. Buchanan and McClay, 1991; Bernaet al.,2007; Herbertet al.,2015)

and field experiments Gee Chapter 3).

Additionally, being aware of bias is important in any geoscience discipline. Shiptoet
al., (2020) used fault zone studies as an example to highlight bias in data collection (i.e.,
which outcrops/analogues are studied), geologists themselves (how they operate and
their interests) and the use and communication of data. This is something to conside
as it is important that we try to be conscious of potential biases in data and ensure that

this does not adversely influence research.

Having examined fault architecture and how we study faultsand some of the key
limitations and considerations, the next sectionconsiders fault architecture in shallow

fault zones(Section 2.3).
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2.3 Fault zone architecture in the shallow subsurface
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such, faulting that takes place in the shallow subsurfaceis referred to¢ t Wbt 6 ¢ GG Y5 L
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deeper faulting and later the fault zone has been uplifted or exhumed to depths <1km,

these fault zonesare referred to¢ + Wbl) + 6 2 G 1JThdligtds afiithiskestikilis on

shallow faulting and shallow faultzone processes.

Shallow fault studies arenot as common as studies of deeper faults, as st fault
studies have focused on faulting indeeper consolidated rocks (Brandes and Tenner,
2019) as these rocks are the focus ofmost subsurface research (i.e. petroleum and
mining industries). At these deeper depthsthe consolidation states of rocks tend to
increase due to increasing pressure, diagenetic processes, and other at depth
processes. The resultinggrain compaction leads to a loss of porosity (e.g., Bethke and
Corbet, 1983) and a reduction in permeability (Bense and Person, 2006), which

ultimately decreases permeability.

Studies indicatethat the architecture of faults that formin the shallow subsurface varies
compared to deeper faulting. In the shallow subsurface, fault zones are exposed to
contrasting rheological properties and confining pressures (Balsamcet al., 2008;
Loveless et al., 2011), resulting in significant architectural differences compared to
faulting at deeper depths (Heynekampet al., 1999; Caine and Minor, 2009)In shallow
fault zones, there are three sections of fault architecture that have been obserde i)

fault core, ii) fault damage zone, ii) mixed zone.

In shallow faultzones, the fault core is often reported as a deformation band shear zone
(see Section 2.4.1.3) (Heynekampet al., 1999; Rawling and Goodwin, 2003; 2006; Minor
and Hudson, 2006) or a continuous clay smeaisee Section 2.4.1.4) (Heynekampet al.,

1999; Rawling,et al., 2001; Benseet al., 2003; Caine and Minor, 2009). These types of

fault core have low permeability.

The damage zone of faults in poorly lithified siliciclastic sediments often contains shear

deformation bands, rather than fracture networks (Heynekamget al., 1999; Rawling and
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Goodwin, 2003; 2006; Minor and Hudson, 2006) leading to a reduction in fault zone
permeability (Rawlinget al., 2001). However, at shallow depths (<1km) disaggregation

bands are common(see Section 2.4.1.3).

Faults in poorly lithified sediments often have a third architectural zona the mixed
zone. This zone separates the fault core and fault damage zone (Mozley and Goodwin,
1995; Rawling and Goodwin, 2006). It contains variably deformed, entrained, and
attenuated beds that are rotated parallel to the fault zone with a continuous
displacement geometry (Lindsayet al., 1993; Bense and Person, 2006; Loveless al.,
2011). As displacement increases, initial sedimentary characteristics (e.g., bedding) are
progressively modified. If fault displacement exceeds bed thickness, these features can
be lost entirely which creates a homogeneous zone of mixed beds at the grain scale
(Mozeley and Goodwin, 1995; Heynekampt al., 1999; Rawling and Goodwin, 2006).
Mixed zone can contain units (e.g., blocks or lenses) of undeformed sediment which are
often separated from the mixed zone by localised shear zones or deformation band

shear zones (Rawling and Goodwin, 2006; Caine and Min 2009)

The mixed zone terminology has resulted in confusion in the literature (e.g., Evans and
Bradbury, 2004), meaning when possible, the two main zones (fault core and fault
damage zone) should be used. Additionally, some have suggested that the mixed zone
simply contains multiple features, not whether the components are chaotic or ordered

Twhich is an issue of terminology bias (Shiptoet al., 2020).

It is important to note that the shallow subsurface is not exclusively comprised of
younger rocks that are weak and unconsolidated. There are areas where older rocks
have been exhumed to these depths and thus their mechanical properties are reflective
of their burial and uplift history. The following section outlines the deformation

mechanisms that occur inshallow fault zones Section2.3.1).

2.3.1 Deformation mechanisms in shallow fault zones

Rock porosity and depth are the primary controls on deformation mechanisms of near

surface unconsolidated sediments (Figure2-11).
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Figure2-11 ubDeformation mechanisms in unconsolidated sediments (Brandes and Tanner, 201%lthough
cataclasis can occur at depths <1kmjs notthe dominant deformation mechanism at these depthatinstead
particulate flow processes dominate.

In the shallow subsurface particulate flow is the dominant deformation mechanism.
Here, any unlithified (or soft) sediments display a noilinear stress strain relationship,
meaning elastic deformation induces particulate flow processes such as grain
sliding/rolling, a disaggregaion of grain fabric and pore dilation that cannot be restored
(Jones, 1994, Benset al.,2003). The crushing of grains (cataclasis) is possible deeper
depths, in conjunction with particulate flow (Benseet al., 2003). Faulting at deeper
depths is often characterised by cataclastic processes resulting in the presence of fault

breccia and/or gouge.

The change from particulate flow to cataclastic processes at ~1kndepth likely occurs
gradually, with a transition zone where, for example, small or weaker grains break under
pressure conditions but larger, and stronger, grains continue to deform by particulate
flow (Benseet al., 2003), sometimes called facilitated or dependant particulate flow
(Borradaile, 1981; Rawling and Goodwin, 2003). Therefore, multiple deformation
processes and deformation features can operate simultaneously in mixed zones and
deformation processes should not be assumed to operate in isolatiorat these depths.
Furthermore, major seismic events (e.g., earthquakes) that cause surface ruptures can
result in cataclastic processes occurring at shallow depths (Cashmangt al., 2007,

Doan and Gary, 2009; Balsamo and Storti, 2011). Conversely, fluid overpressure where
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sediments are rapidly subsiding can reduce rock strength and cause particulate flow

processes to occur at depths >1km.

As faults can be several kilometres in length, and comprise of varying rock units, it is
possible for different sections of faults to undergo different styles of deformation due to
the mechanical and material properties of the host rock.The lithology present will
depend on the geological history and current environment and surface processes.
Therefore, different geological environments promote different structural features
which can affect the permeability of the fault, which influences fluid flow both &ross
the fault and up-dip. To consider the effect of different geological environment, the
proceeding sections present an overview of faultingnd fluid flow in siliciclastic rocks

(Section 2.4) and carbonate rocks (Sectior2.5).
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2.4 Siliciclastic hosted fault zones: controls, processes and fluid flow

Siliciclastic rocks are sedimentary rocks dominated by silicate minerals (e.g. quartz,
feldspar, micas etc), with common types including sandstoneshale and conglomerate.
The following subsections outline deformation features and alteration processes that
occur in siliciclastic rocks, with an emphasis on shallow faultzone processes (Section

2.4.1). The impacts these features have on fluid flow is synthesised iBection 2.4.2.

2.4.1 Faultprocesses andfeatures insiliciclastic fault zones

Both particulate flow and cataclastic processes produce particular and different
deformation features. The deformation regime can be deduced from observation of
these features. Particulate flow is the dominant deformation mechanism in poorly
consolidated sediments, which are often found in the shallow subsurface,and
produces key structural features outlined in Section 2.4.1.1. Cataclastic processes are
outlined in Section 2.4.1.2. Deformation bands are discussed in Section 2.4.1.3, as
these can have both a particulate flow or cataclastic componentOther features, not
related to deformation, which can influence the rock properties are presented iBection
2.4.1.4. Table2-2 summarises the main mechanismsand controls on rock properties in
fault zonesand which processes they are associated withwith proceeding sections and

figures outlining these processes in detail

Table 2-2 wMechanisms/controls on rock properties in fault zoneskey processes and resulting features
(adapted from Bense et al., 2013)

Mechanism /Control Process Features

Bands (e.g.
Disaggregation bands,

dilation bands, sand
Particulate flow Grain rolling, sliding smear)

Sediment mixing and

dilation

Fracturing, brecciation, Shear fractures, joints

Cataclasis

grain crushing Breccias
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Cataclastic deformation

bands

. . _ Phyllosilicate bands or
Lithology (% clay) Phyllosilicate smearing
clay smear

Fluid flow controlled _ _
Veins, concretions and

i ; dissolution and
Diagenesis _ localised precipitation
cementation
Relay ramp, segment
boundaries, asperities,
Fault Fault growth _ N _ _
movement/reactivation juxtaposition of lithologies

at fault zone.

2.4.1.1 Particulate flow

Disaggregation zones have been defined as a zone in which faulting occurs and there is
no grain size reduction (low effective stress), with throws on the millimetre to centimetre
scale (Sperrevikei al., 2002). Therefore, there remains a homogeneous structure which
is like that of the host sediment. Disaggregation zones usually do not create barriers to
fluid flow (Sperreviket al., 2002).

In disaggregation zones, deformation likely occurred because of particulate flow
(Borradaile, 1981). Particulate flow has been suggested as the dominant deformation
mechanism of faults at shallow depths, particularly depths <km. At these depths,
particulate flow is the dominant deformation mechanism compared to cataclasis
(Benseet al., 2003).

Disaggregation zones typically occur in clean (low clagontent, <10%) sandstones

(Figure2-12) with high porosity, where the grains roll past each other (without crushing,
or cataclasis) and cause a pore dilation (opening) and disaggregation of grain fabrics
(Fulljames et al.,, 1997). This is because these zones do not contain enough
phyllosilicates (e.g., micas) to induce porosity reduction either by induced mixing or
pressure solution (Fisher and Knipe, 1998). Therefore, particulate flow faults are not

typically seen as impermeable structures (Fulliamest al., 1997) as the fault gouge has
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properties similar to the surrounding matrix. Conversely, cataclastic processes typically

result in a fault gouge with a reduced hydraulic conductivity (Benset al., 2003).
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Figure2-12 uDeformation band type in relation to depth and phyllosilicate content. Boundary transitions are
gradual (Fossen egl., 2007).

There are examples of particulate flow in New Mexico (Rawlirg al.,2001; Rawling and
Goodwin, 2003) and Greece (Lovelesst al.,2011), as well as sandbox experiments that
show grain deformation via particulate flow in ring shear experiments (Mandt al., 1977)

and in normal faulting experiments (McClay and Ellis, 1987).

2.4.1.2 Cataclasis

Cataclasis is the processes by which a rock is deformed by fracturingr crushing
(Sibson, 1977) resulting in cataclastic rocks (e.g. cataclastite breccia, gouge).This
occurs when there ishigh strainduring fault zonemovement orcan occur due to impact

events (e.g.meteorites) (Blenkinsop, 200Q Ruzuckaet al., 2005; Pittarello et al., 2015).

There are multiple classifications of cataclastic fault rock types, based on the original

work of Sibson (1977)Figure2-13 shows a common classification matrix.
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Figure2-13 wFault rock classification (from Woodcock and Mort, 2008)

2.4.1.3 Deformationbands

There are four main types of deformation bandsFgure 2-14). The depth at which
deformation bands form, as well as the rock type and geochemical processes will

control which type of deformation bands form.
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Figure2-14 uiTypes of deformation bands based on their deformation mechanism (Fossen et al., 2007).

Furthermore, the burial and uplift history Figure 2-15) of the rock can influence rock

properties (e.g., permeability).
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Figure2-15uBurial and uplift history for a sandstone. During uplift, sandstone enter the tensile region which
can result in tension structures forming (Fossen et al., 2007).

This means deformation bandscan occur due to both particulate flow and cataclasis
Disaggregation bands are near surface deformation bandswhich can result in a
porosity change (either increase or decrease) depending on the dominant component
(Fossenet al., 2007), either dilational (increased porosity) or compactional (decreased
porosity). In most cases, the permeability and porosity contrasts are low and fluid flow
is not greatly influenced (Fosseret al, 2007), however disaggregation bandsan focus
fluid flow (Benseet al., 2003; Balsamoet al., 2008). However, when particulate flow
processes (e.g., disaggregation bands) cause mixing of differertlypes of unlithified
sediments, at both the bed and grain scalethis results in a more poorly sorted sediment
mixture compared to any individual sediment bed (Benset al., 2013). Tectonic mixing
of sediment in fault zones typically causes permeability reduction due to increasing
heterogeneity (Heynekampet al., 1999; Faerseth, 2006; Rawling and Goodwin, 2006;
Balsamo and Storti, 2011). Heynekampet al., (1999) examined mixing in the Sand Hill
fault zone (New Mexico, USA) and record a permeability reduch of up to six orders of
magnitude. Permeability anisotropy can occur in fault zones due to rotation of sediment
grains (e.g., due to alignment with fault dip). This causes increased tortuosity of fluid

flow paths (see Section2.1.2 and 2.1.3) and a reduction in permeability across the fault
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of up to two orders of magnitude compared to along fault fluid flow (Arch and Maltman,
1990).

At deeper depths, deformation bands (e.g., shear deformation bands) can form
cataclastic bands (crushed material, e.g., fault gouge) often with a lower porosity and a
reduced hydraulic conductivity (Benseet al., 2003). Although these typically occur at
depths >1km, there have been some cases where these processes have been found to
occur within the shallow subsurface (Cashman and Cashman, 2000; Rawling and
Goodwin, 2003; 2006; Caine and Minor; Balsamo and Storti, 2010). This shows the
variability of deformation bands and highlights that a simple linear model of deformation
band evolution cannot always be assumed. Furthermore, in examples of shallow depth
cataclastic bands these would lower porosity and thus would have an impact on fluid
flow. The influenceof cataclastic deformation bands has been analysed through sub
core scale studies which have shown that cataclastic deformation bands reduce both
porosity and permeability T meaning they can act as fluid barriers in the subsurface

(Romanoet al., 2020).

At deeper depths, deformation bands can develop both in the damage zone of faults
(Shipton and Cowie, 2001; 2003; Fosseet al., 2007) and in the process zones (Ballast
al., 2015) meaning they can affect fluid flow by lowering permeability. In cases where
dilational porosity increase later undergoes cementation (e.g., Du Bernaret al., 2002)
or in phyllosilicate bearing sandstones (e.g., Fisher and Knipe, 2001), the porosity and
permeability can decrease sufficiently from the host rock and result in redeed fluid
flow. Different types of deformation bands canhave varying effects on fluid flow so

efforts to characterise the type of band andkinematics are important (Figure2-16).
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Figure2-16uKinematic classification of deformation bands (Fossen et al., 2007).

2.4.1.4 Other features influencing rock properties in siliciclastic fault zones

Clay smearing occurs where clay or shale layers are present in a fault zone. During
deformation, these layers can be dragged along a fault plan resulting in a smear (Smith,
1980; Fulljameset al., 1997; Benseet al., 2003). This is common in sandstones with a
clay percentage that is >40% (Webegt al., 1978). This can occur in shallow faulzones

but is not limited to them.

Where clay or shale smearing occurs, this typically results in a strong reduction in
effective hydraulic conductivity of a fault zone (Benset al., 2003). Clay smearing has
been extensively studied as it can provide an effective fluid seal (Yieldireg al., 1997)
and block across fault fluid flow (Bense and Van Balen, 2004), which can cause
reservoir/aquifer compartmentalisation (Bense et al., 2013). As fault displacement
increases clay and sand smear develop a layered structuré&igure2-17) which develops

a strongly anisotropic fault core (Bense and Person, 2006).
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Figure 2-17 wFault permeability structures in soft sediments deformed at shallow depths (Bense et al.,
2013).

In these examples, the sand seams will have greater permeability than clay smear
meaning the anisotropic nature of the fault will create a combined conduibarrier
system (Lovelesset al., 2011; Benseet al., 2013). Flow parallel to the fault dip is much
greater, due to the disruption of the sedimentary layering, compared to flow laterally
across the fault core and disaggregated sediments. There are examples in which shale
becomes entrained in the fault core, eg., Colorado Plateau (Davatzes and Aydin, 2005
Shipton et al., 2006), accompanied by complex deformation band networks which likely

create an effective fluid barrier (Rawlinget al., 2001).

Diagenetic processesvary with depth, and the distinction between surface processes
and diagenesis (at the near surface) and diagenetic processes and metamorphism are
unclear, but it is generally agreed that diagenetic processes occur from-250°C and
from up to 250MPa ¢). Diagenetic processesvary with geological setting and lithology,
but processes such asmineral precipitation can cause cementation of fault planes

which consequently results in a partial or complete loss of porosity (Knipe, 1993;
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Leveille et al., 1997). Cementation also increases rock strength, encouraging more
cataclastic deformation processes compared to particulate flow deformation
processes. Examples of diagenetic effects on fault rocksinclude the Moab faut Zone
(Utah, USA) where multiple precipitation episodes are recorded (Chaat al., 2000).
Rocks that have been buried to deeper depths are more likely to have seen multiple
stages of diagenesisas temperature and pressure have increasedMontafiez and
Crossey, 2018) Therefore diagenetic processes would have a more profound influence
on the mechanical and hydraulic properties ofdeep faults, due to the time these faults

would have spent in the subsurface atlifferent pressure and temperature conditions

2.4.2 Faulting and fluid flow in siliciclastic fault zones

The porosity of the host rock influences the deformation mechanismsFor example,
fine-grained low porosity sediments such as silt and clay tend taleform via discrete
fault surfaces whereasmore porous materials (e.g., sands)would deform viatabular
deformation bands. In high porosity sediments (e.g., gravels), faults atgpically diffuse,
occasionally showing a preferred orientation indicating the fault trace (Kiret al., 2004,
Brandes and Tanner, 2019).

Juxtaposed units of different hydraulic conductivity can result in barriers to fluid flow
through the fault zone. Deformation processes (e.g., clay smearing or grain scale mixing
between different sediments like clay or sand) can also reduce the overall tyaulic
conductivity (Heynekampet al., 1999; Benseet al., 2003). Therefore, the deformation
processes that occur will lead to an enhanced fault zone permeability oa reduced

permeability (Table 2-3).

Table2-3 uProcesses that impact the permeability of poorly lithified fault zones (adapted from Bense et al.,
2013).

Process Feature Permeability Reference

) _ Du Bernardet al.,
_ Disaggregation bands,
Particulate (2002), Benseet al.,
dilation bands, sand Enhanced
flow (2003), Exner and

smear
Graseman (2010)
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_ ) o Heynekamet al., (1999),
Particulate Sediment mixing and _ _
Reduced Rawling and Goodwin
flow dilation
(2006)
Fracturing Shear fractures, joints Enhanced Balsamoet al., (2010)
Brecciation Breccias Enhanced Caine and Minor (2009)
Phyllosilicate | Phyllosilicate bands or .
_ Reduced Fulljameset al., (1997)
smearing clay smear
Sigdaet al., (1999),
Cataclastic deformation Sigda and Wilson
Cataclasis Reduced
bands (2003), Cashman and
Cashman (2000)
Fluid flow
controlled Mozley and Goodwin
_ _ Veins, concretions and | Enhanced or
dissolution . S (1995), Balsamoet al.,
localise precipitation reduced
and (2013)
cementation
Relay ramp, segment _ .
_ N Rawling and Goodwin
boundaries, asperities, Enhanced or
Fault growth . N (2006), Lovelesset al.,
juxtaposition of reduced
. (2011)
lithologies at fault zone.

In general, particulate flow (shallow) deformation processes usually do not create
barriers to fluid flow (Sperrevilet al., 2002). This is because these zones do not typically
contain enough phyllosilicates (e.g., micas) to induce porosity reduction either by
induced mixing or pressure solution (Fisher and Knipe, 1998). Therefore, shallow fault
zones in well sorted clean sediments are typically dominated by particulate flow
deformation processesand are notconsidered to beimpermeable structures because
the fault core has properties similar to the surrounding matrix (Fulljames et al., 1997;

Pei,et al., 2015).
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The overall effect on fluid flow around near surface fault rocks will depend on the
porosity and permeability changes induced by fault processes, which themselves
governed by a combination of fault depth, local geology, sediment
lithification/compaction st ate and the dominant deformation processes acting within
the fault zone. Of these factors, geology exerts the most control on fluid flow as the
geology (e.g., the phyllosilicate content of sandstones) controls the features that
develop (e.g., phyllosilicae deformation bands, clay, and shale smear)as well as the
stress conditions at time of faulting and the maximum temperature reached in the fault
zone after faulting (Yieldinget al., 2010). Both the host rock properties and geological
deformation processes influence the permeability structure and thickness of fault
zones, consequently controlling fluid flow parallel to and lateral to fault dip (Benset al.,
2013).

The typical conceptual model for fluid flow in fault zones in siliciclastic rocks suggests
that the fault core and fault damage zones will have contrasting mechanical and
hydraulic properties (Faulkneret al.,2010). The fault core typically has low permeability,
due to the increased phyllosilicate content and smearing processes, whereas the fault
damage zone has higher permeability (than the host rock) due to open rock fractures, if
not cemented (Caineet al., 1996; Faulkner and Rutter, 2001; Guglielmét al., 2008;
Cappa, 2009).Figure2-18 shows hypothetical fault zone permeability models.

Fault core/slip-surface Fault core/slip-surface Fault core/slip surface Multi-strand fault
permeable and damage zone impermeable, demage | core/slip-surface
. permeable | | zonepemmeable ‘ and damage zone
\ permeable

permeability

Figure2-18 wya) fault core (red line) is permeable and acts as a fluid flow conduit. (b) fault core and damage
zone (black lines) are both permeable and act as a fluid flow conduit. (c) The fault core is impermeable, but
the surrounding damage zone is permeable and acts as a fluid flow conduit. (d) heterogenous fault zone

systems that leads to a complex multistrand permeability system (Bond et al., 2017).

Vertical (fault-parallel) fluid migration relies primarily on fracture permeability in the
surrounding damage zone, which can provide fluid pathways even in otherwise

impermeable units (Eichhubl et al., 2009; Dockrill and Shipton, 2010). However,
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diagenetic processes (e.g., cementation) can result in decreased permeability around
the fault zone by infilling fractures (Benseet al., 2003; Davatzes and Aydin, 2005) and
consequently lower vertical fluid migration. In poorly consolidatedshallow sediments,

the fault damage zone often contains disaggregation bands which replace fracture

networks.

The overall impact of a fault on lateral fluid flow can be described by considering any
juxtaposed units across a fault zone (Haneberg, 1995; Yieldireg al., 1997; Maillouxet
al., 1999) as well as the permeability and continuity of fault rock in the fault core, which
is dependent on the host rock composition, shear strain and faulting mechanisms (e.qg.,
deformation bands, clay smearing and processes occurring in the mixed zone) (Mioc
et al., 2020).

At shallow depths (<1km) geological processes impact hydrogeological processes more
than hydrogeological processes impact geological processes meaning that at shallow
depths hydrogeological processes can be predicted from structural geologic data
(Benseet al., 2013).
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2.5 Carbonatehosted fault zones: controls, pcesses andfluid flow

Carbonate rocks are sedimentary rocks dominated by carbonate minerals (e.g. calcite,
aragonite, dolomite), with common types including limestone and dolostone.The
following subsections outline fault processes that occur in carbonate rocks, with an
emphasis on shallow faultzone processes (Section 2.5.1). The impacts these features

have on fluid flow is synthesised irBection 2.5.2.

The models and understanding of porosity, permeability and fluid flow presented thus
far have focused on clastic rocks. This understanding is not directly transferable to
carbonate hosted fault rocks due to their deformation mechanisms (Willemseet al.,
1997; Kellyet al, 1998; Mollema and Antonellini, 1999; Salvinét al., 1999; Grahamet al.,
2003; Agosta and Aydin, 2006; Tondit al., 2006) and pore types (e.g., vugs, molds,
fractures and channels) (Wang 1997; Lucia 1999; Agoskt al., 2007). Furthermoe,
there has been a lack of petrophysical data for carbonate fault rocks (Agosta al., 2007)

and only since 20D has research progressed significantly in this field.

The fault zone architecture model of a fault core surrounded by a fault damage zone has
been shown to be broadly applicable to carbonate fault zones (Agosta and Kirschner,
2003; Stortiet al., 2003; Micarelliet al.,2006). Fault damage zones in carbonates contain
small faults, veins, fractures cleavage and folds, like siliciclastic rocks (Cainest al.,
1996). The fault core can be either a single, or multiple, slip surface(s) with a variety of
lithologies (e.g., carbonate breccias, carbonate cataclasites,carbonate and shale
gouges, secondary calcite cements, veins, and host rock lenses (Chester and Logan,
1987; Sibson, 1997; Mitchell and Faulkner, 2009; Bastesen and Braathen, 2010; Haines
et al., 2016).

Carbonate hosted-fault zones have additional structural elements. Examples include:

1 faults cores with discontinuous lenses of fault rock, with various fabrics and

petrophysical properties (Michie and Haines, 2016),

9 fault zones that host a fracture splay zone, where fractures and subsidiary slip
surfaces are generated at a point of strain accumulation. This relates to the
mechanical stratigraphy imposed by lithofacies with different mechanical

properties being juxtapassed (Michieet al., 2014).
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9 fault zones with permeable deformation features (e.g., fracturing, fault breccia)
which allow both horizontal (along) fault and vertical (up) fault fluid flow (Leet

al., 1997; Matontiet al., 2012)
1 two further damage zone elements (Micarellet al., (2016):

1. intensely deformed damage zone (IDDSZ), a dense connected fractures

network

2. weakly deformed damage zone (WDDZ), less frequent sulertical

fractures

The architecture of carbonate hosted fault rocks controls how fault rocks form and are
distributed. The architecture of carbonate fault zones, like siliciclastic fault zones, will
vary between settings and not all architectural or structural elements wilalways be
present (Michie et al., 2014). Understanding how these features are generated in the
host rock and the fault kinematics at play is important to predict the influence these

features will have on fluid flow (Cookeet al., 2018).

2.5.1 Faultprocesses,porosity andpermeability incarbonaterocks

Fault processes in carbonate rocks differs from those observed in siliciclastic rocks due
to the ability of carbonate minerals to undergo deformation by physi@ehemical and
crystal-plasticity processes (Cooke, 2019). The deformation mechanisms mostly
commonly documented in carbonates include grain crushing, rotation and translation,
cementation, pressure solution, peloid disintegration and smearing (Tondkt al., 2006;
Rath et al., 2011; Cilonaet al., 2012; Antonellini et al., 2014; Rotevatnet al., 2016;
Kaminskaite et al., 2019). These deformation mechanisms influence the porosity and
permeability of carbonate hosted fault rocks. The primary deformation mechanisms in
carbonates rocks are controlled by the lithology of the host rock (Cilonat al., 2019),
therefore this deformation is dependent on the host rock texture, porosity, and pore
connectivity. Other factors such as the mineralogy, grainsize, burial depth, fault
properties, diagenesis and fluid histories also influence deformation in carbonat rocks
(Cooke, 2019). This makes it clear that a good understanding of the host rock lithology is
crucial for understanding how the porosity and permeability will be affected by faulting,

this allowing a prediction of the effect faulting will have on fluid flow.
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2.5.1.1 Fault processes in lowr porositycarbonates

Fault rocks in low porosity carbonates are the most well documented. In tight carbonate
rocks which are well cemented (low porosity), deformation typically is focused on
localised fractures (Dunnet al.,1972; Rutter and Hadzadeh, 1991). This is because on a
macro scale the rock deforms in a brittle manner due to the cementation of the grains
(Celloet al.,2001; Ghisetti et al., 2001; Rawlinget al., 2001; Agosta and Kirschner, 2003;
Agostaet al., 2008; Kim and Sanderson, 2010; Molet al., 2010). Localsed dilatational
features such as joints, veins and stylolites form (Agostat al., 2009; Agostaet al., 2015).
Fluids can play an important role in the deformation process both chemically (solution
transfer at grain scale) and physically (reduced rock strength, raised pore pressure) (Fitz
Diazet al.,2011).

The petrophysical properties of fault rocks that originate in low porosity carbonates is
highly dependant on the degree of diagenesis. Porosity and permeability both display
and increase when the fault rock is uncemented, but when cemented the permeability
could be reduced relative to the host rock (Agostat al., 2007; Cooke, 2019). The
porosity and permeability values in lower porosity carbonates tend to increase as you
move from the host rock into the fault zone, until you reach the fault core where theiis

a decrease in the inner fault core around the principal slip surface (Agostt al., 2007,
Michie et al., 2020). This decreased permeability in the inner fault core is often like that
of the host rock (Michieet al., 2020). Michieet al., (2018) noted that in some instances
faut core permeability does increase, highlighting the highly variable nature of faulting in

carbonate rocks.

2.5.1.2 Fault processes in lgherporositycarbonates

In poorly cemented carbonate rocks, the grains have few integranular contacts

favouring granularrelatively-low-cohesive behaviour of rocks. Faulting in these rock
types results in a porosity reduction (typically via compaction, but also by dilation, or
shear-enhanced compaction) due to the strain being accommodated by the pore space.
Processes such as pressure solution (Rutter, 1983; Groshong, 1988), pore collapse,

grain rotation and grain fracturing can all occur because of compaction (Cooke, 2019).

Granular carbonate rocks favour the formation of deformation bands (Tonéi al., 2006;

Rath et al., 2011; Tondiet al., 2012; Cilonaet al., 2014; Rotevatnet al., 2016). Like in
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siliciclastic rocks, carbonate rocks exhibit different types of deformation bands (Tondi,
2007; Antonelliniet al., 2014; Rotevatnet al., 2016; Kaminskaiteet al., 2019). Dilation
bands form when rocks with low cohesive strength deform via granular flow (sediment
disaggregation) under tensile stress (Du Bernarét al., 2002). When this process is
accompanied with compaction, compaction bands can form. When shear stress is
applied, grains will begin to move past each other (offset) and cataclasis often occurs

forming dilatant shear bands (Fosseret al., 2007; Cooke, 2019).

In highly porous carbonates, where throws are larger than the deformation band scale,
the mechanisms of deformation are less well documented (Cooket al.,2018; Michieet
al., 2020).

2.5.1.3 Permeabilityin carbonatefault zones

Carbonates exhibit highly variable (by several orders of magnitude) fault rock
permeability, even over small areas along fault strike (Miche and Haines, 2016; Cooke
et al., 2019). Michieet al., (2020) observed that intrinsic factors (e.g., host rock texture
and porosity) are the primary control on fault rock development and deformation style,
thus controlling the fault rock permeability. Additionally, although they note that burial
depths at thetime of faulting can influence how the rock deforms, this isiot seen to be

a major contributing factor in faults with displacements >1m (Michieet al., 2020).

Carbonate faults, especially in heterogeneous facies, are structurally complex and
exhibit variable deformation along strike. Michieet al., (2021) documented the variation
in permeability alongstrike of carbonate hosted fault rocks and found that the
heterogeneity of the displaced rocks and juxtaposition type were the overriding controls
on fault permeability. This is expected as bulk fault @rmeability is generally a function
of structural complexity (Cooke, 2019) Consequently, faults in carbonates with
juxtaposed rock types with similar properties are less likely to be of low permeability
compared to juxtaposed heterogeneous unis (Cooke, 2019). Shallowly buried
carbonate rocks tend to have the most amount of complexity (Maton#t al,2012; Cooke
et al.,2019).

The permeability of fault rocks in carbonates will determine the ability for fault zones to
acts as seals or conduits to fluid flow. Solum and Huisman (2017) assessed the fault

seal potential in carbonate rocks. They presented multiple examples of both ste and
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dynamic fault seals in carbonate reservoirs and aquifers and outlined the mechanisms
of how fault rocks seals occur in carbonate rocks (e.g., cataclasis, cementation,
incorporation of clays or anhydrites, dynamic recrystallisation and pressure solution).
They concluded that there was much more work to be done to understand the

commonality of each of these mechanisms (Solum and Huisman, 2017).

2.5.2 Faulting and liid flow incarbonatefault rocks

Like in siliciclastic rocks, knowing the host rock properties allows a better prediction of
fault processes and consequently their effect on porosity and permeability (Benset al.,

2013; Cilona et al., 2019). However, to date, there is a surprising limitation on the
available data in which the porosity and permeability of carbonate rocks have been
quantified (Michie et al., 2020). This makes predicting fluid flow patterns challenging

and an areawhich requires further researchin respect to carbonate hosted fault zones.
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2.6 Implications for subsurface technologieand research gaps

Shallow fault zones have beenstudied in the Gulf of Corinth (Loveles®t al., 2011) the
Lower Rhine Embayment (Benset al., 2003), the Rio Grande Rift basin (Heynekamgt
al., 1999; Caine and Minor, 2009), southern Italy (Balsamo and Storti, 2010), and Austria
(Exner and Grasemann, 2010)Studies have found #allow fault zones in poorly
consolidated sediments that cut aquifers can act as hydraulic barriersvhich prevent
fluid flow across faults (Grauchet al., 2001; Minor and Hudson, 2006), leading to aquifer
compartmentalisation (Lovelesset al.,2011). However, others (e.g., Rawiget al.,2001;
Benseet al., 2003; Caine and Minor, 2009) suggest thahallow fault zones may act as
preferential fluid conduits allowing fluid flow along faults, which is supported by flow
tracers, numerical groundwater modelling and hydrogeological data (Bredehoetit al.,
1982; Personet al., 2000; Heffner and Fairley, 2006; Bense and Person; 2006; Berete
al. 2008). These studies provide useful insights into shallow faulzone processes for
groundwater flow and learnings should be transferable to w@bsurface storage

technologies and the design of effective MMV systems.

There are also multiple fault studies in shallow fault zones in the paleoseismological
literature. Thesestudies typically do not focus on the hydraulic properties of the fault
zone and instead consider the location, timing, and size of past earthquakes (e.g.
McCalpin and Nelson, 2009) Fault zone structures aremainly mapped to identify

sedimentary packages that can be dated to bracket surface rupting events.

For geological porous media storage tere have been numerous studies indicating that
faults play a key role in the migration of geofluids (e.g., GPin the subsurface (see
Section 2.1.3 and sections within). Fault parallel migration of CQ has been observed in
fault damage zones (e.g., Annunziatelligt al., 2008; Gilfillan et al., 2011, Kampmanet
al., 2012, Burnsideet al., 2013, Bondet al., 2017, Miocicet al., 2019a). Cases of across
fault migration have also been recorded (e.g., Shiptoat al., 2004; Dockrill and Shipton,
2010). Furthermore, natural analogue studies of natural COreservoirs indicate that
leakage of CQ reservoirs is usually due to fault related leakage (Miociet al., 2016;
Robertset al.,2017; Miocicet al., 2020). However, most studies to date have focused on
deeper faulting, within the storage complex or in the overburden (e.g. Burnsidet al.,
2013),
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2.6.1 Fluidflow andleakage

Key to ensuring retention of materials in the subsurface is the storage security tfe
reservoir or store in which the materials reside. Faults in the shallow subsurface (<1km)
in poorly consolidated or unlithified clean siliciclastic sediments can act as baffles or
conduits to geofluids (e.g., hydrocarbons, C@ H;) as the deformation processes
associated with this type of geology at these depths favours the retention, or

enhancement of host rock permeability.

Examples in Italyof faults acting as effective fluid conduits for CQ, even when not
directly connected to the subsurface reservoir, highlight the importance of near surface
faults that have permeability (either from host rock or from fault processes that enhance
permeability) (e.g., Ascioneet al.,2014; Robertset al., 2014; Robertset al.,2017). Where
near surface fault rocks either retain host rockpermeability or have enhanced
permeability due to deformation processes (e.g., particulate flow, disaggregation,
dissolution, or fracturing), they could act as fluid conduits to the surface. Therefore, it
should not be assumed that near surface fault systems are potential fluid migration

baffles in the overburden of a geological storage site.

Understanding the fluid flow processes and any role of shallow fault systems acting
either as a barrier or conduit to fluid flow (and potentially surface leakage) should
consider near surface geological processes and fault rock types. This will require s@m

characterisation of the near surface geologyRobertset al.,2014; Robertset al., 2019Db).

2.6.2 Siteselection andmonitoring

Site selection processes should involve a characterisation of the geology and structural
features of the near surface (upper 1km), as well as traditional characterisation of the
structure and characteristics of the reservoir at depth(Robertset al., 2017). This has
already been suggestedto inform monitoring programmes from analogue studies of
natural CO, seeps, as the near surface geology is important for seep location and
expression (Roberts et al., 2014) which determines which monitoring tools are

appropriate at the site, and where monitoring programmes should target

Near surface site characterisation will ensure that any near surface faults can be
recorded, characterised, and assessed for their potential to act as fluid pathways.

Crucial to this characterisation is an understanding of the host rock lithology and fault

83



rock types, as these will influence the dominant geological processes. In turn, this will
influence the dominant hydrogeological processes which occur, as at shallow depths

this is predominantly controlled by geology (Benset al., 2013).

Many of the features that create fluid conduits (e.g., fracture networks in fault damage
zones) are below seismic resolution. Therefore, the methods used to detect faults may
not accurately represent the subsurface features that pose a leakage risk (e.dpnd et
al., 2017). Robertset al., (2019%) used a geospatial approach to analyse crustal fluid flow
and found that although macrocrustal fluid flow is controlled by deep extensional and
compressional feature, near surface (shallow) fluid flow is governetby smaller scale
features and hydrogeological factors. This highlights the need to have an appropriately
designed programme of surface characterisation and surface monitoring for subsurface

storagesites, as different processes control fluid flow compared to regional scale.

Near surface faults that have been characterised to be permeable, particularly those
with a vertical (fault parallel) permeability (e.g., permeable damage zone), should be
monitored at the surface as potential leakage outlets. These more permeable pathways
will likely be the first natural indication of leakage from the storage site that can be
measured at the surface. Furthermore, this would allow an estimate of the leakage rate
and an assessment could be carried out to determine if this leakage is acceptéd for
the purpose of the store. However, impermeable fault zones are also important for fluid
flow, as they will also channel fluid flow- but differently. Regardless of the mechanism
of migration from the storage system, and regardless that shallow fautones might not
intersect the storage complex at all,shallow fault zones could channel fluids (whether

as conduits or barriers) and therefore could influence fluid distribution.

2.6.3 Researchgaps

This literature review shows that fault zones are important for subsurface fluid flow as
they act as both barriers and conduits to fluidsEvidence from the literature shows that
there have been fewer studies on shallow faulzones with further research required to
understand shallow fault zone process and the effect these have on rock properties.
Understanding of shallow faultzone processes varies with lithology: siliciclastic rocks
are better understood compared to carbonate rocks, but there remains sigificant
scope for further work for both in determining how fault zone processes vary with depth,

lithology, and the influence of subsurface and suface processes. As subsurface
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technologies (e.g. porous media storage) scaleip there is a need to expand and utilise
all available subsurface storage dies T which means characterising the overburden of
storage sites andunderstanding how shallow fault zones effect fluid flow will be crucial

to deploy effective MMV strategies

This thesiscontributes to further understanding of thesekey research gajs, and opens

up new questions for future research
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Chapter 3 Siteoveniew: In-SituLab (WA, Australia) and Otway

International Test Centre (VIC, Australia)

This chapter presents an overview dhe two field experiments studied inthis thesis: the
In-Situ Lab WWestern Australia Australia) (Section 3.1) and the CO2RC Otway
International Test Centre (OITCMictoria, Australia) (Section 3.2). Both have as part of
their experimental design, cored through a shallow faultoneto observe the interactions
between injected CO, and the fault zone. Neither site investigatiorhas so-far included
a detailed study of the deformation acrosseither fault zone, which is why the operators

were supportive in collaborating in this PhD research.

For each site, thescope, objectives and setup are first explained, before the regional
geology and details of the fault of interest aredescribed. Results and discussion are

presented, with areas for further work highlighted.
3.1 In-SituLab, Harvey(Western Australia, Australia)

3.1.1 In-SituLab:Operation, location, scope and infrastructure

Theln-Situ Laboratory (n-Situ Lab) is a researctsite located near Harvey, a town around
125km south of Perth, Western Australia.The site aims to de-risk the commercial
deployment of CCSin Australia. The Commonwealth Scientific and Industrial Research
Organisation CSIRO) developedn-Situ Lab between 20162019, usingthe resources
and information gatheredduring the South West Hub CCS Projec(2011-2015) (Figure
3-1). The South West Hub was originally set up to focus aassessing theCQO, storage
potential of the region with the In-Situ Lab expanding the scope to includanonitoring,
experimental analysis and modelling. Partner institutions include the University of
Western Australia Curtin  University, regional government department Western
Australia (WA) Department of Mines, Industry Regulation and Safety (DMIRSY federal
government Department of Industry, Innovation and Science (DIISAs such, this is a
collaborative project bringing together teams from different industriesto develop this

field site.

Theln-Situ Lab aimedto successfully instrument an existing well and demonstrate C@

injection. The purpose ofreleasing CO; into the F10Fault was to understand how CQ
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migration is affected by fault zones in the shallow subsurfacgMichael et al., 2019;

2020).

Theln-Situ Lab utilises fourvertical wells: (Harvey-1 (drilled 2012) and Harvey2, Harvey
3 and Harvey4 (drilled 2015)and seismic data collected through both 2D and 3D
surveys between 2010 and 2015(Figure 3-1). The fourboreholes cut four major rock
formations, shown inTable3-1. The Harveyl well cuts a fifth deeper horizonThere are
additional monitoring and sampling wells around the Harvey? borehole at theln-Situ
Lab site (e.g. ISL OB, ISL OBR2) (Figure3-2), and nearby petroleum wells (e.gPinjarra-
1). These monitoringwells were used to monitor theCQO; injected into Harvey-2, with
behind casing instrumentation (including geophones, electrodes, fibreoptic sensors for
acoustics and temperature and pressure/temperature gauges). Anothegroundwater

well near the fault zone was used for fluid sampling.
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Table 3-1- The location of eachborehole at the In-Situ Lab, and depths that major rock formations were
encountered. The brmations were dated by palynology and boundaries recognised by breaks on wireline
logs (Delle Piane et al., 2018)

Age Harvey 1 Harvey 2 Harvey 3 Harvey 4
Location E 385502.04 392052.65 387392.34 389946.08
Location N 6348947.56 6347141.74 6343895.95 6343842.51
Ground level datum (m} 19.1 15.4 20.2 15.9

Depth below ground level (m)

Eneabba E. Jurass. 250 135 245 165
Lesueur L.-M. Triass. 704 419 741 1020
Yalgorup L. Triass. 704 419 741 1020
Wonnerup M. Triass. 1380 1245 1418 1579
Sabina E. Triass. 2895

Total depth 2945 1350 1550 1802

Scil gas wells

Shallow groundwater well
Monitering well

Injection well

Water tank

Well pad

Local grid

é
®
[ (————=7]

Figure3-2 wAerial view of the ISL showing the Harve¥ (Injection well, green) and surrounding groundwater
(blue), monitoring (purple) and soil gas wells (beige) (Myers et al., 2020).
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The Harvey2 borehole was initially drilledas part of the South West Hub activitiedo
constrain the depths of the Yalgorup and Wonnerup memberdut later becamethe CO,

injection well for the In-Situ Lab.

Research inChapter 50of this thesis focuses primarily on core from Harvey2 and Harvey

3 wells. These wells offer a comparison of the same units and lithologies in each well
(Table3-1), but only the Harvey?2 well cuts the F10Fault, and Harvey3 does not Figure
3-5and Figure3-6).

InFebruary2019, CSIRO injected8t of CO, at ~340m depth into the Harvey2 well which
intersects the F10Fault zone to assess how the C@would interact with the fault zone
and to test various MMV technologiesNlichael et al., 2019). Although the scope of the
In-Situ Lab project changed through the projecscoping phasedue to logistical issues
the experiment wasdeemed to besuccessful. The experiment useda combination of
approaches, including utilising the previous SouthiWest Hub data, borehole and ore
characterisation, surface and subsurface monitoring and various modelling
approaches. This has allowed the site to continue to be in operation and further
experiments are being designed and plannedn early 2024, additional boreholes were
drilled as part of future planned experiments, but data from these are still being

processed at the time of completing this thesis.

The following sections explain the regional geology at the sitgection 3.1.2), with a
focus on the F10Fault zone Section 3.1.3). Findings from the 2019 CQ injection
experiment are summarised and areas for further work highlighted(Section 3.1.4).
Details on the monitoring techniques deployed at theln-Situ Lab are summarised in

Appendix 1

3.1.2 Regionalgeologyof the Perth Basin

TheISL is located in thePerth Basin Figure 3-3), which extends 1300km northsouth
along the south-west margin of Australia (Olierooket al., 2014a) and covers an area of
around 100,000knt; 45,000kn? onshore and 55,000kn? offshore (Playfordet al., 1976).

The Perth Basin formed due to oblique rifting during multiple periods (Permian, Late
Triassic to Early Jurassic and Middle Jurassic to Early Cretaceows part of the East
Gondwana rift system (Playforcet al., 1976; Crostella and Backhouse, 2000) during the
breakup of Australia and Greater Indi#Song and Cawood, 1999).
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Southern parts of the basin saw deposition and rifting throughout the Cretaceous
(Playfordet al., 1976; Marshallet al., 1989; Spring and Newell, 1993, Quaofet al., 1994;
Mory and lasky, 1996 with inversion, erosion, strikeslip tectonics, and volcanism.
Consequently, the Perth Basin hasa complex structural architecture with multiple
structural units that are the result ofthe later strike slip motion during Cretaceousrifting
(Harris 1994).
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The central and southern parts of the Perth Basin can be further divided into five
structural units (Figure3-3): Vlaming SubBasin (offshore), Mandurah Terrance (onshore

and offshore), Berrmullah and Bunbury Troughs (onshore) and the Vasse Shelf
(onshore). These structural units are separated from the Yilgarn Craton to the west by

the north-south trending DarlingFault.

The In-Situ Lab sits in the southern Perth Basin, located on the southern end of the
Mandurah Terrace, east of the offshoré&laming Sub-Basin (Langhi et al., 2013; Delle
Piane et al., 2018). Thén-Situ Labsits on the Harvey Ridgé€Figure3-3 and Figure3-4), a

north-west to south-east trending basement high (Crostella and Backhouse, 2000)

marked by the presence of the Harvey Transfer Zone (Delle Piane et al., 2018).
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Figure3-4 wSubdivision of the Southern Carnarvon and Perth Basinsi¢ry, 1994).
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3.1.2.1 Stratigraphy of thén-SituLab area

Thesubsurface geology Figure 3-5) of theIn-Situ Lab site is comprised predominately
of post-Permian continental clastic rocks (Delle Piane et al., 2018)with Triassic and
Jurassic sediments unconformably overlain by a Cretaceous tQuaternary sequence
(Figure3-5).

Figure3-5 wGeology of theln-Situ Lab site Michael et al., 2019 The four main stratigraphic units are shown:
Wonnerup Member, Yalgorup Member, Eneabba Formation and Leederville Formation. Harvey 1, 2, 3 and 4
wells are shown. The F1®aultis shown in the SE of thén-Situ Lab site. Harvey2 (injection well) has been
backfilled with cement (grey shading) up to a depth of approximately 400. The potential CQ storage
reservoir is the Wonnerup Member

The oldest sedimentary unit at theSLis the Early Triassic Sabina Sandstone poorly
consolidated green to greymicaceous sandstone, interbedded with grey shale and
siltstone (Playfordet al.,1976).This is only cut by the Harvey well (Table3-1 and Figure
3-6). The overlying Lesueur Sandstone has been extensively studied in the Handky
borehole (Timmset al., 2012; Delle Pianeet al., 2013; Olierooket al., 2014a; Timmset
al., 2015). The Lessuer Sandstone contains two distinct members: thiliddle Triassic
Wonnerup Member and the upper Triassic Yalgorup MemberheWonnerup Member is
a sequence of medium to granule sized moderately to poorly sortedrkose and

guartzose sandstones. The Yalgorup Member is more variable, containing sandstone,
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siltstone and claystones (Playfordet al.,1976) as wells as palaeosols (Linet al., 2017).
These units are overlain by th&arly Jurassic Eneabbaormation, which is a feldspathic
sandstone, with interbeds of conglomerate (minor), claystone (of various colours),
siltstone and minor coal (Mory, 1995)Given their similarities, he boundary between the
Eneabba Formation and the underlying Yalgorup member is not clear at th8L The
depositional environment from the Eneabba Formation and Yalgorup Member ikéily
ananastomosing river(CSIRO, 2019)These units have an average bedding dip of around
20°to the east
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The unconformity between the Eneabba formation and the overlying Cretaceous
Leaderville formation is at135-250m depth across the Harvey region The Leederville
Formation is around 100m thick, comprising horizontally bedded, poorly consolidated,
fine to coarse grained sandstone. This is interbedded with back carbonaceous shale,
glauconitic shale and lignite seams (Playforcet al., 1976). Disconformably overlying is
the Pleistocene Guildford Formationwhich comprises of alluvial sands and clays with

a local basal conglomerate. This formationlies directly below the surficial sediment
cover (Low, 1971).

The diagenetic history of the Lesueur Sandstone (Yalgorup and Wonnerup Members) is
well documented. ThelLesueur Sandstonehas been diagenetically altered by feldspar
dissolution, pore-occluding kaolinite formation, quartz overgrowths and chemical
compaction. These diagenetic alterationsresult in an overall decrease in reservoir
quality with depth (Delle Pianeet al., 2018). This was not expected to affect thén-Situ
Lab shallow release experiment asthese features were not observed in thearget

formation (Eneabba formation) at ~340m depth).

3.1.2.2 Regional stress and fault regime

The current stress regime at thesouthern Perth Basinis interpreted to be a transitional
reverse to strike slip regime, although there is potential for a normal regime to be
interpreted at depths >400m (Kingpet al., 2008; Michael et al., 2019). At 400m depth, the
minimum horizontal stress was estimated to be 7.4 MPa from leak off testsThe
maximum horizontal stress orientationis between 84%106° (Kinget al., 2008; Rasouliet
al., 2013). King et al., (2008) used the relationship between minimum and maximm
horizontal stress to calculate a maximum horizontal stress of 8.7 MPa at 400m
although stress magnitudes are reported incorrectly in some CSIRO reports. The
increase in vertical stress with increased overburden means that the stress regime will
changewith depth, from a strike slip/reverse regime near the surface to a normal regime

at depth.

The literature on fauling in the Perth Basin is limited (Olieroolet al., 2014b). As there
are no outcrops, the understanding of fault distribution, geometry and timing are based
on geophysical methods (Delle Piane et al., 2018). The geophysical data available in the
Perth Basin (primarily seismic) is of poor quality resulting in poor stratigraphic

constraints (Delle Piane et al., 2018). This means that only major faultkat appear on
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the seismic (e.g. with throw tens of meters) have enough data available to be able to
resolve their activity, reactivation potential or importance for basin
compartmentalisation (laskyet al., 1991; lasky, 1993)Furthermore, as there is a lack of
data on key fault properties, the burial history of the faults are uncertain and poorly
constrained T which has implications for interpreting faulting and deformation

processes.

Langhiet al., (2013) identified and named the fault subtypes in theIn-Situ Lab area
(Figure 3-7). A series of relatively small faults (F2, F4, F5, F6, FH15) which trend
broadly WNW, NW and NNW,; which are bound by two main larger faults (F1 and F10).
The F1 fault trendsNSto NNW and the F10 trends northwest to north north-west.

The following section provides and overview of the FlBault. These sections present
work conducted prior to this PhD Background information is provided, before focusing
on previous work to characterise deformation $ection 3.1.3.1) and fluid flow (Section
3.1.3.2) in the F10Fault zone. Finally, key findings and main research gaps(Section
3.1.4).
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3.1.3 F10Fault: Background,deformationand fluid flowmodelling

The F1CGraultis the largest structural feature in the Harvey area and splits the-Situ Lab
site into two structural blocks: the hanging wall containing the Harveyl, Harvey3 and
Harvey-4 wells and thefootwall block which Harvey2 spuds into (Figure 3-9) (CSIRO,
2019).The F10raultis >30km long, strikes nortmorth-west to south south-east (~330°)
and dips between 6070° towards the south-west (Michael et al., 2019; 2020 (Figure

3-8).

a b.
E Palynol I d ’}
= Gamma ray alynology nterprete: ;
G s b

Early Jurassic
-

PRE R T S
BL = Base of Leederville
TY = Top of Yalgorup
TW = Top of Wonnerup

Figure 3-8 wA) Gamma logof the Harvey2 well, interpreted geological age based orpalynology and
stratigraphy. B) 2D seismic cross section, oriented wesgast (perpendicular to F10Fault) showing Harvey
2 well, F10Fault zone and interpreted horizons/stratigraphy (Michael et al., 2020).
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TheF10Faulthas been interpreted to be a normal fault based on the angle of dip and the
observed horizontal offset on seismic sections(Langhiet al., 2013; CSIRO, 2019)The
throw of the F10Fault varies with dept: displacement is estimated to be 1600m at the
top of the Sabina Sandstone(~2900m depth) 1,000m at the top of theWonnerup
Member (~1250 depth in Harvey?2 well), and 750m at the top of the Yalgorup member
(~420m depth in Harvey2 well) (CSIRO, 2019). This upward displacement gradient is
common for normal faults (Walsh and Watterson, 1989)The F10Fault does not extend
past the unconformity (base of Leederville Formation, ~200m depth), so it is not
B+ GYt U1 We qllad ITHEabsenré éf iclédd seisniic adftddtors in the upper
formations (e.g. Eneabba) mean there are difficulties in constraining or interpretinche
structures present (CSIRO, 2019).

As the F10 Fault is orientated >90° from the moderaday maximum horizontal stress

direction it is not optimally orientated for reactivation via normal or strike slip motion.
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Figure 3-9 WA: Regional structural map. B: Structural map dh-Situ Lab/SW Hub area (Langhi et al., 2013;
Pevzner et al., 2015; Delle Piane et al., 2018)
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3.1.3.1 F10 Fault: Deformation

The Harvey2 well penetrates the F10Fault zone. Core recovery in Harvey starts at

207.7m depth in the Eneabba Formationclose to the unconformity with the overlying

Leaderville formationwhich is estimated to be around 200m below surface (Rockwater,
2015).From 207.7m to 1350.2 (1142.5m length), the coreas almost 100% recovery.

In the Harvey2 core, fractures, disaggregation and particulate flow are the dominant

deformation mechanisms (CSIRO, 2019)Only 14.7m of undeformed rock is observed

from the top of the core at 222.4m (measured depth). This is followed by several sections

of core which show deformation featurest disaggregation between lenses of less

deformed lithologies (Table3-2).

Table3-2 wDescriptions of deformation and alteration in Harvey2 core (data from CSIRO, 2019).

Measured

Depth (m)

Zone

Deformation (m)

of

Rock Unit

Features

222.471246

23.6

Eneabba

Formation

Altered disaggregated
sand with palaeosol
intervals, of which some
appear less deformed

and altered

272.571293.8

21.3

Eneabba

Formation

Deformed/altered core,
predominately palaeosol
(which is unusual as
deformation etc. s
usually focused in the

sands)

334.771419.2

84.5

Eneabba

Formation

Disaggregated sands with
zones of altered
palaeosols (some
patches of 57m of
undisturbed lithology)
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4557462.7 7.7 Yalgorup Member| Disaggregated sands
5271531.8 4.8 Yalgorup Member| Disaggregated sands
598.37610.4 12.1 YalgorupMember | Disaggregated sands
65071 696.2 46.2 Yalgorup Member| Disaggregated sands
844.91857.2 |12.3 Yalgorup Member| Disaggregated sands

The disaggregated zones are focused in the sandstone, oxidised hardpans, silty
palaeosols and silts, which are all the more competent lithologies present. In addition
to the deformation outlined in Table 3-2, there are some notable multimeter thick
(<10m) sections of disaggregation between 598.2 and 857.2(@SIRO, 2019]Table3-2).
After 860.5m, all deformation is interpreted as preF10 deformation (CSIRO, 2019).
Almost 225m of disaggregation zones have been observed in the HarvRycore,
although CSIRQ 2019 noted that this interpretation is highly subjective and not
comprehensive as the data werenot collect systematically and instead only random
observations were made. Therefore, there was a clear need to systematically

characterise the deformation in the Harvey2 corefor the entire core length

The primary zones of deformatiomapped by CSIRQ 2019areillustrated in Figure3-10.
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Figure3-10 wPlot of the intensity of deformation in the Harvey core. A = Disaggregated sands, B = Altered
palaeosol, C = Thin isolated zones of disaggregation (less intense deformation) (CSIRO, 2019). Pale yellow
zones indicate areas of continuous deformation.
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Small faults were notedby Rockwater(2015)in the Harvey2 Detailed Lithological Log at
depths of 507.7, 674.5,877.6 and 1333.75m depth (all in sandstones). A fault zone was
noted between 77.295 and 773.70m in conglomerate with displaced bedding and a
shear zone (with slickenlines) was noted in a &ll consolidated mudstone between
808.8-811.35m (Rockwater, 2015; CSIRO, 2019¥SIRO (2019%uggest that some of the
disaggregated zones notes in the Harve$ core correlate with some of the minor faults
with surround the Harvey site (sed-igure3-7), suggesing that the F2 fault and F5 faults
intersect the Harvey-2 borehole at 350405m and 236250m.

Other fault-related features are observed with the Yalgorup Member, including
slickensides on minor fault planes Figure 3-11A), incohesive breccias Figure 3-11B)

and cataclastic bands in sandstones Figure3-11C).
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Figure3-11 wA: Red arrows show minor fault surfaces with slickensides in a well consolidated mudstone.
B: 400mm of incohesive breccia in sandstone (shown between red dashed lines). C: 150mm cluster of
cataclastic deformation bands (between two red arrows) in sandsine (CSIRO, 2019).

The deformed zone is primarily in the Eneabba Formation and Yalgorup Member, with
the Yalgorup Member showing minimal signs of deformation (small mracale
displacement deformation bands) below 860.5m measured depth (CSIRO, 2018
schematic interpretation of the deformation logs and datafigure3-10 and Table3-2) is

shown on a seismic line inFigure3-12.
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Figure 3-12 wSeismic line crossing the Harvey?2 borehole and F10Fault zone. Deformation information is mapped onto the Harvey borehole. A network of conjugate and
synthetic faults in the hangingwall have been interpreted (from Langhi et al., 2023).
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The change in deformationintensity at ~860m depthhas been interpreted as the footwall
bounding surface of the F10Fault (CSIRO, 2019) The upper hanging wall bounding
surface is not well defined, and it is not clear if it has even been coreas there is
evidence of deformation 14mfrom the start of coringat 224m(CSIRO, 2019)The lackof
detailed data on the type of deformationand the intensity of deformed areas means
there was significant scope for more detailed analysis of the F1Gault zone in the

Harvey-2 core.

Cataclastic deformation bands in the porous sandstones of the Harvey core (e.g.,
Figure 3-11C) arereported as features which indicate a damage zongCSIRO, 2019)
These features tend to induce porosity loss and pore size reduction in the host rock. This
could impact fluid flow by decreasing porosity and hydraulic conductivity and creating
barriers or baffles to fluid flow in the areas in which they are present {fhan 1981;
Hardmann and Booth, 1991; Fosseret al., 2007). However, the vertical and lateral
distributions of these deformation bands would need to be extensive to be the cause of
any impermeably. Alternatively, areas of disaggregated sands have been noted to result
in higher permeabilities (e.g., Fisher and Kpe, 1998, Sperrevilet al., 2002; Benseet al.,
2013). This could result in preferential fluid flow pathways through these zongsee
Section 2.4) Therefore, therewas scope for further work required to assess how the

deformation style may influence fluid flow in and around the F1€ault zone.

The thickness of the fault rock and fault zone have been estimatdry CSIRO (2019Q)sing
fault displacement/thickness relationships (Childs et al., 2009) (Figure 3-13). Assuming

a fault dip of around 70°and ~750m minimum displacement (at the top of the Yalgorup
member), this scaling relationshipwould indicate atrue fault rock thickness between 1-
~1-100m and a fault zone thickness 0~300-800mm. Based on the data published by
Childs et al., (2009), the observed fault rock thickness by CSIRO (2019) when examining
the in the Harvey2 core is at the lower end of the rangef possible fault rock/fault zone
thicknesses for a faultwith the displacement ofthe F10Fault. Therefore, thereis further
scope to confirm possible fault rock thickness based on more accurate deformation

information.
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Figure 3-13 wCompilation of published fault displacement versus fault rock thicknesgfigure from CSIRO
2019). A)fault rock data. C)fault zones. Nomenclature retained from the original figurgdata after Childs et
al. (2009); please refer to the original publication for the many references from which this data was
compiled). Vertical coloured bars indicate the range of displacements observed in seismic for the FEQult,
diagonal bars highlight the trend of the data, and the horizontal bars indicate the extrapolati of the
intersection of the vertical and diagonal bars extrapolated onto the thickness axis. The fault rock thickness
dataset has a median D/T of 50 and the fault zone thickness dataset a median of 2.5

3.1.3.2 F10 Fault:Fluid flow modelling

CSIRO (2019) conducted modelling opotential flow pathways in the F10 Fault zone
using reservoir flow simulation models (TempesMORE) to inform CO;, injection
strategies to deploy for the field experiment. Detailed information on model
assumptions, design, results and implications are presented inAppendix 1 A summary

is presented in this section.

Results from modelling indicatedthat the injected CO, may be affected by the fault and
by the dip of the formation. The plume should rise vertically both syimjection and post-
injection. Key Imitations to the modelling data include a lack of porosity and
permeability data collected for the Eneabba formation, instead using analogous
information from similar facies. Some values were calculated (e.g., relative permeability
and capillary pressure)based on core analysis from Harveyl, Harvey3 and Harvey4,
but not Harvey2. CSIRO (2019) suggestufure work could better characterise the
porosity and permeability of the Eneabba formation within the Harveg borehole itself
where possible. Additionally, there was limited investigation of rocKluid interactions

and limited investigation of reservoirvolume (CSIRO, 2019)CSIRO (2019) concluded
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that because solittle is known about the properties of the F1@rault zone, constraining
the length of the fault zone, fault displacement, characteristics, and the implications
this has for fluid flow would help inform better models and ultimately better future
injection strategies. This challenge was taken on in this thesis an@hapter 5explores

these areas in further detail.

3.1.4 Key findings and research gap

This section summariessection summarises the injection experiment, key findings from
the In-Situ Lab research and research gapsFurther work is ongoing at thén-Situ Lab,
but this remains in the preliminary stages and data are not yet available at the time of

writing this thesis.

The results of the injection experiment were not as expected from initial site
characterisation and modelling of the stratigraphy and the fault zoneMichael et al.,
2020). Several geological and engineering challenges were encountered during the

experiment (summarised in Stalkeret al., 2021), including:

Drilling issues (e.qg. drilling in poorly consolidated rock)

1
1 Wellbore stability and leakage
1 Permeability uncertainties

1

Fault zone uncertainty

Ultimately, the experiment resulted in leakage of formation water and CQup the well
and the experiment was stopped (Stalkeet al., 2021). The injection test resulted in
lower-than-expected injectivity and low vertical hydraulic connectivity Michael et al.,
2020), evidenced by thechallenges in injecting the @, and the lack of any vertical
migration. Previous studies by Stalker and Roberts (2020) show that at €fi@ld sites the
process of drilling and installing the well can often alter rock properties and influence
the results of experiments. Therefore, there is scope to reevaluate the fault architecture
and hydraulic connectivity at this site to understand ifhe engineering or the geology is

the most likely explanation forthe results differing from predictions.

After the shallow release experiment, it was possible to update several of the models
allowing assumptions to be checked and clarified where appropriate. This combines
data acquired throughout the full process, from preinjection through to post-injection,

utilising existing data alongside new petrophysical, modelling and monitoring data
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acquired. The F1(rault zone porosity and permeability valuescan be updated to include

Harvey-2 data acquired for and during the processes of #nexperiment Figure3-14).
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Figure3-14 wUpdated porosity and permeability plot of theF10Fault zone, including Harvey 2 data, shown
by blue unfilled circles (CSIRO, 2019).

These data were then usedby CSIRO(2019)to better inform the 3D geological model

used prior to injection to try to create a hew model by way of history matchin@gee

Appendix 2. The numerical models were updated to run simulations of the release

experiment using data collected during the experiment. These models draw on all the

available data from previous geophysical and geological interpretation, including past

modelling. However, despite the input of this data the model remains inconsistent with

observations, forecasting CO, breakthrough significantly earlier (after only 1 day) than

reality. These updated models are in the preliminary stage and if improved can help to

inform future experiments (CSIRO, 2019).
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Although much of the data presented were incorporated in improved and updated
models after the shallow release experiment in February 201 SIRO identified that
there remains significant scope for further work in several areasincluding fault
characterisation (Section 3.1.4.1), numerical modelling (Section 3.1.4.2) and MMV
(Section 3.1.4.3), among others(Stalkeret al., 2021).

3.1.4.1 Further dharacterisingand analysis ofthe F10Faultzone

Although there has been significant work on thén-Situ Lab to date, questionsremain to
be answeredT particularly surrounding Harvey2 core material and the F1@Fault zone.
It has been noted that there is alterationn the coreabove around 860m in the Harvey
core and this has been interpreted asn indication of the bottom edge of the F10Fault
zone (CSIRO, 2019)However, therewas no/relatively little experimental testing and
sampling on the Harvey2 core material This lack of testing and analysissia result of
the poorly consolidated (weak)nature of the core, particularly at shallower depths,
which limited the available testing opportunities due to achievability and cost.
Therefore, therewas significant scope for nondestructive or alternative experimental
testing that accommodates the weakness of the core material and provides more
detailed and accurate quantifiable information that can be used for future models or
injection experiments. The fact that theF10Fault does not outcrop andis only crosscut
by the Harvey2 well, means that there is little information regarding the style of
deformation, or any heterogeneity which could affect fluid flow. This implies that there
is significant uncertainty in the fault zone permeability, how anisotropic this
permeability may be and the overall hydraulic behaviour of the fault zone and
surrounding host rock. The uncertainties associated with theF10 Fault are the
motivation for conducting the research inthis research and examining deformation and

faulting at the In-Situ Lab. These esearch gaps are explored itChapter 5.

3.1.4.2 Further numerical modelling

The hydraulic properties of the F10Fault zone have not been well constrained via
observations or testing. The creation of flow models with updated and better
quantifiable data could allow a better understanding of how this shallow fault zone may
affect fluid flow. The reservoir models would alsobenefit from additional data.

Particularly data derived from the Harvey2 borehole or core material where possible

(e.g. deformation style and intensity, hydraulic properties and mechanical properties)
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They would also benefit from better characterisation of the F18ault zone, as outlined

in Section3.1.4.1.

Improved numerical simulations (e.g., isothermal simulations, blackoil simulations)
would increase the model confidence. Additionally, the considerationof very low

permeability scenarios or any possible lack of injectivity would provide further data.

Toincrease the usefulness of future attempts to history match modelsCSIRO (2019)
suggest that reservoir properties and aquifer support constraints could be derived from
a pressure transient analysis of the downhole pressure dataset from Harve.
Additionally, a framework for history matching would allow more parameters to be
investigated (CSIRO, 2019).

3.1.4.3 Additional monitoring of thén-SituLab site

Surface monitoring started only one month prior to the injection experiment, due to the
re-scoping. This does not account for potential seasonal variations im-situ soil CO.

levels and does not provide an adequate baseline dataset for comparison.

Active seismic techniques used to collect the 2D and 3D seismic surveygcollected
between 20102015) generated data that was of poor quality, so future seismic
acquisitions would benefit from different seismic techniques or approachesto reduce
noise in data This would allow better detection of the velocity of anomalies from
injected CO; (CSIRO, 2019). The noise was primarily from injection related operations.
Therefore, noise reduction could be achieved by scheduling injection breaks for active
seismic monitoring. Alternatively, an additional observation well could be used (CSIRO,
2019).This could provide options for downhole seismic techniques, for example reverse
4D seismic. Passive seismic techniques would benefit from additional sensors (more
elements in the array) to allow a more coherent energy package to be distinguished with
more confidence (CSIRO, 2019). Generally, the seismic data is difficult to interpret and
correlate with any geological features in the subsurface. This means any seismic data

interpretation has high uncertainty (CSIRO, 2019).

Electrical resistivity imaging would benefit from finer electrode spacing (current was 3m)
to allow for more detailed imaging of the C® plume migration. As it was mostly
unsuccessful during this injection experiment, it should be reviewed and improved to

ensure better results in future experiments.
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Overall, more research to improve the detectability of leakage pathways through more
targeted monitoring is important to ensure the safe injection and storage of COn the
subsurface. CSIRO (2019) state that this could be aided by better fault zone coverage

(i.e. additional wells with better instrumentation).

Chapter 5explores these research gaps in further detailwith a focus on characterising
the architecture of the F10 Fault and considering implications for fluid flow,
environmental monitoring, and future injection experiments Chapter 7 considers

modelling of shallow fault zones.

113



3.2 Otwaylnternational Test Centre, Nirranda (Victoria, Australia)

3.2.1 Otway International Test Centr¢OITC): Operation, location, scope and

infrastructure

Established in 2004 the Cooperative Research Centre for Greenhouse Gas
Technologies (CO2CRC) is a research organisation Australia that aims to reduce
greenhouse gas emissions through research i€CS. CO2CRGCestablished the Otway
International Test Centre(OITC)(Figure 3-15) in the Otway Basin(Victoria). The OITC is
located around 300km southwest of the city of Melbourne, between the towns of Port
Campbell and Warrnambool in an area typically used for dairy farming (Undershulét
al., 2011, Dance, 2013).There have been several phases of R&D activities at the OITC
utilising CO, from the nearby Buttress1 field.

Buttress=i
CO Sourcex

CO, Fields

Natural Gas |\ e :
Fields [ ;_.AL“O%'?.” "" <—-—co oo

3t Wells

Figure3-15ui ocation of the CO2CR@ITCsite in Victoria, Australia. CO2 and Natural Gas fields are shown,
as well as source, injection, and monitoring wells (Undershultz et al., 2011).

98§=Z9A9kt WYGWI ¢ qRY WUdtotdgelddd ¥ ehdy from ajédé¢lbiry capture
technologies to storage monitoring solutions. CO2CRC have a lorAgrm strategic plan
for both the storage and capture aspectsKigure 3-16). The focus here is the storage

project, which is split into three stages:

1. Stage 1: Concept stage aiming to successfully transport, inject and store Gn
a depleted gas formation (20042009).
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2. Stage 2: Risk reduction stage aiming to successfully inject and monitor G@ a

saline formation (20092019).

3. Stage 3: Cost reduction stage aiming to demonstrate safe andeliable

subsurface CQ, monitoring at a costeffective price (20162026).

CO2CRC STRATEGIC
DIRECTION

CO2CRC OTWAY STAGE 1
» CO, storage in a depleted gas field
» Subsurface sampling

CO2CRC OTWAY STAGE

» Residual trapping in saline
formation

» Validate surface monitoring

>2007/200 /2009 2010

9. O

Hazelwood
Brown

Membrane Vales
Point PCC

o2

Mulgrave Brown
Coal IDGCC 3
technologies

Coal PCC 3
technologies

MK3 PCC

2

:
&

Hazelwood UNO

STORAGE

CO2CRC OTWAY STAGE 3

» Validation of sub-surface fixed
array monitoring

» $41m investment

» Leveraging $100m in
carbon capture and
storage investment
to develop clean sub-
surface energy options
by understanding the
sub-surface; heat flow,
seismicity; fluid flow

» Engineering the sub-
surface reactants;
energy resource;
biominerals;
geothermal; ground
water; hydraulics

» A new technology
for separating
methane from high
concentrations of CO,

» A scalable plant for
on-shore and off-shore
applications

Membrane &
Adsorbent Otway
Natural Gas

)

CAPTURE

Figure3-16 - CO2CRC Strategic Direction Plan. Top sections indicate the storage projects and the bottom

sections indicate the capture projects (CO2CRC, 2020a).

Figure3-17 shows a cross sectional overview of the Otway site.
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Figure3-17 - Otway site schematic. Stage 1 and Stage 2 wells are shown, as well as surface and subsurface
monitoring equipment (CO2CRC, 2020a)lhis figure does not consider the shallow stratigraphy in dai and
thus the stratigraphic units shown are not named or highly depth accurate.

Stage 1 and Stage 2 projectsuccessfully demonstrated the injection and storage of C@
in both a depleted gas reservoir and a saline aquif¢see Appendix 3. Consequently, the

deepersubsurface >1km is well characterised in terms of reservoir geologgt the OITC

However, asprevious work has been at deeper depths, there as a lack of data for the
shallow subsurface at the OITC(Baileyet al., 2017).

Stage 3 of the Otway project is currently ongoinat the time of writing this thesis.Stage
3 aims to develop a monitoring programme that primarily utilises subsurface (downhole)
equipment in wellbores (Jenkinset al., 2017). Between July and September 201%pur
new wells were drilled to support the development and validation of COmonitoring

technologies throughout Stage 3 and across various subprojects (CO2CRC, 2019).

The focus for this thesis is Stage 3 operations and experiments GIJHRnN RH¢c 0 G ! Wa 6 1L
[celqWAl YTUHqqHLWSs 6 RAG WR U 2THi$ proRa airos kbtunbérdtads ¢ 0 G Y 5 L

the design, execution and monitoring of a C&release experiment. Baileyet al., (2017)
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noted multiple faults were present in the near surface Port Campbell Limeston@CL)
unit at the OITC Brumbys Fault, the chosen site for the release experimentis one such

shallow fault zone. Theproject started in January 2016 and has three phases:

1. Phase 1(2016-2017): Nearsurface site characterisation and the identification

of a suitable fault for injection
2. Phase 2(2018-2020): Subsurface sampling and experiment site appraisal

3. Phase 3(2023-2024): Drill additional wells and conduct controlled release

experiment

The controlled release experiment targets the BrumbyBault, aiming to understand how
faults can influence the migration of injected CQ. These processes will subsequently
affect the monitoring strategies that should be suitable to ensure safe and effective

storage.

Phase land 2 of the project were completed between 2016 and 2017 These phases
involved geophysical surveys and groundwater permeability assessments (Feit al.,
2018b)including: 3D seismic surveys, electrical resistivity surveys, ground penetrating
radar, groundwater slug tests, nuclear magnetic resonance logging and LIDAR and aerial
imagery for elevation studies (CO2CRC, 2019Phase 2 also focused on updating
existing geological models, exploring potential monitoring methods (e.g., VSP surveys)
and building a strong case to proceed with the release experiment (Phase 3) to
understand potential leakage pathways due to the presence of the Brumbys Fault
(CO2CRC, 2019). Phase 2 recommendethat the injection was focused on a (nor
fractured) marl rich layer of the Port Campbell Limestone to ensure the injection GO
reaches the targeted fault zone (CO2CRC, 201%hase 3of the Otway Fault Project was
successfully completed in April 2024. Itinvolved the injection of a small amount of CQ
(16.5tonnes) into the shallow subsurface over a period of aroun8 days. The data and

analysis fromthis stage are ongoing at the time of writing this thesis.

The following sections present the data relevant fothe Otway Fault Projectincluding
the regional geology at the site§ection 3.2.2) and background on the Brumbys Fault
(Section 3.2.3). Finally, progressand areas for further workidentified by CO2CRCare

summarised in Section 3.2.4, these research gaps are then explored i€hapter 6.
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3.2.2 Regionalgeologyof the Otway Basin

The Otway Basin (Figure 1) covers an area around 60,000kim southeast Australia
(Holdgate and Gallagher, 2003). The basin is bound to the east (Otway Ranges) and to
the west and north by structural highs (Dance, 2013), with the southern part of the basin
extending offshore and limited by the present continentalslope (Holdgate and
Gallagher, 2003). The onshore portion of the basin accounts for over half of the total
area. The basin has been subdivided into a series of intaasinal structural
embayments, troughs and highs (ranges)Rigure 3-18). These structures were formed
during faulting and rifting events in the Mesozoic, which have influenced the thickness
and facies of some of the Late Cretaceous and Tertiary lithofacies (Holdgate and

Gallagher, 2003).
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The formation of the Otway Basin was contemporaneous with the breakup of eastern
Gondwana along the Australian Southern Margin and subsequent seafloor spreading in
the Tasman Sea in the east (Hill and Durrand, 1993; Woodlands and Wong, 2001,
Krassayet al.,2004, Dance, 2013). The basin contains multiple depocenters which trend
west to north-west (Dance, 2019) and are characterised by a series of hajfaben
structures. Multiple episodes of faulting and inversion during rifting, sagging and
compressional phases resulted in compartmentalisation and the formation of anticlinal
structures (Jenkins et al., 2012). This provided reservoirs and seals suitable for

hydrocarbon accumulations to form.

The OITC sits within thé?ort Campbell Embayment a subdivision of the Otway Basin.
The Port Campbell EmbaymentRigure 3-19) is located on the eastern section of the
Otway Basin (Dance, 2014; Tassonet al., 2017). The block is bound to the north and
south by the Naylor South Fault and the Buttress and Boggy Creek Complexes,
respectively (Dance, 2019).
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3.2.2.1 Stratigraphyof the OITC area

The main units exposed in the Port Campbell Embayment are the stratified and karstified
Miocene Port Campbell Limestone (PCL), whicks overlain at the surface by a thin layer
of Hesse Clay. These units are underlain by the relatively impermeable Miocene
Gellibrand Marl(Table3-3).

Table 3-3 wUpper stratigraphy of the Port Campbell Embayment.

Unit Description Age Thickness
(m)
Hesse Clay Impermeable Pliocene | 3-5

Port Campbell | The PCL is a series of laterall] Miocene | 121
Limestone (PCL) | continuous intercalated limestone,

marl, and marly limestones.

Gellibrand Marl | Impermeable and homogeneous. Miocene | 335m

The Port Campbell Limestone Port Campbell Limestone (PCL)is a grey poorly
consolidated heterogeneous carbonate rock Feitzet al., 2021; Radkeet al., 2022). This
unit is significantly heterogeneous, but is typically a light grey, fined grained, friable
calcarenite, with abundant fossils (Caritatet al., 2013). The mineralogy of the PCL is
predominately calcite, with some aragonite in the lower permeability/muddier facies. In
highly permeable intervals, dolomite is present as a component of cements (Feiét al.,
2021). The norcarbonate mineralogy is low (between 310%) and is predominately
quartz and minor amounts of clay, feldspar and mica (Feitet al., 2021). The PCL
contains both intergranular and fracture porosity, giving an anisotropic hydraulic
conductivity (Leonard, 1983). It typically outcrops along (southern) coastal cliffgn the
Port Campbell Embaymentand it thins towards the north (Duran, 1986)The PCL was
deposited approximately between 156Ma (Radkeet al., 2022) in a shallow marine
environment. It is a regionallyextensive unitwhich has undergone postbreakup faulting
and folding since the midEocene (Holdfordet al., 2011). 1t was deposited during a tine
of active volcanism in the Otway Basin with multiple volcanic centres identified in the
north of the basin (seeFigure 3-18). Due to the young age of the PCL, it has never been

buried to any significant depth, with an estimated maximum burial of ~200m (Radket
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al., 2021). Consequently, the PCL is weak and unconsolidated, which is evidenced in

costal exposures by the way it is easily eroded.

Diagenetic alteration in the PCL has resulted in changes to the mineralogy, leaving only
minor amounts of aragonite associated with lowefpermeability, muddy horizons
(Radkeet al., 2022). Dolomite is found associated with cements in highepermeability
horizons of the PCL. Overall, between-35% of the sequence is norcarbonate material
(Radkeet al., 2022). Well log data analysis indicated that the effective porosity of the
PCL is 0.1770.585, with a permeability range of 2285mD (Feitzet al., 2021).

Following deposition, exposure of the PCL due largely to sea level fall exposed the PCL
to surface weathering processes. Present day, coastal exposures of the PCL are cliffs

that are up to 70m tall in places and exhibit karst features (Edwards and TickelR96).

The Hesse Clay is thought to be coeval with or younger than the Newer Volcanics and
postdates the Hanson Plain Sand (Radke et al. 2022\nalysis of the Hesse Clay by
Mercury Injection Capillary Pressure indicated that the Hesse Clay would provide a

suitable top sealing unit(Fetizet al., 2021).

According to Radke et al., (2022), the upper portion of the Gellibrand Marl and Port
Campbell Limestone section were deposited between 15 and 10.5 Ma, based on the
foraminiferal data from the Brumbysl core. The blanketing Hesse Clay (seemingly
unfaulted) is believed to be derived from the Newer Volcanics which were deposited
between 4.6 Ma and 5000 years BP (Boyce, 2013). Most of the clay appears to have been
deposited between 3.0 and 1.8 Ma (van den Hove et al., 2017).

3.2.2.2 Regionalstressand fault regime

All fault types have been observedn the Otway Basin (normal faulting, strike slip faulting
and reverse faulting) (Kingt al., 2015, Baileyet al.,2017, Tassoneet al., 2017). Two fault

types have been observed at the OITC: normal faulting at depths of3km (Tenthoreyet

al., 2010; Kinget al., 2015) and strike slip faulting in the shallow subsurface (depth <1km)
(Baileyet al., 2017; Tenthoreyet al., 2019; Feitzet al., 2022). A third type of faulting is
found along the coast, 30km from the OITC, wherreverse faults have been observed
(DSE, 2011, Baileyt al., 2017). Consequently, there are different interpretations of the

stress regime in the region.
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Some studies suggest the shallow neotectonic regime is a reverse faulting regime (e.g.

Tassoneet al.,2017). However, studies from deeper depths have interpreted normal and

strike slip stress regimes (Berarcet al., 2008; VidalGilbert, et al., 2010, Tenthoreyet al.,

2010). These different interpretations of the stress regime are due to the studied depth

and method used. Stress variations are not surprising, as multiple studies have shown

that there is often contemporary stress variation within basins (Blg 1996; Tingay et al.,

2006; Heidbach et al., 2007; 2010). However, these variations highlight the uncertainty

in the stress tensor, mainly due to variations in the magnitude of the principal stresses.

This uncertainty is amplified in the shallow subsuiice, as vertical stress and rock
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uncertainty therefore exists regarding the stress tensor.

There is a broad agreement that the maximum horizontal stress direction is ~142°
(Tenthoreyet al., 2010; 2013, Tassoneet al., 2017), however magnitudes vary from 16
38 MPa. These magnitudes ultimately require clarification as the range in magnitudes

allows for different stress regimes to be interpreted.

3.2.3 Brumbys Fault

The BrumbysFault (Figure 3-20) is NNW-SSE trendingsub vertical fault (dipping 80°)
which reaches a depth of ~450m and has a length of ~1.2km (Feétal., 2017; 201&;
2020). The fault has a smah-2m throw, confirmed by the presence of glauconite units
which are offset (Feitzet al., 2021),and uncertain lateral offset (Figure 3-20). The fault
zone is between 610m in width and the fault is observed up to 3.3m below the surface
(Feitzet al., 2021).The fault strikes at ~170°, which is 28° from the maximum horizontal
stress direction of 142°(Peng and Johnson, 1972; Reches and Lockner, 1994; Tenthoey
and Cox, 2006; Cunnimham and Mann, 2007; Feitet al., 2018b). Furthermore, it
features jogs bends and en-echelon fold sets (linear features perpendicular to the
maximum horizontal stress which have been observed in seismic at OIT)GQvhich are
typical of strike slip faulting systems (Kimet al., 2004; Cunningham and Mann, 2007).

Therefore,it has beeninterpreted as a strike slip fault.
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Figure3-20 uSchematic of the shallow stratigraphy of the Otway site. Not to scale horizontally. The presence
of glauconite markers indicates around 2m of vertical displacement withithe PCL (Feitz et al., 2021).

Estimating the fault displacement from fault length ischallenging due to a lack of
horizontal fault offset markers (Feitzet al., 2018b). An offset dune systemcan be seen

to the south of the OITCwhich is roughly coincident with thestrike of the Brumbys Fault
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however, the dextral offset on the dunes does not appear to be consistent with the
presumed sinistral fault kinematics. Furthermore, there is an apparent absence of other
nearby strike slip faults that precludes comparison with other faultsOnly ~250m of the
fault trace is swisiblers LU R U LW g 6 13 L } wittRtheGfiRl fxieht winkigown (Feitzet al.,
2018b). Using an estimate of between 250R%00m, the fault displacement can be
estimated (using methods by Kim and Sanderson, 2006) to be 20m. Then applying the
fault displacement-thickness relationship developed by Childset al., (2009), the
thickness of the fault can be estimated to bes-10m (Feitzet al., 2018a).

Two deviated wells intersect the Brumby$-ault (see Figure3-20, Figure3-21 and Figure
3-22): Brumbys-1 drilled at 80° intersect at a depth of 126m and Brumby2 drilled at 45°
intersects at 36m Figure3-20). These wells weredrilled in 2019 using sonic drilling and
were fully cored. The core was not orientated.Sonic drilling of these wells allowed
maximum core recovery and limited contaminationby drilling fluids. The recovered core
was the core taken from the PCL and it wasused for petrophysical analysis,
geomechanical testing and fluidrock testing to evaluate contamination potential from
CO; (CO2CRC, 2019). The wells were instrumented with equipment such as hybrid fibre
optic sensing cables with geophones and heating capabilities (for a higresolution 3D

VSP survey ad fault characterisation using DTS).

Two further wells were drilled at the OITC in early 2023 in preparation for the shallow
injection experiment (Brumbys3 and Brumbys4). These wells were not fully cored; only
a small section from Brumbys3 was cored from 2328m depthto confirm the presence

of the glauconitic markerobservedin Brumbys-1. Brumbys-3 was used as a source well
to conduct a reverse 4D vertical seismic profile (VSP) surveysroundwater table
information was collected via two vertical groundwater piezometers (CO2CRC, 2019;
Feitzet al., 2021).

Additionally, a series of baseline monitoring surveys were conducted, specifically for

soil gas and soil flux measurements, across the BrumbyBault.
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Figure3-21 uiMap showing the layout of the Otway International Test Centre (OITC), including Brumbys wells
(orange) and monitoring wells (light green). Red line depicts the surface trace of the Brumbys Fault (solid =
3D seismic trace, dashed = regional 2D seismic)Satellite image from Google Maps©2024 Airbus,
CNESAIrbus Maxar technologies, Map Dat®2024.
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Figure 3-22 wSchematic cross section at the OITC showing the Brumbys Fault, the Brumbys 1, 2, 3 and 4
wells, the Piezo wells and the stratigraphy (modified from Tenthorey et al. (2024)
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Data from seismic shows broad zones of lower primary (Ryave velocity orientated
parallel to the maximum horizontal stress, interpreted as dilatant cracking and joint sets
(Feitzet al., 2018b). These features have encouraged carbonate dissolution, resulting in
enhanced permeability and porosity, and the development of karst features in the
limestone sequence (Feitzet al., 2018b). Thesekarst zones have beerinferred to have
higher permeabilty compared to surrounding nonkarst zones. Additionally,dilational
bends and jogs in high strain zones, weralso considered as possibletargets of the

shallow release experiment (Feitzt al., 2018b).

There are still uncertainties regarding the BrumbyBault. The latest that faulting could
have occurred would be immediately after the deposition of the PCL, which was 10.5Ma
6Ma. The most recent fault movement could be anywhere up to 1Ma. Studies by van den
Hove et al., (2017) indicate most of the Hesse Clay @ears to have been deposited
between 3.0 and 1.8 Ma, meaning ~1.8 Ma might be the lower bound for the last fault
movement. Sandiford (2003) uses evidence akverse faultingin the Neogene to infer
that the most recent faulting would have been between 2 and 1 Ma. This means there is

around 9-10 million years when faulting could have been active.

The fact that the BrumbysFault does not outcrop and was only crosscut by two wells,
means that there is little information regarding the style of deformation, or any
heterogeneity which could affect fluid flow. This implies that there is significant
uncertainty in the fault zone permeaility, how anisotropic this permeability may be and
the overall hydraulic behaviour of the fault zone and surrounding host rock. The
uncertainties associated with the Brumbys Fault kinematics and properties is the
motivation for conducting this research and examining deformation and faulting at the
OITC and in the Port Campbell Embayment more generallgiven that there are so few

previous studies in thearea.

3.2.4 Key findings and research gaps

The findings from the Otway Fault Project are not yet publicly available at the time of

writing this thesis as data collection, analysis and interpretation are still underway.

However, there are still some clear research gaps and areas which require further

research including:

i Deformation in the Brumbys1 core (style and intensity)
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I Fault kinematics (type of faulting, particularly given the uncertainties in the

stress magnitudes at shallow depths)

1 Implications for shallow subsurface fluid flow at the OITC

Chapter 6explores these research gaps in further detail, with a focus on characterising
the architecture of the Brumbys Fault and considering implications for fluid flow,
environmental monitoring, and future injection experiments. Chapter 7 considers

modelling of shallow fault zones using the BrumbysFault as an example case study
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Chapter 4 Approach, Data and Methods

This chapter presentsan overview of themain methods usedin this thesis. Some of the
methods used were particular to the sitestudied, others were used across multiple sites

or were specific to the research aimsas summarised inTable4-1.

Table4-1uOverview of methods used in this thesiand corresponding research questions (RQ) aneksearch
objectives RO).

OITC
In-Situ Lab (Brumb RQ RO
rumbys
(F10 Fault)
Fault)
Literature
Y Y 1 1,10
review
Geology Y Y 1 1,2
Fracture loggin 2,3,
99ing Y N 1,2
4
Deformation 2,3,
_ Y Y 1,2
Core logging 4
observation's | Dip Y N 1 2,3
Petrographic 2,3,
g. P Y N 1,2
Analysis 4
XCT 2,3,
Y N 1,2
4
_ Study fault 2,3,
Fieldwork _ N Y 1
analogue sites 4
_ Geochemical 2,3,
Geochemistry . N Y 1,2
analysis 4
. Create 3D model ) 6, 7,
Modelling N Partially 3
8,9
Other data
Core
Secondary available from Core
photographs, 1,2 1,4
data collaborators or . photographs
) seismic lines
literature

128



Bring together
3,5,
literature with 1,2,
Data synthesis 10,
observations and 3,4 1
interpretations

Two of the main methods use needed to be devisedspecifically for this study as
conventional fault analysis methods and data could not be collected due to the nature
of the fault zones.These methods are outlined in the following two sections fracture

logging(Section4.1) and deformation logging $ection 4.2).

4.1 Fracturelogging

To evaluate any fracturing associated with the F1Bault zone, new fracture logs were
collected in April 2023 for sub-sections of the Harvey2 core. This method was

subsequently applied to the Harvey3 core in March 2024.

Due to time constraints it was not possible to collect a fracture log of the entire core
length. Therefore,data were collected at regular evenly spacedintervals for a total of
25% of the core lengthfracture logs weretaken for 5 trays (15m) no logs were taken for
the next 15 trays (45m), then the process was repeated (study 5 trays, skip 15 trays).
Collecting data atregularintervals removed sampling bias in the data collection.There
was significant core loss in the firstl0 trays of the Harvey2 core, so fracture data

collection started from Tray 10 (depth 223.2m)

To log the fractures, asbn | ¢ Haq e | 1J lhumbkridvhsRaSsigived lhhsed onfour

categories outlined inTable4-2.

Table4-2uiFour fracture characteristic categories: angle, smoothness, slickensidesnd mineralisation.

Fracture Descriptor o
Angle ° Description
Number
0 0-20 Fracture angle between 620°
1 20-40 Fracture angle between 2640°
2 75-90 Fracture angle between 7590°
3 40-75 Fracture angle between 4075°

129



Fracture Descriptor Surface o
Description
Number Roughness
Rough/Undulatin ] ]
0 Surface is rough and/or undulating
g
Surface is almost planar, with some small
1 Mostly smooth .
undulations
2 Flat, planar Flat, smooth, planar surface
Fracture Descriptor . ) o
Slickensides Description
Number
0 No slickensides No slickensides visible
Minor ) ) ] .
1 _ . Some slickensides/slight shine on surface
slickensides
Major ) ] .
2 _ . Clear slickensides, shine on surface
slickensides
Fracture Descriptor _ ) o
Mineralised Description
Number
0 Yes Mineralisation visible on oraround fracture
No mineralisation visible on or around
1 No

fracture

Acumulative sbn | ¢ Hae | 1JWT 1Jwas thénGEajculhatéd thyRaddin thetfracture
descriptor numberwftdm each category. High scores indicate a fracture that is more
likely to be formed tectonically and be open to fluid flowLow scores indicate fractures
that are more likely to be associated with drillingor depositional features and closed to
fluid flow. Thisspecific approach was designed withshallow fault zones and processes
in mind; however, it is important consider all possible cementing histories and likely

fracture types based on thegeological history of the study site.
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The cumulative score systenallowed easy filtering of the fractures.To giveexamples: a
fracture with a smooth planar fracture with an angle of 60°, showing slickensides and
not mineralised, would score an 8overall. In comparison, a fracture that has an angle of

10°, no slickensides and a rough surface would score somewhere between2overall.

Data were also collected on the colour of any mineralisation present, as well as the rock

type in which the fractures were located.

Separately, the interpretation of the type of fracture was recorded. It was important to
capture this information at the time of observationto sense-check that this method was

appropriate and to avoid having to retrospectively interpret each fractur€rable4-3X)

Table4-3 wrracture interpretation categories.

Fracture Fracture

Interpretation Interpretation Description

Number Type

0 Drilling Drilling induced fracture

Pre-Tectonic (e.g.| Fracture along existing bedding plane or othe

bedding) sedimentological features

) Fracture caused by tectonic process (i.e.
2 Tectonic ) )
faulting or deformation)

Figure4-1, Figure4-2 and Figure4-3 show examples of each type of fracture.

Figure4-1 wDrilling induced fractureat ~790m depth(Yalgorup Member)n sandstonein the Harvey2 core.
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Figure 4-2 wFractured palaeosol sectionin the Harvey2 core. Multiple fracture orientations and angles,
likely caused by a mix of drillingnduced fracturesand the exploitation of existing sedimentary (preectonic)

structures by drilling.
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Figure 4-3 wTectonic fracture incoarse sandstone from ~730m depth (Yalgorup Member)n the Harvey2
core. Any displacement was not able to be estimatedas no markers are offset

The fracture loggingmethod outlined in this section does not necessarily capture all
deformation featuresin the core, only fracturing. Therefore, an additional methodology

was developed to capture the other types of deformation.
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4.2 Deformationlogging

To enhance understanding of the location and deformation intensity of the F10 Fault
zone within the Harvey2 core, a more detailed deformation log was collected¢ompared
to previous logs recorded at the sitdsee Section 3.1.3). The fault is not at all clear in the
Harvey-2 borehole, not least because he degree of deformation meanthe core is very
broken up (seeSection 3.1.3). To establish if this core deformation $ fault-related, or
drilling-related a new methodology to log the corevas developed. This methodology
was designed to be fficient: partly due to time constraints, but alsobecause when
characterising geologicalstorage sites resources are not often spent on core logging
The In-Situ Lab was a good siteto develop this new methodology because it can be

validated against the known position of the fault fron2D and3D seismic data.

The method of deformation loggingwas designed to capture additional deformation
types that are common in shallow fault zones(e.g. disaggregated zoneg and to be
applicable across differentlithologies. Logging was undertaken at the Geological Survey
of Western Australia (GSWA) Perth Core Library in Carlile, Perth (Australia) over 7 days
in February and March 2023.

Due to the length of the core (~1.5km) and the limited time available to view the core,
an appropriate method of collecting useful data had to be created. The key objective was
to understand where the F10 zone was present in the Harve&ycore and to characterise
what the fault zone looked ike in terms of style of deformation. Therefore, a description
matrix was designed that allowed the characterisation of each 1m section of the core

based on the amount of deformation Table4-4).

Table 4-4 wDeformation descriptor number (N), deformation classification, and qualitative description for
each category based on the core shape and cohesiveness.

N Deformation Description

0 Undeformed Circular core, no sediment/fragments
Minor . . )

1 Circular core, minor sediment/fragments

Deformation

Moderate ) ) )
2 . Subcircular core, minor sediment/fragments
Deformation
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3 Deformed Some subcircular/broken core, sediment/large fragments

Major
4 Incohesive core, significant sediment/significant small fragments
Deformation

5 Core Loss No core/sediment/fragments

Two examples of the interpretation, one from each lithology, are shown Figure4-4 and

Figure4-5.

HyLogging Systems - HARVEY 2 Tray 168, 666 to 668.8 m

TRAY &7 o8

Distance along section (mm)

Figure4-4wExample deformation log interpretation of tray no. 168 at a depth of 666m. The lithology of this
tray was entirely sandstone. Top image shows the core tray photo. Bottom image shows the core tray photo
with the assigned deformation numbers
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HyLogging Systems - HARVEY 2 Tray 277, 970.4t0 973.1m

Distance along section (mm)

Figure4-5 wExample deformation log interpretation of tray no. 277 at a depth of 970m. The lithology of this
tray wasentirely palaeosol. Top image shows the core tray photo. Bottom image shows the core tray photo
with the assigned deformation numbers.

To capture sections of the core where core was not recovered this was categorised

F IGel ¢cqla! Wet WopPwIOWNSEIIE WWel et Ws 13 BWaé 130 WH Y
ascertain if this core loss was more likely to be associated with drillingelated

difficulties or associated with the rock properties.Any areas of the core that suffered

losses for engineering reasons were filtered oubf the datasetto ensure onlycore loss

that was present due to geological controls was counted.

When describing the core, two geologists stood at opposite ends of the core tray to
eliminate any parallax error due to the observation position. The 1m section of core
would then first be characterised by lithology (i.e., what percentage of that 1m sectio
is which lithology, out of 100%).For example, a tray with 50% sandstone and 50%
palaeosol would be recorded as such.Then, the 1m section would befurther
H6cl ¢cHqUI Rt I Wet R UEsthipapd O elodd 10T aed 14-4) ¢ witR edthll
deformation descriptor number assignedto a percentageof the tray sectionand the

total adding to 100%.
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For example, a 1m section of core that is entirely sandstone and has 50% undeformed

and 50% deformed would receive the characterisation of: 100% sandstone, 50%

Us A WT Wt #Hl RGqVYI WpMwWe 0T WPMEWU2 AW WT Ut A#I R
number descriptors receiving 0%.This would give armaverage deformation numbersof

1.5 for that section of core.

For a tray which has multiple lithologies in the same 1m section, for example50%
palaoesol and 50% sandstone the deformation would berecorded for each lithology.
So, if the sandstone portion of this tray wasalf undeformed and half majorly deformed,
Ralls Ye ol Wl WHIIJR 2 IJ UhSwRiehLthaavstallthe(BD%IGE e ttHyuihieHlis
sandstone, half is deformed and half is majorly deformedThis section would receive an
average deformation number of 2. The palaeosol deformation would be recorded
separately, meaning both average deformation numbers for each lithology could be

combined to give an average deformation number for that 1m section of core.

Other observations such as deformation features and bedding indication (angle from the
core axis) were also notedwvhile assessing the deformation in the coreThis was to see
if there were any anomalous bedding values which couléhdicate the horizons have

been displaced or deformed.

All depths recorded are measured depth along the core and have not been corrected for

any possible inclination.

The Harvey2 and Harvey3 cores had different diameters. The Harve® core is ~80mm

in diameter, versus the Harvey3 core having a larger 12éhm diameter.

Thismethod was carried out independently from the fracture logging method outlined in
Section 4.1 and without consultation of any existingpublished logging data to remove

any confirmation bias.

This method was designed on the Harveg core, and then later applied to the Brumbys

1 core in April 2023 and Harve core in March 2024.

4.3 Petrographicanalysis

As the Harvery2 core is generally a weak core, particularly the sections from shallower
depths, traditional sampling approaches (e.g. core plug drilling, core flood tests, sample

cutting) have been limited in their succes{CSIRO, 2019).
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Thin sectionswere prepared using a dry polishing method that was designed to produce
the best possible results given that the samples were weakAppendix 4) Thin sections
were viewed using a Nikon DS Ri2 microscof€igure4-6), with a 36C rotating stage and
different lenses for different magnificatiors. Images were captured for

photomicrographs using NISElements software.

Nikon Microscope

=
Guidelines

LR ——

Figure4-6 wimage of theNikon DS Ri2 microscope
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4.4 XCTanalysis

Due to the weak nature of theHarvey-2 core, X-ray computed tomography (OCT) was
used to non-destructively scan to view the core in 3D and assess any deformation

features.

Where possible, sections of the core were removed from the core tray and placed on the
XCT scanning table Some sections of core were simply todragile to be able to remove
them from the core trayswithout damaging the coreand could not be scanned. The
details of the scanned sections are summarisedn Appendix 5.The best voxel resolution

on the highest energy settings is ~0.1 min

XCT scanning took place at the Australian Resources Research Centre (ARR®)ch is
where the CSIRO Kensingtomffice is based inWestern Australia. TheXCT scanning took
place over several days from 20-23“ March 2023.The scanner was &iemens medical

XCTscanner SOMATOM Definition A§igure4-7).
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Figure4-7wSiemens medical Xray CT scanner SOMATOM Definition AS

Thesettings for each scan are recorded iiAppendix 5 Alongsideeach scan five control
samples with known properties (e.g. mass, densitywere also scanned to allow

calibration of the scanned images(Figure4-8).

Figure4-8 wControl samples. Left to right: Water, Teflon, Gypsum, Quartz and Aluminium.

4.5 Fieldwork in the Port Campbell Embayment

4.5.1 Fieldobservation

Given the limited inland exposure of any rocks in Port Campbell Embayment area,
fieldwork focused on the coastal cliffs, from Childers Cove in the west (38.489101,
142.672736) to Gibson Beach in the east38.674070, 143.117769) approximately

~45km of caastline - except for one accessible inland location: Kurdeez Quarry an open

pit limestone quarry Figure 3-19, Location B).

At the coastal cliffs, access to the cliff faces is limited due to the lack of access points,
tides, and safety. This precluded the collection of detailed field data, and as the site is a
national park it was not possible to collect any hand specimens oramples. Instead,
field observations were made from adjacent cliffs and viewpoints, some of which are

tourist lookout spots.

4.5.2 Geochemical analysis

A portable XRF analyser (a noedestructive method) was used to determine the
percentage carbonate content of 178 sample points at the exposed PCL at Gibson Steps
and Gibson Beach coastal exposures (se€igure 3-19, Location E) using the volumetric

technique of Wallace et al. (2002).
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