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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 (CO2) storage, 

energy storage (e.g., hydrogen) and geothermal energy). Many 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 (MMV) systems and remediation 

procedures. Understanding the architecture of shallow fault zones (<1 km depth in the 

EċƖƣőќƚШĦƖƨƚƣь and implications 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 sites which have injected CO2 into shallow fault zones: the In-Situ Lab (Harvey, 

Western Australia) and the Otway International Test Centre (Otway, Victoria). Data 

collected at the field sites are examined, rock core is observed at different scales and 

sampled, and fieldwork is undertaken to understand the regional structural setting. By 

synthesising these data, research findings show that shallow fault zones often do not 

ĲǂőŔĤŔƣШљĦũċƚƚŔĦњШŉċƨũƣШċƖĦőŔƣĲĦƣƨƖĲs, which are based on deformation in the brittle 

regime, and instead the dominant deformation style in shallower fault zones is 

particulate flow, which is only observed through using 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 meaning 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 approaches due to 

increased uncertainties in shallow stress magnitudes and the characteristics of shallow 

fault architecture т meaning it is not reasonable to use standard fault or stress analysis 

tools. Separately, a global study of natural hydrogen seepage sites is presented which 

provides insights into variations in surface seepage expression and controls on the 

production, consumption and transformation of hydrogen in the subsurface, with 

implications for environmental monitoring.  
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Research Summary 

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

and their control on subsurface fluid flow.  

[ċƨũƣШǍŸŰĲƚШċŉŉĲĦƣШŉũƨŔĬШůŸƻĲůĲŰƣШƽŔƣőŔŰШƣőĲШEċƖƣőќƚШƚƨĤƚƨƖŉċĦĲШċƣШƻċƖŔŸƨƚШƚĦċũĲƚЯШƽŔƣőШ

a host of implications for performance and measurement, monitoring, and verification 

(MMV) of subsurface technologies (e.g. geological CO2 storage, 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 zones was 

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

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

history. This categorisation is new and provides important context for studying shallow 

fault zones. The categories are:  

1. [ċƨũƣŔŰŊШŔŰШћǃŸƨŰŊќШƖŸĦťƚШŸƖШƚŸŔũƚШƣőċƣШőċƻĲШŰŸƣШĤĲĲŰШĲǂőƨůĲĬ. The faulting will 

őċƻĲШĤĲĲŰШċĦƣŔƻĲШĦũŸƚĲШƣŸШƣőĲШEċƖƣőќƚШƚƨƖŉċĦĲШŔŰШůċƣĲƖŔċũƚШƣőċƣ are likely to be very 

poorly consolidated unless there has been very near-surface 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 Section 3.2.3). 

2. Faulting in rocks that have been exhumed from depths less than 1km, and which 

may be completely, partially or un-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.g. F10 Fault, see Section 3.1.3).    

3. [ċƨũƣƚШƣőċƣШőċƻĲШĤĲĲŰШċĦƣŔƻĲШċƣШŊƖĲċƣĲƖШĬĲƓƣőƚШŔŰШƣőĲШEċƖƣőќƚШĦƖƨƚƣШыӂΝťůШĬĲƓƣőьШ

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

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

ƖĲŉĲƖƖĲĬШƣŸШċƚШљƚőċũũŸƽШŉċƨũƣŔŰŊњЯШљƚőċũũŸƽШŉċƨũƣШǍŸŰĲƚњШŸƖШљƚőċũũŸƽШŉċƨũƣШƚǃƚƣĲůƚњШт 

ƣőĲƚĲШċƖĲШƣőĲШŉŸĦƨƚШŸŉШƣőŔƚШƣőĲƚŔƚЮШ9ċƣĲŊŸƖǃШΝШĦŸƨũĬШĤĲШĬĲƚĦƖŔĤĲĬШċƚШљŰĲċƖ-surface 

ŉċƨũƣŔŰŊњЮШ9ċƣĲŊŸƖǃШΞШĦċŰШĤĲШĬĲƚĦƖŔĤĲĬШċƚШљƚőċũũŸƽũǃШĲǂőƨůĲĬњЮШ9ċƣĲŊŸƖǃШΟЯШΠШċŰĬШΡШ

faults are not the focus of this thesis, these are referred to ċƚШљĬĲĲƓШŉċƨũƣƚњШċŰĬШ

ƓƖŸĦĲƚƚĲƚШċƚШљĬĲĲƓĲƖШŉċƨũƣŔŰŊњЮ 

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 injected CO2 ŔŰƣŸШƚőċũũŸƽШŉċƨũƣШǍŸŰĲƚаШ9ÉfÅ§ќƚШ

In-Situ xċĤШыÂĲƖƣőЯШìĲƚƣĲƖŰШ ƨƚƣƖċũŔċьШċŰĬШƣőĲШ9§Ξ9Å9ќƚШ§ƣƽċǃШfŰƣĲƖŰċƣŔŸŰċũШÑĲƚƣШ

Centre (OITC) Otway, Victoria. Table 0-1 summarises the characteristics of the main 

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

Table 0-1ш Comparative summary of the two faults studied for this thesis.  

Characteristics  
In-Situ Lab 

Harvey, Western Australia 

Otway International Test 

Centre  

Otway, Victoria 

Intersecting wells   
Harveyу1, 2, 3,4, In-Situ 

Lab-OB1 

Brumbys-1, -2, -3, -4, Pizo-

1, -2, 

Fault  

Name F10 Fault Brumbys Fault 

Host lithology  Siliciclastic  Carbonate 

Interpreted 

Type 
Normal Strike Slip 

Fault width  ~300m <5m 

Vertical 

distance from 

surface to 

bottom of fault  

>1km ~425m 
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Vertical Throw  750-1600m 2-4m 

Surface Length 30-40km ~1-1.5km 

Max. Burial 

Depth 
~1-2km ~100-200m 

Injection experiment  

Injection depth  ~340m ~80m 

Quantity of CO2 38t 10t 

Date Completed: February 2020 Completed: May 2024 

 

Boreholes intersecting fault zones with core recovered are globally rare, and so these 

field sites present a unique opportunity т particularly as they are two different 

lithologies. Both sites are at different stages of their respective shallow release 

experiments (Table 0-1), with the In-Situ lab having completed in 2020 and the OITC 

completed in 2024. This then allows љhistory matchingњ at the In-Situ Lab for the F10 

Fault, as results are published, and forecast at the OITC for the Brumbys Fault 

experiment, as data are still being collected and analysed. 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 the rock 

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

of these data, this thesis finds that shallow fault zones are complex. Shallow fault 

zones ŸŉƣĲŰШ ĬŸШ ŰŸƣШ ĲǂőŔĤŔƣШ љĦũċƚƚŔĦњШ ŉċƨũƣШ ċƖĦőŔƣĲĦƣƨƖĲ often presented in the 

literature that comprises a fault core of fine-grained material (gouge) and surrounding 

fractured fault damage zone. Instead, observations from the studied shallow fault zones 

indicate that their geometry can be asymmetric and have anisotropic deformation 

patterns. Such variability in deformation style can influence the hydraulic properties 

of the rock , leading to differences in permeability both vertically and laterally. Further, 

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

methods of study across a range of scales  ыŔЮĲЮШŉƖŸůШћůċĦƖŸШƚĦċũĲќШŉŔĲũĬШŸĤƚĲƖƻċƣŔŸŰШƣŸШ

ћůĲƚŸШ ƚĦċũĲќШ ĦŸƖĲШ ũŸŊŊŔŰŊШ ƣŸШ ћůŔĦƖŸШ ƚĦċũĲќШ ƣőŔŰШ ƚĲĦƣŔŸŰƚШ ċŰĬШ ñ9ÑьШ ƣŸШ ċũũŸƽШ ċШ

comprehensive understanding of the fault zone architecture and deformation 

processes. This is not necessarily distinct from deeper fault zones, but as the 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 the fault 

rock and surrounding host rock can often be weak in shallow fault zones  т 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 observations have been found at 

other sites where there has been drilling through fault zones or low-strength 

sedimentary rocks. This means the methods 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 

EċƖƣőќƚШƚƨƖŉċĦĲ. Such uncertainty 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, observations 

indicate the absence of tectonic fractures at the studied sites т 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 zones. Further 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 systems. 

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 due COVID 
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restrictions) a study on natural hydrogen seeps was undertaken - which also compared 

hydrogen migration and seeps with CO2 migration and seeps. Compared with CO 2, 

hydrogen is more easily consumed or transformed in the subsurface  by biotic or 

abiotic reactions, and more readily dispersed in air. The surface expression of 

hydrogen seepage was also different  between sites of hydrogen seepage , depending 

on the local geological and hydrogeological conditions, but broadly the same as surface 

expressions of CO2 seepage. These findings indicate that while there are transferable 

knowledge and learnings between CO2 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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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 of anthropogenic changing climate. Action and solutions to 

combat the challenges of changing climate is needed. International agreements, such 

as the Paris Climate Agreement, which was ratified by 196 countries at COP21, 

committed to  minimising global temperature increases and tackling the main cause of 

anthropogenic climate change (United Nations, 2015). However, these targets have not 

been met or are being postponed to the future (UNFCCC, 2023a; UNFCCC; 2023b). 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 (CO2) 

storage, energy storage (e.g., hydrogen (H2), compressed air) and geothermal energy), 

alongside other low-carbon energy sources (e.g. renewable energies, nuclear power), to 

support the energy transition and a move towards a global net zero future (Climate 

Change Committee, 2021). Although the climate emergency is urgent т progress thus far 

deploying some of these solutions has been slow (e.g., Martin-Roberts 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 role the energy transition by 

enhancing our understanding of them through research and development (Gardiner et 

al., 2023). An understanding of subsurface geological processes is important to ensure 

the security and safe operation of all subsurface technologies. Many 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 

and appropriate measuring, monitoring, and verification (MMV) and remediation 

procedures.  

One subsurface technology of relevance is geological porous media storage of CO2, H2, 

methane (CH4) or other fluids. Effective MMV systems will ensure the fate of any injected 

fluids can be reconciled, so understanding the factors which influence the containment, 

capacity and injectivity of fluids in the subsurface is important (Ofoegbou et al., 2011; 

Kampman et al., 2012; Loveless et al., 2014; Rohmer et al., 2015; Ali et al., 2022, Krevor 

et al., 2023; Miocic et al., 2023). There are varying levels of experience 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 Uliasz-Misiak, 2021). For example, subsurface storage of 

љÑŸƽŰШ]ċƚњ- a mixture of hydrogen and methane т 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 react together to form 

other fluids (e.g. CO2 and H2 can react in the reservoir to form CH4) (Ebigbo et al., 2013; 

Shi et al., 2020). Fluid mixing and resulting reactions are an important consideration for 

geological porous media storage, particularly at sites such as depleted hydrocarbon 

reservoirs where small quantities of legacy hydrocarbons may remain in-situ, or sites 

where mixtures of gases are used (e.g. using a different gas from the stored gas to act as 

љĦƨƚőŔŸŰШŊċƚњьШыcĲŔŰĲůċŰŰШet al., 2021a). Above the reservoir, there is work to assess 

how the sealing capacity of reservoir caprocks varies with different geological or fluid 

parameters (Shukla et al., 2010; Espinoza and Santamarina, 2017; Dewhurst et al., 

2018). However, there is an emerging understanding of the need to characterise the 

overburden system of a geological storage site rather than solely the reservoir/caprock 

system (Roberts et al., 2017), particularly areas where multiple technologies utilise the 

subsurface т meaning coordinating the use of the subsurface storage capacity is crucial 

(Bauer et al., 2013; Bartel and Janssen, 2016; Bump and Hovorka, 2023). Consequently, 

research bodies, government organisations and industry have now explored novel 

trapping systems (e.g. overburden migration-assisted trapping) rather than 

conventional reservoir/caprock systems (Bump et al., 2023). 

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

and success of these sites is the presence of geological fault zones. Fault zones and 

faulting-associated deformation affects ŉũƨŔĬШůŸƻĲůĲŰƣШƽŔƣőŔŰШƣőĲШEċƖƣőќƚШƚƨĤƚƨƖŉċĦĲШ

from the microscale to macroscale through different mechanisms (e.g Caine et al., 

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

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

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; Fisher et al., 

2003; Shipton and Cowie, 2003; Agosta and Aydin, 2006; Fossen et al., 2007; Michie, 

2014; Torabi et al. 2019). Deformation processes and subsequent subsurface processes 

may enhance or reduce permeability and thus, faults can be 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, 2006; Miocic et al., 2016; Viswanathan et al., 2022; Fisher et al., 

2023). Furthermore, depending on hydrogeological conditions, fluids can both flow 

laterally across faults and vertically up faults, sometimes along a single fault (Faulkner 

et al., 2010). Therefore, fault zones have a key role in crustal fluid flow. Much 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 date the majority of fault studies have been focused on faults at reservoir depths 

(>1km depth) in the context of hydrocarbon extraction or geofluid storage (e.g., Aydin, 

2000; Chadwick et al., 2009) as they act as a closure/seal/trap (Sorkhabi and Tsuji, 

2005), or as conduits of heat flow for geothermal projects (Barton et al., 1995; Huenges 

and Ledru, 2011; Loveless et al., 2014). Much subsurface research expands on legacy 

hydrocarbon research and this pattern is seen in the structural geology and faulting 

literature. The reason for the focus on hydrocarbon systems 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 McCay et al., (2019) т where 

structural observations were combined with sedimentology to show the importance of 

sedimentology on controlling fluid flow т rather than only focusing on studying the 

fractures in the rocks which most would assume to be a primary control on the 

permeability. Similarly, a study by Roberts et al., (2019b) 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 typical preconceptions of 

geological features and their implications.  

Bias in previous research on fault zones is important when considering how transferable 

our understanding of deeper fault zones is to faults in at shallower ĬĲƓƣőƚШŔŰШƣőĲШEċƖƣőќƚШ

crust. Faults in the shallow subsurface differ to those at depth (Rawling and Goodwin, 

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

vary with depth which has implications for fluid mechanics and pore fluid composition, 

and in-situ stress can vary with depth (Meixner et al., 2014). The water table may vary 
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over time at a site as local climates change (e.g. post-glaciation). 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 processes at approximately 1 km below surface as 

subsurface conditions change (e.g. stress, pressure, and temperature) (Fossen et al., 

2007) (see Section 2.3).   

Being able to physically observe exposed faults ċƣШƣőĲШEċƖƣőќƚШƚƨƖŉċĦĲ would indicate 

that the fault has either been active at the surface (though could be inactive in the 

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

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

therefore five broad categories of faults in the subsurface, defined by fault 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 context. Chapter 2 

(Literature Review) finds that 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. [ċƨũƣŔŰŊШŔŰШћǃŸƨŰŊќШƖŸĦťƚШŸƖШƚŸŔũƚШƣőċƣШőċƻĲШŰŸƣШĤĲĲŰШĲǂőƨůĲĬ. The faulting will 

őċƻĲШĤĲĲŰШċĦƣŔƻĲШĦũŸƚĲШƣŸШƣőĲШEċƖƣőќƚШƚƨƖŉċĦĲШŔŰШůċƣĲƖŔċũƚШƣőċƣ are likely to be very 

poorly consolidated unless there has been very near-surface 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 Section 3.2.3) 

2. Faulting in rocks that have been exhumed from depths less than 1km, and which 

may be completely, partially or un-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.g. F10 Fault, see Section 3.1.3).    

3. Faults that have been active at greater ĬĲƓƣőƚШŔŰШƣőĲШEċƖƣőќƚШĦƖƨƚƣШыӂΝťůШĬĲƓƣőь 

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

and have not been exhumed.  

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

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

referred to as љƚőċũũŸƽШŉċƨũƣingњЯШљƚőċũũŸƽШŉċƨũƣШǍŸŰĲƚњ ŸƖШљƚőċũũŸƽШŉċƨũƣШƚǃƚƣĲůƚњ т 

these are the focus of this thesis. Category 1 could be described as љnear-surface 

faultingњ. Category 2 can be described as љshallowly exhumedњ. Category 3, 4 and 5 

faults are not the focus of this thesis, and these faults are referred to ċƚШљĬĲĲƓШŉċƨũƣƚњШ

ċŰĬШƓƖŸĦĲƚƚĲƚШċƚШљĬĲĲƓĲƖШŉċƨũƣŔŰŊњ. Shallow faulting is less well studied compared to 

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

Cashman and Cashman, 2000; Rawling and Goodwin, 2003). Understanding the 

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

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

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

effects they will have on the migration of fluids in the shallow subsurface. This is 

particularly important for emerging geological storage technologies, as it is important to 

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

overburden of geological storage sites (see 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 scaling-up required 

(Heinemann et al., 2021b; Miocic et al., 2023).  

The research undertaken for this thesis aims to assess the architecture and fluid flow 

properties of shallow fault systems and considers the implications this has for the 

effective design of MMV systems for subsurface storage technologies. Learnings can be 

shared, where applicable, for other shallow applications (e.g. groundwater resources, 

shallow geothermal systems and remediation technologies).  

1.2 Summary of main field sites studied in this thesis  

Demonstrating the potential of subsurface technologies at field sites is crucial to drive 

the uptake of these technologies globally (Stephenson et al., 2022), as they provide an 

opportunity to examine how fluids move and interact in the shallow subsurface and 

provide useful insights for the scaling-up of these technologies (Roberts and Stalker, 
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2020).  Although useful, field sites are globally rare meaning opportunities for research 

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

ċƚШĦċƚĲШƚƣƨĬŔĲƚЮШÑőĲƚĲШƚŔƣĲƚШċƖĲШĤŸƣőШũŸĦċƣĲĬШŔŰШ ƨƚƣƖċũŔċЮШ[ŔƖƚƣЯШ9ÉfÅ§ќƚШIn-Situ Lab 

located near Perth, Western Australia, where CO2 injection targets the F10 Fault. 

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

Australia in Victoria, where CO2 injection targets the Brumbys Fault. An overview of 

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

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

legacy subsurface data and have an ongoing programme of research and injection 

experiments. Learnings from the research presented in this thesis can also be compared 

to field injection test results at these sites.  

1.3 Research questions and objectives 

The research questions (RQ) and objectives (RO) that form the focus of this thesis are 

outlined in Table 1-1. 

Table 1-1 ш Summary of RQ and RO and the relevant chapters in which they are addressed.  

 Task Chapter (s) 

RQ1 
How does the architecture of shallow fault zones affect fault -related fluid 

flow in the shallow subsurface?  

RO1 
Understand the regional and tectonic setting, and the history of 

geological activity at both field sites.  
3, 5, 6 

RO2 
Observe, describe and interpret the fault architecture and its 

heterogeneity in both the F10 and Brumbys Fault zones. 
4, 5, 6, 9 

RO3 

Synthesise observations and features between the two faults 

and examine implications for fault process, shallow fault 

systems, fluid flow in the shallow subsurface and MMV. 

9 

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

zones? 

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

RO5 
Compare and assess the effectiveness of methods to study 

shallow fault zones. 
4, 5, 6 
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RQ3 
How effective are petroleum -based modelling tools in modelling shallow 

fault zones?  

RO6 Create geological models of both fault zones. 7 

RO7 
Model strain and stress around the fault zones based on fault 

kinematics. 
7 

RO8 
Understand how stress variations and uncertainty affect fault 

interpretation. 
3, 7 

RO9 
Benchmark models to the observed fault architecture and model 

permeability structures (e.g. fractures).  
7 

RQ4 
How does natural hydrogen seepage present at the surface and how do 

we effectively monitor seepage?  

RO10 

Collate a database of hydrogen seepage sites which are 

analogous to seepage from an engineered geological hydrogen 

storage site. 

8 

RO11 
Describe and characterise surface expressions of natural 

hydrogen seepage. 
8 

RO12 
Present implications and recommendations for monitoring of 

engineered geological hydrogen storage sites. 
8, 9 

 

An additional research question (RQ4) was added because of travel restrictions that 

were introduced in at the start of the COVID-19 pandemic, which is when the Australia 

fieldwork was originally scheduled (April 2020). Travel restrictions then remained in 

place until late 2022, allowing fieldwork to commence in March 2023.  

1.4 Thesis structure 

Chapter 1 provides a high-level introduction to provide context for the research in this 

thesis. The two field sites are introduced, then the research aims and objectives are 

outlined. It concludes with the thesis structure.   

Chapter 2 contains a literature review of the parameters that are critical for subsurface 

storage of fluids, as well as processes that influence shallow subsurface fluid flow. It 

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 3 is an overview of the two main field areas investigated, including a summary 

of the operations and scope of the site, the regional geology, background on the fault of 

interest and research findings.   

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

in this thesis and links to the research questions and objectives set out in Chapter 1.    

Chapter 5 is a study of the architecture and fluid flow properties of the F10 Fault zone, 

located at the In-Situ Lab in Western Australia, Australia. This chapter demonstrates two 

new methods of analysing rock core, one of which was specifically designed to capture 

deformation styles observed in shallow fault zones т using the Harvey-2 core as a case 

study as it cuts a shallow fault zone (F10 Fault). Petrographic analysis and XCT data are 

presented to show the variation and style of deformation at different observational 

scales, and to consider the effectiveness of different analytical techniques for 

characterising core from shallow fault zones. It concludes by considering implications 

for fluid flow.  

Chapter 6 is s study of the architecture and fluid flow properties of the Brumbys Fault 

located at the Otway International Test Centre in Victoria, Australia. Similar to Chapter 

5, this chapter applies a new methodology for characterising deformation in the 

Brumbys-1 core, which cuts a 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 coast. This chapter 

concludes by considering the effect the Brumbys Fault may have on subsurface fluid 

flow and considers regional faulting mechanisms to explain variations in faulting styles.  

Chapter 7 is a short chapter discussing the challenges of modelling shallow fault zones, 

using standard approaches from the hydrocarbon industry. It presents a model workflow 

designed to model fractures around a fault zone. This chapter explores the 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 work was published in a special issue of the Geological Society of London 
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ĦċũũĲĬШљEŰċĤũŔŰŊШÉĲĦƨƖĲШÉƨĤƚƨƖŉċĦĲШÉƣŸƖċŊĲШŔŰШ[ƨƣƨƖĲШEŰĲƖŊǃШÉǃƚƣĲůƚњШand is titled 

љ ċƣƨƖċũШőǃĬƖŸŊĲŰШƚĲĲƓƚШċƚШċŰċũŸŊƨĲƚШƣŸШŔŰŉŸƖůШůŸŰŔƣŸƖŔŰŊШŸŉШĲŰŊŔŰĲĲƖĲĬШŊĲŸũŸŊŔĦċũШ

őǃĬƖŸŊĲŰШƚƣŸƖċŊĲњ (McMahon, 2023).  

The discussion in Chapter 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 Brumbys Fault zones. Then, transferable learnings from/to other 

subsurface technologies or field sites that consider the shallow subsurface are 

considered. Finally, this chapter concludes by considering subsurface fluid flow and 

implications for environmental monitoring of subsurface technologies.   

Chapter 10 presents conclusions and further work resulting from this PhD.   
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Chapter 2 Literature review: Fault architecture and fluid flow 

This chapter presents a comprehensive review of subsurface storage systems and fluid 

flow in the subsurface (Section 2.1). Faults and fault zone processes are then examined, 

including how fault zones are studied, and the inherent bias that results (Section 2.2). 

Section 2.3 discusses shallow fault zones, with proceeding sections focused on faulting 

in siliciclastic  (Section 2.4) and carbonate (Section 2.5) lithologies. Finally, the 

implications of fault processes for subsurface technologies and key research gaps are 

outlined in Section 2.6.  

2.1 Subsurface storage systems and fluid flow in porous media 

This section explores the fundamentals of fluid flow in porous media. First, it presents 

an overview of porous media and subsurface storage environments (Section 2.1.1). 

Next, the fundamental properties of fluid flow are discussed and the parameters that 

influence them are explored (Section 2.1.2). Aspects of fluid flow within the reservoir and 

overburden of geological storage sites are considered, with a focus on carbon dioxide 

(CO2) or hydrogen (H2) storage sites (Section 2.1.3). As such, the main fluids considered 

in this section are CO2 and H2, rather than traditional reservoir fluids (e.g. hydrocarbons, 

brine or water).  

2.1.1 Porous media and subsurface storage environments  

A porous medium is any material that contains pores (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. CO2, H2 or 

other fluids). Understanding how fluids move through porous media is important for 

designing effective and secure injection, storage, and remediation strategies for 

subsurface storage technologies.     

For subsurface geological porous media 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. clay-rich or salt-rich rock), which allows it to 

act as a seal and stops the fluid migrating out of the reservoir т often called a caprock or 

seal rock. Structural seals, or traps, can also aid the containment of 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 the reservoir rock, 

the sealing caprock and all ƣőĲШŸƻĲƖũǃŔŰŊШŊĲŸũŸŊǃШƣŸШƣőĲШEċƖƣőќƚШƚƨƖŉċĦĲШыŔЮĲЮШċũũШƣőĲШƖŸĦťШ

units above the petroleum source rock) (Mahoo and Dow, 1994; Peters et al., 2012). 

However, for geological porous media storage the terminology used is different. The 

reservoir and caprock are ƣǃƓŔĦċũũǃШƖĲŉĲƖƖĲĬШƣŸШċƚШƣőĲШљƚƣŸƖċŊĲШĦŸůƓũĲǂњШċŰĬШƣőĲШ

overburden is more commonly considered to be the rocks above the storage complex 

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

discussed in Section 1.1, there is value in characterising the overburden system as well 

as the storage complex (Roberts et al., 2017; Bump et al., 2023; Bump and Hovorka, 

2023).  

2.1.2 Fundamentals of fluid flow in porous media  

2.1.2.1 Darcy Flow 

?ċƖĦǃќƚШxċƽШĲǂƓũċŔŰƚШőŸƽШċШƚŔŰŊũĲШŉũƨŔĬШŉũŸƽƚШŔŰШƓŸƖŸƨƚШůĲĬŔċЯШƚőŸƽŔŰŊШƣőċƣШƽċƣĲƖШŉũƨǂШ

(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 

ƓƖŸƓĲƖƣŔĲƚШы?ċƖĦǃЯШΝΥΡΣбШcƨĤĤĲƖƣЯШΝΦΠΜбШxŔƨЯШΞΜΝΤьЮШ?ċƖĦǃќƚШxċƽШĦċŰШĤĲШƚƣċƣĲĬШċƚа 

ὗ ὑὃ
ЎὬ

ὒ
 

Q = Volumetric Flow Rate (m3/s) 

K = hydraulic Conductivity (m2) 

A = cross-sectional Area (m2) 

h = head (m) 

L = length of Pressure Drop (m) 

2.1.2.2 Non-Darcy Flow 

?ċƖĦǃќƚШxċƽШŔƚШũŔůŔƣĲĬШƣŸШũċůŔŰċƖШŉũŸƽШŸŉШċШƚŔŰŊũĲШŉũƨŔĬШŔŰШċШőŸůŸŊĲŰĲŸƨƚШůĲĬŔƨůЮШfŰШ

geoscience applications, it is more likely there is a heterogenous medium with multiple 

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

is common in geoscience applications such as geological CO2 storage, here 

supercritical CO2 is being injected into a reservoir with formation brine (Jia and 
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McPherson, 2019). The Navier-Stokes 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 coupled 

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 Zawawi et 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 

ĦċũĦƨũċƣĲĬШƨƚŔŰŊШƣőĲШċƻĲƖċŊĲШũŔŰĲċƖШƻĲũŸĦŔƣǃШыŉƖŸůШ?ċƖĦǃќƚШxċƽьЮШfŉШƣőĲƖĲШċƖĲШĬĲƻŔċƣŔŸŰs 

the average linear velocity, then hydrodynamic dispersion is occurring (a combination of 

molecular diffusion and mechanical dispersion).  

~ŸũĲĦƨũċƖШĬŔŉŉƨƚŔŸŰШŔƚШĬĲƚĦƖŔĤĲĬШĤǃШ[ŔĦťќƚШũċƽƚШċŰĬШƖĲƓƖĲƚĲŰƣƚШƣőĲШŔŰƣĲƖůŔŰŊũŔŰŊШŸŉШ

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 (McDermott, 

1999). Particles tend to diffuse from areas of higher concentration to areas of lower 

concentration. Molecular diffusion of CO2 is an important controlling factor of 

dissolution kinetics a reservoir (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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Figure 2-1ш Example of mechanical dispersion in porous media, with multiple pathways (a-d) through the 
pore network (Afanasyev, 2018). Not 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 Material parameters  

Porosity is simply the empty space within a rock matrix, measured as: 

ὲ  
ὠ

ὠ
 

n = porosity (%) 

Vv = volume of void space 

Vt = 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 (porosity) 

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. The complexity 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 (le) to the direct diffusive 

path length (l) (Figure 2-2) т ŊŔƻŔŰŊШƣőĲШƣŸƖƣƨŸƚŔƣǃШŉċĦƣŸƖШы͛f). 

†  
ὰ

ὰ
 

 

Figure 2-2 ш Flow in porous medium, showing the real diffusive path length (solid line) and the direct diffusive 
path length (dashed line) (Kilgallon, 2016). 

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 (Figure 2-3).  
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Figure 2-3 ш Schematic showing change in porosity and permeability of a porous medium. Both porosity and 
permeability increase to the right-hand side as the space between the grains is greater and the pore spaces 
are connected. 

2.1.3.2 Fluid parameters 

The parameters of geofluids like CO2 are better understood than geofluids associated 

with emerging subsurface technologies (e.g. H2). Fluids have specific properties, and 

these vary with subsurface conditions including temperature and pressure, with 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 others (Table 2-1).  

Table 2-1 ш Hydrogen (H2) and carbon dioxide (CO2) dymanic viscosity, solubility and compressibility.  

Properties  Hydrogen (H2) Carbon Dioxide (CO2) 

Dynamic viscosity (10-5 Pa s) at 20°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 is 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 for effective storage of fluids (see 

Section 1.1).  

2.1.3.3 Dynamic parameters 

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 where there are 

ŉũƨŔĬƚШƚƨĦőШċƚШŸŔũЯШŊċƚЯШĤƖŔŰĲЯШŸƖШƽċƣĲƖШƓƖĲƚĲŰƣЮШ[ũƨŔĬƚШƣőċƣШƓƖĲŉĲƖĲŰƣŔċũũǃШћƽĲƣќШċШƚƨƖŉċĦĲШ

will replace existing fluids on the rock surface. This wettability depends on a 

combination of the rock and fluid properties (e.g. pressure, salinity, presence 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 pore size (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 permeability (of the fluid) and 

the absolute permeability (of the rock) (Satter and Iqbal, 2016). In geological CO2 storage 

studies, it has been shown that when CO2 migrates into a water-wet system that the CO2 

migration is slowed, whereas in a CO2-wet system CO2 migration is increased (Al-

Khdheeawi et al., 2017). Wettability has implications for CO2 containment and trapping 

within the reservoir (Iglauer et al., 2015; Yekeen et al., 2020). Consideration should also 

be given to CO2 migration into fault systems that may be water-wet т as this could slow 

or stop the migration of CO2 within a fault zone. 

For H2 there has been little work to assess the effect of hydrogen on wettability (Edlmann 

et al., 2019; Miocic et al., 2023). Studies have shown that CO2 and CH4 can alter the 

wettability of rocks and this further work is required to understand the effect H2 may have 

on rock wettability and how different subsurface conditions (i.e. pressure, temperature) 

would affect H2 wettability  (Edlmann et al., 2019; Miocic et al., 2023).  

2.1.3.4 Fluid trapping and migration in CO2 and H2 reservoirs  

Storage fluids (e.g. CO2, H2 and CH4) are lighter than pore-filling brines (Miocic et al., 

2019b) ċŰĬШĦŸŰƚĲƕƨĲŰƣũǃШůŔŊƖċƣĲШƨƓƽċƖĬƚШƣŸƽċƖĬƚШƣőĲШEċƖƣőќƚШƚƨƖŉċĦĲШĬƨĲШƣŸШƣőĲŔƖШ
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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; 

Miocic et al., ΞΜΝΦĤбШuċƖŸũǃƣĽШet al., 2020). This is known 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 CO2 storage, injected CO2 will 

be injected in supercritical phase and will displace and dissolve into the reservoir fluid 

(e.g. brine) (Jia and McPherson, 2019). Supercritical CO2 ĬŔƚƓũċǃƚШљƻŔƚĦŸƨƚШŉŔŰŊĲƖŔŰŊњ, a 

process resulting in solubility trapping via dissolution (Figure 2-4) (Waggoner et al., 

1992). Models suggest most CO2 is not trapped by solubility trapping and instead 

remains in supercritical phase, with trapping of this remaining CO2 via residual trapping 

and structural trapping within the reservoir (Jia and McPherson, 2019) (Figure 2-5). 

Structural trapping relies on the CO2 remaining in the reservoir due to an overlying 

caprock/seal (e.g. low permeability rock unit). Residual trapping is when the CO2 is held 

in place by surface tension (Doughty and Pruess; Flett et al., 2014), which is controlled 

by the wettability. Over time, trapping of CO2 via mineralisation can occur as the CO2 

reacts with the reservoir rocks (e.g. Snæbjörnsdóttir et al., 2020). Observations from 

field studies in basaltic rocks indicate that most trapping is solubility trapping in the first 

year, before moving on to mineral trapping.  
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Figure 2-4 ш Schematic of trapping, fluid flow and viscous fingering in geological CO2 storage reservoir (Jia 
and McPherson, 2019).  

Over time the CO2 trapping will evolve and become more secure (Figure 2-5). 

 

Figure 2-5  ш A) Evolution of CO2 trapping mechanisms over time. B) Summary of results of various injection 
experiments showing the type of trapping achieved with time after injection has stopped (from 
Snæbjörnsdóttir et al., 2020).  
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For geological H2 storage, there are additional pressure changes in the well compared 

to CO2 storage as there will be repeated cycles of injection and withdrawal. Experiments 

from injection and withdrawal of CO2 have shown this cyclicity can influence the relative 

permeability of the fluid system (Edlmann et al., 2019), so this requires further work to 

understand this effect on H2 storage systems (Miocic et al., 2023).  

2.1.3.5 Leakage from reservoirs and fluid flow in the overburden  

Leakage occurs when a stored fluid migrates and escapes from the reservoir. Although 

porous media storage is designed to be secure, leakage can occur in various ways 

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

¶ Caprock : Diffusion rates through caprocks are incredibly slow (Lu et al., 2009) 

and therefore negligible in terms of overall leakage. Capillary leakage of fluids 

through the caprock is usually an incredibly slow process and does not account 

for significant amounts of leakage over short timescales (e.g. years). However, 

there is potential for leakage over time due to pressure and temperature 

changes which can mechanically weaken the caprock and develop fractures or 

reactivate existing fractures т creating enhanced permeability (Green and 

Ennis-King, 2010; Naylor et al., 2011; Renard et al., 2012; Gheibi et al., 2017; 

Miocic et al., 2019b; Gholami et al., 2021). 

¶ Faults : Faults zones and fault-associated deformation can create leakage 

pathways. Changing stress and pressure can result in reactivation of fault zones 

and deformation features (e.g. fractures). Fault zones can be both conduits or 

barriers to fluid flow depending on the geological properties and setting 

(Viswanathan et al., 2022; Fisher et al., 2023) (see Section 2.4 and 2.5).  

¶ Engineered pathways (e.g. well s): Can provide fluids with a pathway from the 

ƖĲƚĲƖƻŸŔƖШ ƣőƖŸƨŊőШ ƣőĲШ ŸƻĲƖĤƨƖĬĲŰШ ċŰĬШ ƣŸШ ƣőĲШ EċƖƣőќƚШsurface. During the 

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; Gholami et al., 2021).  

These pathways are of interest for all subsurface fluid storage (e.g. CO2, H2 and CH4), but 

some fluids pose different or greater challenges due to their properties. For example, H2 

leakage risk is greater than that of CH4 or CO2 due to its physical properties (e.g. low 

interfacial tension) which increases the rate of diffusion of hydrogen through a caprock 
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due to lower capillary entry pressure (Ugarte and Salehi, 2022). Conversely, for CH4 

storage there is high interfacial tension, 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, consideration 

should be given to the properties of the fluid being stored in the subsurface and the 

depth of storage when assessing leakage mechanisms and risk.  

Figure 2-6 outlines some common leakage pathways for CO2. 

 

Figure 2-6 ш Schematic of subsurface CO2 leakage pathways (Wang et al. 2020).  

Natural analogue studies of natural CO2 sites have highlighted the importance of fluid 

overpressure above reservoir overburdens creating a pressure seal, which can 

successfully act to retain CO2 in the subsurface (Roberts et al., 2017). However, it was 

noted that in sites where a pressure seal was present, CO2 still leaked to surface, likely 

via extensional fault systems where the damage zone could act as a fluid conduit 

(Roberts et al., 2017). These fault systems do not need to be directly connected to the 

reservoir to act as efficient fluid pathways (Roberts et al., 2017). Bond et al., (2017) note 

that natural CO2 seeps highlight the importance of fault related fracture permeability for 

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

through the overburden and towards the EarthќƚШƚƨƖŉċĦĲ. 

2.1.3.6 Near surface fluid flow and seepage  

If fluids leak from the reservoir, then they can migrate into the overburden of the storage 

site. During this migration, fluids may be trapped 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 fluids т e.g. CO2 will 

move out of the supercritical phase to gas phase at depths <1km.  

If fluids make their way to the near surface, this can lead to enhanced concentrations of 

fluids in shallow groundwater aquifers (as fluids dissolve). For CO2, the change out of 

supercritical phase and into gas phase will result in an increased buoyancy compared 

to groundwater т meaning CO2 may settle above the water table (phreatic zone) (Roberts 

et al., 2017). This CO2 will be denser than surrounding soil gases in the vadose zone 

(unsaturated zone), so may disperse laterally as fluid concentration increases in the soil 

(Annunziatellis et al., 2008; Kirk, 2011; Roberts et al., 2017; Wang et al., 2020).  

Seepage occurs when a fluid migrates through the entire overburden and reaches the 

EċƖƣőќƚШƚƨƖŉċĦĲ. Natural seepage of fluids has been documented globally for common 

storage fluids т CO2 (Roberts et al., 2014; 2015; 2016; 2019a; 2019b; Miocic et al., 2016), 

H2 (Zgonnik et al., 2020; Frery et al. 2021; Stalker et al., 2022; McMahon et al., 2023; 

Langhi and Strand, 2023) and CH4 (Etiope et al., 2015). In addition, studies of engineered 

seepage have provided important learnings for MMV at subsurface porous media 

storage sites (Roberts and Stalker, 2020). Further work studying natural hydrogen 

seepage is discussed in Chapter 8.  

Fluid leakage or seepage in unconsolidated sediments (often found in the near surface), 

can cause subsurface sediment remobilisation. The cohesiveness of the sediment 

controls its deformation style т low cohesion sediments will deform by fluidisation 

whereas high cohesion sediments will deform by fracturing and folding. Subsurface 

sediment remobilisation is caused by changing pressure (e.g. due to fluid injection) and 

deformation creates enhanced permeability pathways (May et al., 2019).  
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2.2 Fault architecture and studying fault systems 

This section outlines fault zones and their architecture (Section 2.2.1) and how fault 

zones are studied, with a focus on the methods used and challenges fault studies 

present (Section 2.2.2). 

2.2.1 Introduction to fault zones 

[ċƨũƣƚШШċƖĲШƽŔĬĲƚƓƖĲċĬШŔŰШƣőĲШEċƖƣőќƚШũŔƣőŸƚƓőĲƖĲЯШŸŉƣĲŰШŸĦĦƨƖƖŔŰŊШŔŰШĦũƨƚƣĲƖƚШċŰĬШĦƖĲċƣŔŰŊШ

complex heterogenous subsurface structures with implications for multiple geoscience 

sub-disciplines (Brandes and Tanner, 2019). Fault zones (Figure 2-7) encompass the 

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

lithospheric stress (Loveless et al., 2011).  

 

Figure 2-7 ш Geometric attributes of a normal fault (Torabi et al., 2019). џFault lengthѠ is the lateral extent of 
the fault zone. џFault heightѠ is the vertical extend of the fault zone.   

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

angle: 
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¶ Normal faults т occur in extensional environments where one side of the fault 

(hanging-wall) has moved downward relative to the other (footwall). Typically 

dipping ~60°.  

¶ Reverse faults т occur in compressional environments where one side of the 

fault block (hanging-wall) has moved up and over the other block (footwall). 

Typically dipping ~30°. 

¶ Strike-slip faults т the two blocks slide past each other т 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 faults vertically is referred to as љthrowњ. The 

ċůŸƨŰƣШŸŉШĬŔƚƓũċĦĲůĲŰƣШőŸƖŔǍŸŰƣċũũǃШŔƚШƖĲŉĲƖƖĲĬШƣŸШċƚШљőĲċƻĲњ. The total slip on a fault is 

the combination of both the throw and heave (Figure 2-8).  

 

Figure 2-8 - Illustration of a normal fault. A) dip-slip normal fault ш showing both vertical and horizontal 
(dextral) displacement.  B) Fault appears as a sinistral fault in map view (horizontal section at Level A). C) 
Profile perpendicular to fault strike showing heave and throw. D) Profile perpendicular to fault strike showing 
the true displacement (Fossen, 2015) 

Fault zone architecture is often characterised by two main zones: a high-strain fault core 

and a low-strain fault damage zone (see Figure 2-7). Most of the fault displacement is 

accommodated in the fault core, which often contains a fine-grained gouge or smear 

surface (Sibson, 1977; Caine et 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; Caine et al., 1996; Loveless et 



 

55 
 

al., 2011). Fault zones can contain multiple fault cores in one damage zone when there 

is high strain material (Figure 2-9). 

 

Figure 2-9 ш Fault 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 form multiple strands or segments 

(Walsh and Waterson, 1991)ЮШ ŰШĲǂċůƓũĲШŸŉШљƚŸŉƣњШŉċƨũƣШũŔŰťċŊĲ, where a zone of high 

strain occurs between two fault strands, is a relay ramp. Relay ramps are characterised 

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

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

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

2.2.1.1 The control of faulting depth on fault architecture 

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

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

resulting in fault zones ĬŔƚƓũċǃŔŰŊШĬŔŉŉĲƖĲŰƣШƓƖŸƓĲƖƣŔĲƚШċƚШǃŸƨШůŸƻĲШŉƖŸůШƣőĲШEċƖƣőќƚШ

ƚƨƖŉċĦĲШƣŸШĬŔŉŉĲƖĲŰƣШĬĲƓƣőƚШƽŔƣőŔŰШƣőĲШEċƖƣőќƚШƚƨĤƚƨƖŉċĦĲЮШ 

ƣШƣőĲШEċƖƣőќƚШƚƨƖŉċĦĲЯШŉċƨũƣƚШċƖĲШƚŸůĲƣŔůĲƚШƻŔƚŔĤũĲШċƚШċШŉċƨũƣШƚĦċƖƓЮШÑőŔƚШŔƚШƽőĲƖĲШƣőĲƖĲШ

őċƚШĤĲĲŰШċШĬŔƚĦƖĲƣĲШƖƨƓƣƨƖĲШċƣШƣőĲШEċƖƣőќƚШƚƨƖŉċĦĲШĬƨĲШƣŸ fault movement. Different fault 

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

¶ Normal faults: High-angle step-like vertical offset in ground surface. Easiest to 

observe. 
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¶ Reverse faults: Lower-angle vertical offset, where the hanging-wall block has 

come over the footwall.  

¶ Strike-slip faults: Horizontal offset, can only be easily observed when the ground 

slopes (e.g. a valley) making them the most 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 ĤĲШŉŸƖůĲĬШƽőĲƖĲШƣőĲШEċƖƣőќƚШƚƨƖŉċĦĲШŔƚШĬĲŉŸƖůĲĬШĬƨĲШƣŸШƣőĲШƨŰĬĲƖũǃŔŰŊШŉċƨũƣШ

movement. If a fault is not visible at the EċƖƣőќƚ surface, the motion on the fault plane 

must have ended before the surface, 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 in Figure 2-10. 

 

Figure 2-10 ш Fault evolution with depth and temperature (Brandes and Tanner, 2019).  

The top 10km depth of the lithosphere is dominated by brittle deformation processes 

(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 processes. At 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 lithology. 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; Inbal et al., 2015; Brandes et 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 zones: methods and challenges  

Studying fault zones presents challenges as we are limited in the data which are able to 

be collected. ìőĲƖĲШŉċƨũƣƚШċƖĲШĲǂƓŸƚĲĬШċƣШƣőĲШEċƖƣőќƚШƚƨƖŉċĦĲЯШŔƣШůċǃШĤĲШƓŸƚƚŔĤũĲШƣŸШ

conduct fieldwork and collect data on the fault zone. However, most fault zones are not 

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

measure the fault properties remotely in the subsurface.  

The most common method used to image fault zones in the subsurface is geophysical 

methods (e.g. seismic imaging) (Tanner et al., 2019). This involves using a source (either 

natural or engineered) to generate sound waves which pass through and are reflected by 

the rock. An array of receivers processes the reflected signals and the time taken for the 

waves to reach the receiver can be used to estimate geological boundaries, structural 

features and rock type. Other geophysical methods can also 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 the resolution is limited by the method used and the geological setting. One of 

the main limitations to the quantity of data collected is the cost. Seismic imaging of the 

subsurface is expensive, particularly offshore. Therefore, to date most seismic data 
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collected has been for petroleum exploration and extraction. Seismic data are therefore 

biased towards reservoir depths. Consequently, most images of faults in seismic are 

from petroleum basins where the survey is designed to maximise resolution at reservoir 

depths.  

Features at sub-seismic scales (or below the resolution of other geophysical methods) 

will not be imaged, meaning features such as smaller fault zones or fault-related 

deformation (e.g. fractures) will not be detected (Bond et al., 2017). Fractures are an 

important control on fluid flow in the subsurface (see Section 2.4.1.2), even where 

appropriate caprocks/seals are present (e.g., Bond et al., 2017). This highlights the 

importance scale and resolution when choosing a method for 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 Rosa et 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 

(Heynekamp et al., 1999; Lunn et al., 2008; Caine and Minor, 2009; De Rosa et 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 

Rosa et 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 behaviour. 3D 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 7 discusses fault modelling in further detail.  

Where it is possible to get samples from fault zones, either in the field or from rock core 

recovered from the subsurface т it is possible to conduct experiments to assess the fault 

rock properties (e.g. mechanical and hydraulic). These methods can provide useful 

quantification of key parameters for geological modelling. Other common methods 

applied to rock core include fracture logging (Kulander et 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 in the subsurface due to tectonic processes) 



 

59 
 

or induced (i.e. due to the drilling, extraction, handling, or storage of the core). The 

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 in Sections 2.3, 2.4.1.2, 4.1 and 5.3. 

Other experiments assessing fault zone kinematics and properties include sandbox 

experiments (e.g. Buchanan and McClay, 1991; Bernard et al., 2007; Herbert et al., 2015) 

and field experiments (see Chapter 3).  

Additionally, being aware of bias is important in any geoscience discipline. Shipton et 

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 consider 

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 faults, and some of the key 

limitations and considerations, the next section considers fault architecture in shallow 

fault zones (Section 2.3). 
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2.3 Fault zone architecture in the shallow subsurface  

[ŸƖШƣőĲШƓƨƖƓŸƚĲƚШŸŉШƣőŔƚШƚƣƨĬǃШƣőĲШљshallow subsurfaceњШŔƚШĦŸŰƚŔĬĲƖĲĬШӃΝťůШĬĲƓƣőЮШ ƚШ

such, faulting that takes place in the shallow subsurface is referred to ċƚШљƚőċũũŸƽШ

ŉċƨũƣŔŰŊњШċŰĬШƣőĲШƖĲƚƨũƣŔŰŊШŉċƨũƣШǍŸŰĲƚШċƚШљƚőċũũŸƽШŉċƨũƣ zonesњ ŸƖШљƚőċũũŸƽШŉċƨũƣШƚǃƚƣĲůƚ 

(see Section 1.1). Faulting that has taken place at љĬĲĲƓĲƖШĬĲƓƣőƚњШыӂ1km) is referred to 

as љĬĲĲƓĲƖШŉċƨũƣŔŰŊњШċŰĬШŉċƨũƣƚШċƣШƣőĲƚĲШĬĲƓƣőƚШċƚШљĬĲĲƓШŉċƨũƣƚњЮШWhere there has been 

deeper faulting and later the fault zone has been uplifted or exhumed to depths <1km, 

these fault zones are referred to ċƚШљĲǂőƨůĲĬШŉċƨũƣƚњЮШThe focus of this section is on 

shallow fault ing and shallow fault zone processes. 

Shallow fault studies are not as common as studies of deeper faults, as most fault 

studies have focused on faulting in deeper consolidated rocks (Brandes and Tenner, 

2019) as these rocks are the focus of most subsurface research (i.e. petroleum and 

mining industries). At these deeper depths, the consolidation states of rocks tend to 

increase due to increasing pressure, diagenetic processes, and other at depth 

processes. The resulting grain compaction leads to a loss of porosity (e.g., Bethke and 

Corbet, 1988) and a reduction in permeability (Bense and Person, 2006), which 

ultimately decreases permeability.  

Studies indicate that the architecture of faults that form in the shallow subsurface varies 

compared to deeper faulting. In the shallow subsurface, fault zones are exposed to 

contrasting rheological properties and confining pressures (Balsamo et al., 2008; 

Loveless et al., 2011), resulting in significant architectural differences compared to 

faulting at deeper depths (Heynekamp et al., 1999; Caine and Minor, 2009). In shallow 

fault zones, there are three sections of fault architecture that have been observed: i) 

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

In shallow fault zones, the fault core is often reported as a deformation band shear zone 

(see Section 2.4.1.3) (Heynekamp et al., 1999; Rawling and Goodwin, 2003; 2006; Minor 

and Hudson, 2006) or a continuous clay smear (see Section 2.4.1.4) (Heynekamp et al., 

1999; Rawling, et al., 2001; Bense et 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 (Heynekamp et al., 1999; Rawling and 
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Goodwin, 2003; 2006; Minor and Hudson, 2006) т leading to a reduction in fault zone 

permeability (Rawling et 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 zone т 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 (Lindsay et al., 1993; Bense and Person, 2006; Loveless et 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; Heynekamp et 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 Minor, 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 

т which is an issue of terminology bias (Shipton et 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 in shallow fault zones (Section 2.3.1). 

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 (Figure 2-11).  
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Figure 2-11 ш Deformation mechanisms in unconsolidated sediments (Brandes and Tanner, 2019). Although 
cataclasis can occur at depths <1km, is not the dominant deformation mechanism at these depths ш instead 
particulate flow processes dominate.  

In the shallow subsurface, particulate flow is the dominant deformation mechanism. 

Here, any unlithified (or soft) sediments display a non-linear stress strain relationship, 

meaning elastic deformation induces particulate flow processes such as grain 

sliding/rolling, a disaggregation of grain fabric and pore dilation that cannot be restored 

(Jones, 1994, Bense et al., 2003). The crushing of grains (cataclasis) is possible at deeper 

depths, in conjunction with particulate flow (Bense et 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 ~1km depth 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 (Bense et 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 isolation at these depths. 

Furthermore, major seismic events (e.g., earthquakes) that cause surface ruptures can 

result in cataclastic processes occurring at shallow depths (Cashman, et 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 across 

the fault and up-dip. To consider the effect of different geological environment, the 

proceeding sections present an overview of faulting and fluid flow in siliciclastic rocks 

(Section 2.4) and carbonate rocks (Section 2.5). 
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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 sandstone, shale and conglomerate. 

The following subsections outline deformation features and alteration processes that 

occur in siliciclastic rocks, with an emphasis on shallow fault zone processes (Section 

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

2.4.1 Fault processes and features in siliciclastic 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 component. Other features, not 

related to deformation, which can influence the rock properties are presented in Section 

2.4.1.4. Table 2-2 summarises the main mechanisms and controls on rock properties in 

fault zones and which processes they are associated with, with proceeding sections and 

figures outlining these processes in detail.  

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

Mechanism /Control  Process Features 

Particulate flow Grain rolling, sliding 

Bands (e.g. 

Disaggregation bands, 

dilation bands, sand 

smear) 

Sediment mixing and 

dilation 

Cataclasis 
Fracturing, brecciation, 

grain crushing 

Shear fractures, joints 

Breccias 
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Cataclastic deformation 

bands 

Lithology (% clay) Phyllosilicate smearing 
Phyllosilicate bands or 

clay smear 

Diagenesis 

Fluid flow controlled 

dissolution and 

cementation 

Veins, concretions and 

localised precipitation 

Fault 

movement/reactivation 
Fault growth 

Relay ramp, segment 

boundaries, asperities, 

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 (Sperrevik ei 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 (Sperrevik et 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 <1km. At these depths, 

particulate flow is the dominant deformation mechanism compared to cataclasis 

(Bense et al., 2003).  

Disaggregation zones typically occur in clean (low clay-content, <10%) sandstones 

(Figure 2-12) 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 (Fulljames et 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 (Bense et al., 2003).  

 

Figure 2-12 ш Deformation band type in relation to depth and phyllosilicate content. Boundary transitions are 
gradual (Fossen et al., 2007). 

There are examples of particulate flow in New Mexico (Rawling et al., 2001; Rawling and 

Goodwin, 2003) and Greece (Loveless et al., 2011), as well as sandbox experiments that 

show grain deformation via particulate flow in ring shear experiments (Mandl et 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 fracturing or crushing 

(Sibson, 1977), resulting in cataclastic rocks (e.g. cataclastite, breccia, gouge). This 

occurs when there is high strain during fault zone movement or can occur due to impact 

events (e.g. meteorites) (Blenkinsop, 2000; Ruzucka et al., 2005; Pittarello et al., 2015).  

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

work of Sibson (1977). Figure 2-13 shows a common classification matrix.  
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Figure 2-13 ш Fault rock classification (from Woodcock and Mort, 2008). 

2.4.1.3 Deformation bands 

There are four main types of deformation bands (Figure 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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Figure 2-14 ш Types 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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Figure 2-15 ш Burial 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 bands can occur due to both particulate flow and cataclasis. 

Disaggregation bands are near surface deformation bands, which can result in a 

porosity change (either increase or decrease) depending on the dominant component 

(Fossen et 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 (Fossen et al, 2007), however disaggregation bands can focus 

fluid flow (Bense et al., 2003; Balsamo et al., 2008). However, when particulate flow 

processes (e.g., disaggregation bands) cause mixing of different types of unlithified 

sediments, at both the bed and grain scale, this results in a more poorly sorted sediment 

mixture compared to any individual sediment bed (Bense et al., 2013). Tectonic mixing 

of sediment in fault zones typically causes permeability reduction due to increasing 

heterogeneity (Heynekamp et al., 1999; Faerseth, 2006; Rawling and Goodwin, 2006; 

Balsamo and Storti, 2011). Heynekamp et al., (1999) examined mixing in the Sand Hill 

fault zone (New Mexico, USA) and record a permeability reduction 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 Section 2.1.2 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 (Bense et 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 influence of cataclastic deformation bands has been analysed through sub-

core scale studies which have shown that cataclastic deformation bands reduce both 

porosity and permeability т meaning they can act as fluid barriers in the subsurface 

(Romano et al., 2020).  

At deeper depths, deformation bands can develop both in the damage zone of faults 

(Shipton and Cowie, 2001; 2003; Fossen et al., 2007) and in the process zones (Ballas et 

al., 2015) meaning they can affect fluid flow by lowering permeability. In cases where 

dilational porosity increase later undergoes cementation (e.g., Du Bernard et 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 reduced fluid 

flow. Different types of deformation bands can have varying effects on fluid flow, so 

efforts to characterise the type of band and kinematics are important (Figure 2-16). 
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Figure 2-16ш Kinematic 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; Fulljames et al., 1997; Bense et al., 2003). This is common in sandstones with a 

clay percentage that is >40% (Weber et al., 1978). This can occur in shallow fault zones 

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 (Bense et al., 2003). Clay smearing has 

been extensively studied as it can provide an effective fluid seal (Yielding et 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 structure (Figure 2-17) which develops 

a strongly anisotropic fault core (Bense and Person, 2006).  
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Figure 2-17 ш Fault 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 conduit-barrier 

system (Loveless et al., 2011; Bense et 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, e.g., Colorado Plateau (Davatzes and Aydin, 2005; 

Shipton et al., 2006), accompanied by complex deformation band networks which likely 

create an effective fluid barrier (Rawling et al., 2001).  

Diagenetic processes vary 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 0-250°C and 

from up to 250MPa (c). Diagenetic processes vary with geological setting and lithology, 

but processes such as mineral 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 rocks include the Moab faut Zone 

(Utah, USA) where multiple precipitation episodes are recorded (Chan et al., 2000). 

Rocks that have been buried to deeper depths are more likely to have seen multiple 

stages of diagenesis as temperature and pressure have increased (Montañez and 

Crossey, 2018). Therefore, diagenetic processes would have a more profound influence 

on the mechanical and hydraulic properties of deep faults, due to the time these faults 

would have spent in the subsurface at different pressure and temperature conditions.  

2.4.2 Faulting and fluid flow in siliciclastic fault zones  

The porosity of the host rock influences the deformation mechanisms. For example, 

fine-grained low porosity sediments such as silt and clay tend to deform via discrete 

fault surfaces whereas more porous materials (e.g., sands) would deform via tabular 

deformation bands. In high porosity sediments (e.g., gravels), faults are typically diffuse, 

occasionally showing a preferred orientation indicating the fault trace (Kim et 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 hydraulic 

conductivity (Heynekamp et al., 1999; Bense et al., 2003). Therefore, the deformation 

processes that occur will lead to an enhanced fault zone permeability or a reduced 

permeability (Table 2-3).  

Table 2-3 ш Processes that impact the permeability of poorly lithified fault zones (adapted from Bense et al., 
2013). 

Process Feature Permeability  Reference 

Particulate 

flow 

Disaggregation bands, 

dilation bands, sand 

smear 

Enhanced 

Du Bernard et al., 

(2002), Bense et al., 

(2003), Exner and 

Graseman (2010) 
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Particulate 

flow 

Sediment mixing and 

dilation 
Reduced 

Heynekam et al., (1999), 

Rawling and Goodwin 

(2006) 

Fracturing Shear fractures, joints Enhanced Balsamo et al., (2010) 

Brecciation Breccias Enhanced Caine and Minor (2009) 

Phyllosilicate 

smearing 

Phyllosilicate bands or 

clay smear 
Reduced Fulljames et al., (1997) 

Cataclasis 
Cataclastic deformation 

bands 
Reduced 

Sigda et al., (1999), 

Sigda and Wilson 

(2003), Cashman and 

Cashman (2000) 

Fluid flow 

controlled 

dissolution 

and 

cementation 

Veins, concretions and 

localise precipitation 

Enhanced or 

reduced 

Mozley and Goodwin 

(1995), Balsamo et al., 

(2013) 

Fault growth 

Relay ramp, segment 

boundaries, asperities, 

juxtaposition of 

lithologies at fault zone. 

Enhanced or 

reduced 

Rawling and Goodwin 

(2006), Loveless et al., 

(2011) 

 

In general, particulate flow (shallow) deformation processes usually do not create 

barriers to fluid flow (Sperrevik et 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 processes and are not considered to be impermeable 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., phyllosilicate 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 (Yielding et 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 (Bense et 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 (Faulkner et 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 (Caine et al., 1996; Faulkner and Rutter, 2001; Guglielmi et al., 2008; 

Cappa, 2009). Figure 2-18 shows hypothetical fault zone permeability models. 

 

Figure 2-18 ш (a) 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 multi-strand 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 (Bense et al., 2003; Davatzes and Aydin, 2005) and 

consequently lower vertical fluid migration. In poorly consolidated shallow 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; Yielding et al., 1997; Mailloux et 

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.g., 

deformation bands, clay smearing and processes occurring in the mixed zone) (Miocic 

et al., 2020).   

At shallow depths (<1km) geological processes impact hydrogeological processes more 

than hydrogeological processes impact geological processes т meaning that at shallow 

depths hydrogeological processes can be predicted from structural geologic data 

(Bense et al., 2013). 
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2.5 Carbonate hosted fault zones: controls, processes and fluid 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 fault zone processes (Section 2.5.1). The impacts these features 

have on fluid flow is synthesised in Section 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 (Willemse et al., 

1997; Kelly et al, 1998; Mollema and Antonellini, 1999; Salvini et al., 1999; Graham et al., 

2003; Agosta and Aydin, 2006; Tondi et al., 2006) and pore types (e.g., vugs, molds, 

fractures and channels) (Wang 1997; Lucia 1999; Agosta et al., 2007). Furthermore, 

there has been a lack of petrophysical data for carbonate fault rocks (Agosta et al., 2007) 

and only since 2010 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; Storti et al., 2003; Micarelli et al., 2006). Fault damage zones in carbonates contain 

small faults, veins, fractures cleavage and folds, like siliciclastic rocks (Caine et 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: 

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

petrophysical properties (Michie and Haines, 2016),  

¶ 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 juxtaposed (Michie et al., 2014).  
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¶ fault zones with permeable deformation features (e.g., fracturing, fault breccia) 

which allow both horizontal (along) fault and vertical (up) fault fluid flow (Lee et 

al., 1997; Matonti et al., 2012) 

¶ two further damage zone elements (Micarelli et al., (2016): 

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

network  

2. weakly deformed damage zone (WDDZ), less frequent sub-vertical 

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 will always 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 (Cooke et al., 2018). 

2.5.1 Fault processes, porosity and permeability in carbonate rocks 

Fault processes in carbonate rocks differs from those observed in siliciclastic rocks due 

to the ability of carbonate minerals to undergo deformation by physio-chemical 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 (Tondi et al., 2006; 

Rath et al., 2011; Cilona et al., 2012; Antonellini et al., 2014; Rotevatn et 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 (Cilona et 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 carbonate 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 lower porosity carbonates  

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 (Dunn et 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 

(Cello et al., 2001; Ghisetti et al., 2001; Rawling et al., 2001; Agosta and Kirschner, 2003; 

Agosta et al., 2008; Kim and Sanderson, 2010; Molli et al., 2010). Localised dilatational 

features such as joints, veins and stylolites form (Agosta et al., 2009; Agosta et 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-

Diaz et 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 (Agosta et 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 there is 

a decrease in the inner fault core around the principal slip surface (Agosta et al., 2007; 

Michie et al., 2020). This decreased permeability in the inner fault core is often like that 

of the host rock (Michie et al., 2020). Michie et 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 higher porosity carbonates  

In poorly cemented carbonate rocks, the grains have few inter-granular contacts 

favouring granular-relatively-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 (Tondi et al., 2006; 

Rath et al., 2011; Tondi et al., 2012; Cilona et al., 2014; Rotevatn et al., 2016). Like in 
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siliciclastic rocks, carbonate rocks exhibit different types of deformation bands (Tondi, 

2007; Antonellini et al., 2014; Rotevatn et al., 2016; Kaminskaite et al., 2019). Dilation 

bands form when rocks with low cohesive strength deform via granular flow (sediment 

disaggregation) under tensile stress (Du Bernard et 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 (Fossen et 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 (Cooke et al., 2018; Michie et 

al., 2020).   

2.5.1.3 Permeability in carbonate fault 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). Michie et 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 the time of faulting can influence how the rock deforms, this is not seen to be 

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

Carbonate faults, especially in heterogeneous facies, are structurally complex and 

exhibit variable deformation along strike. Michie et al., (2021) documented the variation 

in permeability along-strike 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 permeability 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 units (Cooke, 2019). Shallowly buried 

carbonate rocks tend to have the most amount of complexity (Matonti et 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 static 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 fluid flow in carbonate fault 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 (Bense et 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 area which requires further research in respect to carbonate hosted fault zones.  
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2.6 Implications for subsurface technologies and research gaps 

Shallow fault zones have been studied in the Gulf of Corinth (Loveless et al., 2011) the 

Lower Rhine Embayment (Bense et al., 2003), the Rio Grande Rift basin (Heynekamp et 

al., 1999; Caine and Minor, 2009), southern Italy (Balsamo and Storti, 2010), and Austria 

(Exner and Grasemann, 2010). Studies have found shallow fault zones in poorly 

consolidated sediments that cut aquifers can act as hydraulic barriers which prevent 

fluid flow across faults (Grauch et al., 2001; Minor and Hudson, 2006), leading to aquifer 

compartmentalisation (Loveless et al., 2011). However, others (e.g., Rawling et al., 2001; 

Bense et al., 2003; Caine and Minor, 2009) suggest that shallow 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 (Bredehoeft et al., 

1982; Person et al., 2000; Heffner and Fairley, 2006; Bense and Person; 2006; Bense et 

al. 2008). These studies provide useful insights into shallow fault zone processes for 

groundwater flow and learnings should be transferable to subsurface storage 

technologies and the design of effective MMV systems.  

There are also multiple fault studies in shallow fault zones in the paleoseismological 

literature. These studies 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 are mainly mapped to identify 

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

For geological porous media storage, there have been numerous studies indicating that 

faults play a key role in the migration of geofluids (e.g., CO2) in the subsurface (see 

Section 2.1.3 and sections within). Fault parallel migration of CO2 has been observed in 

fault damage zones (e.g., Annunziatellis et al., 2008; Gilfillan et al., 2011, Kampman et 

al., 2012, Burnside et al., 2013, Bond et al., 2017, Miocic et al., 2019a). Cases of across 

fault migration have also been recorded (e.g., Shipton et al., 2004; Dockrill and Shipton, 

2010). Furthermore, natural analogue studies of natural CO2 reservoirs indicate that 

leakage of CO2 reservoirs is usually due to fault related leakage (Miocic et al., 2016; 

Roberts et al., 2017; Miocic et al., 2020). However, most studies to date have focused on 

deeper faulting, within the storage complex or in the overburden (e.g. Burnside et al., 

2013).  
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2.6.1 Fluid flow and leakage 

Key to ensuring retention of materials in the subsurface is the storage security of the 

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, CO2, H2) as the deformation processes 

associated with this type of geology at these depths favours the retention, or 

enhancement of host rock permeability.  

Examples in Italy of faults acting as effective fluid conduits for CO2, 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., Ascione et al., 2014; Roberts et al., 2014; Roberts et al., 2017). Where 

near surface fault rocks either retain host rock permeability 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 some 

characterisation of the near surface geology (Roberts et al., 2014; Roberts et al., 2019b).  

2.6.2 Site selection and monitoring 

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 (Roberts et al., 2017). This has 

already been suggested to inform monitoring programmes from analogue studies of 

natural CO2 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 
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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 (Bense et 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.g., Bond et 

al., 2017). Roberts et al., (2019a) 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 governed by smaller scale 

features and hydrogeological factors. This highlights the need to have an appropriately 

designed programme of surface characterisation and surface monitoring for subsurface 

storage sites, 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 acceptable 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 fault zones 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 Research gaps 

This literature review shows that fault zones are important for subsurface fluid flow, as 

they act as both barriers and conduits to fluids. Evidence from the literature shows that 

there have been fewer studies on shallow fault zones with further research required to 

understand shallow fault zone process and the effect these have on rock properties. 

Understanding of shallow fault zone processes varies with lithology: siliciclastic rocks 

are better understood compared to carbonate rocks, but there remains significant 

scope for further work for both in determining how fault zone processes vary with depth, 

lithology, and the influence of subsurface and surface processes. As subsurface 
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technologies (e.g. porous media storage) scale-up there is a need to expand and utilise 

all available subsurface storage sites т which means characterising the overburden of 

storage sites and understanding how shallow fault zones effect fluid flow will be crucial 

to deploy effective MMV strategies. 

This thesis contributes to further understanding of these key research gaps, and opens 

up new questions for future research.
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Chapter 3 Site overview: In-Situ Lab (WA, Australia) and Otway 

International Test Centre (VIC, Australia) 

This chapter presents an overview of the two field experiments studied in this thesis: the 

In-Situ Lab (Western Australia, Australia) (Section 3.1) and the CO2RC Otway 

International Test Centre (OITC) (Victoria, Australia) (Section 3.2). Both have, as part of 

their experimental design, cored through a shallow fault zone to observe the interactions 

between injected CO2 and the fault zone. Neither site investigation has so-far included 

a detailed study of the deformation across either fault zone, which is why the operators 

were supportive in collaborating in this PhD research.  

For each site, the scope, objectives and set-up are first explained, before the regional 

geology and details of the fault of interest are described. Results and discussion are 

presented, with areas for further work highlighted.  

3.1 In-Situ Lab, Harvey (Western Australia, Australia) 

3.1.1 In-Situ Lab: Operation, location, scope and infrastructure 

The In-Situ Laboratory (In-Situ Lab) is a research site located near Harvey, a town around 

125km south of Perth, Western Australia. The site aims to de-risk the commercial 

deployment of CCS in Australia. The Commonwealth Scientific and Industrial Research 

Organisation (CSIRO) developed In-Situ Lab between 2016-2019, using the resources 

and information gathered during the South West Hub CCS Project (2011-2015) (Figure 

3-1). The South West Hub was originally set up to focus on assessing the CO2 storage 

potential of the region, with the In-Situ Lab expanding the scope to include monitoring, 

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 (DMIRS) and federal 

government Department of Industry, Innovation and Science (DIIS). As such, this is a 

collaborative project bringing together teams from different industries to develop this 

field site.  

The In-Situ Lab aimed to successfully instrument an existing well and demonstrate CO2 

injection. The purpose of releasing CO2 into the F10 Fault was to understand how CO2 
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migration is affected by fault zones in the shallow subsurface (Michael et al., 2019; 

2020).  

The In-Situ Lab utilises four vertical wells: (Harvey-1 (drilled 2012) and Harvey-2, Harvey-

3 and Harvey-4 (drilled 2015) and seismic data collected through both 2D and 3D 

surveys between 2010 and 2015 (Figure 3-1). The four boreholes cut four major rock 

formations, shown in Table 3-1. The Harvey-1 well cuts a fifth deeper horizon. There are 

additional monitoring and sampling wells around the Harvey-2 borehole at the In-Situ 

Lab site (e.g. ISL OB-1, ISL OB-2) (Figure 3-2), and nearby petroleum wells (e.g. Pinjarra-

1).  These monitoring wells were used to monitor the CO2 injected into Harvey-2, with 

behind casing instrumentation (including geophones, electrodes, fibre-optic sensors for 

acoustics and temperature and pressure/temperature gauges). Another groundwater 

well near the fault zone was used for fluid sampling.  
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Figure 3-1 ш A) Geological maps showing the location of the Harvey wells (H-1, H-2, H-3, H-4) and 
surrounding wells (Lake Preston-1 (LP-1), Preston-1 (P-1) and Pinjarra-1). B) Stratigraphy of the Perth Basin 
(from CSIRO, 2019). Inset shows location of the site within Australia.  
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Table 3-1- The location of each borehole at the In-Situ Lab, and depths that major rock formations were 
encountered. The formations were dated by palynology and boundaries recognised by breaks on wireline 
logs (Delle Piane et al., 2018). 

 

Figure 3-2 ш Aerial view of the ISL showing the Harvey-2 (Injection well, green) and surrounding groundwater 
(blue), monitoring (purple) and soil gas wells (beige) (Myers et al., 2020). 
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The Harvey-2 borehole was initially drilled as part of the South West Hub activities to 

constrain the depths of the Yalgorup and Wonnerup members, but later became the CO2 

injection well for the In-Situ Lab.  

Research in Chapter 5 of this thesis focuses primarily on core from Harvey-2 and Harvey-

3 wells. These wells offer a comparison of the same units and lithologies in each well 

(Table 3-1), but only the Harvey-2 well cuts the F10 Fault, and Harvey-3 does not (Figure 

3-5 and Figure 3-6).  

In February 2019, CSIRO injected 38t of CO2 at ~340m depth into the Harvey-2 well which 

intersects the F10 Fault zone to assess how the CO2 would interact with the fault zone 

and to test various MMV technologies (Michael et al., 2019). Although the scope of the 

In-Situ Lab project changed through the project scoping phase due to logistical issues, 

the experiment was deemed to be successful. The experiment used a combination of 

approaches, including utilising the previous South-West Hub data, borehole and core 

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 planned. In 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 site (Section 3.1.2), with a 

focus on the F10 Fault zone (Section 3.1.3). Findings from the 2019 CO2 injection 

experiment are summarised and areas for further work highlighted (Section 3.1.4). 

Details on the monitoring techniques deployed at the In-Situ Lab are summarised in 

Appendix 1.  

3.1.2 Regional geology of the Perth Basin 

The ISL is located in the Perth Basin (Figure 3-3), which extends 1300km north-south 

along the south-west margin of Australia (Olierook et al., 2014a) and covers an area of 

around 100,000km2; 45,000km2 onshore and 55,000km2 offshore (Playford et al., 1976).  

The Perth Basin formed due to oblique rifting during multiple periods (Permian, Late 

Triassic to Early Jurassic and Middle Jurassic to Early Cretaceous) as part of the East 

Gondwana rift system (Playford et al., 1976; Crostella and Backhouse, 2000) during the 

breakup of Australia and Greater India (Song and Cawood, 1999). 
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Southern parts of the basin saw deposition and rifting throughout the Cretaceous 

(Playford et al., 1976; Marshall et al., 1989; Spring and Newell, 1993, Quaofe et al., 1994; 

Mory and Iasky, 1996) т with inversion, erosion, strike-slip tectonics,  and volcanism. 

Consequently, the Perth Basin has a complex structural architecture with multiple 

structural units that are the result of the later strike slip motion during Cretaceous rifting 

(Harris 1994). 
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Figure 3-3 ш Divisions of the Perth Basin. The basin can be subdivided into 3 main sections: northern (north 
of latitude 31°S), central (between latitudes 31°S and 33°S) and southern (south of 33°S). The beige/brown 
line represents the coastline. The red box indicates the location of the ISL (modified from Crostella and 
Backhouse, 2000).  
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The central and southern parts of the Perth Basin can be further divided into five 

structural units (Figure 3-3): Vlaming Sub-Basin (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 Darling Fault. 

The In-Situ Lab sits in the southern Perth Basin, located on the southern end of the 

Mandurah Terrace, east of the offshore Vlaming Sub-Basin (Langhi et al., 2013; Delle 

Piane et al., 2018). The In-Situ Lab sits on the Harvey Ridge (Figure 3-3 and Figure 3-4), 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).  

 

Figure 3-4 ш Subdivision of the Southern Carnarvon and Perth Basins (Mory, 1994). 
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3.1.2.1 Stratigraphy of the In-Situ Lab area 

The subsurface geology (Figure 3-5) of the In-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 to Quaternary sequence 

(Figure 3-5). 

 

Figure 3-5 ш Geology of the In-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 F10 Fault is shown in the SE of the In-Situ Lab site. Harvey-2 (injection well) has been 
backfilled with cement (grey shading) up to a depth of approximately 400 m. The potential CO2 storage 
reservoir is the Wonnerup Member. 

The oldest sedimentary unit at the ISL is the Early Triassic Sabina Sandstone, a poorly 

consolidated green to grey micaceous sandstone, interbedded with grey shale and 

siltstone (Playford et al., 1976). This is only cut by the Harvey-1 well (Table 3-1 and Figure 

3-6). The overlying Lesueur Sandstone has been extensively studied in the Harvey-1 

borehole (Timms et al., 2012; Delle Piane et al., 2013; Olierook et al., 2014a; Timms et 

al., 2015). The Lessuer Sandstone contains two distinct members: the Middle Triassic 

Wonnerup Member and the upper Triassic Yalgorup Member. The Wonnerup Member is 

a sequence of medium to granule sized moderately to poorly sorted arkose and 

quartzose sandstones. The Yalgorup Member is more variable, containing sandstone, 
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siltstone and claystones (Playford et al.,1976) as wells as palaeosols (Lim et al., 2017). 

These units are overlain by the Early Jurassic Eneabba Formation, which is a feldspathic 

sandstone, with interbeds of conglomerate (minor), claystone (of various colours), 

siltstone and minor coal (Mory, 1995). Given their similarities, the boundary between the 

Eneabba Formation and the underlying Yalgorup member is not clear at the ISL. The 

depositional environment from the Eneabba Formation and Yalgorup Member is likely 

an anastomosing river (CSIRO, 2019). These units have an average bedding dip of around 

20° to the east.  
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Figure 3-6ш Conceptual model of the Harvey-1 and Harvey-3 boreholes at the In-Situ Lab (Stokes et al., 2018). Red box indicates studied zone in Stokes et al., 2018.
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The unconformity between the Eneabba formation and the overlying Cretaceous 

Leaderville formation is at 135-250m 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 (Playford et al., 1976). Disconformably overlying is 

the Pleistocene Guildford Formation which comprises of alluvial sands and clays , with 

a local basal conglomerate. This formation lies directly below the surficial sediment 

cover (Low, 1971). 

The diagenetic history of the Lesueur Sandstone (Yalgorup and Wonnerup Members) is 

well documented. The Lesueur Sandstone has been diagenetically altered by feldspar 

dissolution, pore-occluding kaolinite formation, quartz overgrowths, and chemical 

compaction. These diagenetic alterations result in an overall decrease in reservoir 

quality with depth (Delle Piane et al., 2018). This was not expected to affect the In-Situ 

Lab shallow release experiment as these features were not observed in the target 

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

3.1.2.2 Regional stress and fault regime 

The current stress regime at the southern Perth Basin is interpreted to be a transitional 

reverse to strike slip regime, although there is potential for a normal regime to be 

interpreted at depths >400m (King et al., 2008; Michael et al., 2019). At 400m depth, the 

minimum horizontal stress was estimated to be 7.4 MPa from leak off tests. The 

maximum horizontal stress orientation is between 84°-106° (King et al., 2008; Rasouli et 

al., 2013). King et al., (2008) used the relationship between minimum and maximum 

horizontal stress to calculate a maximum horizontal stress of 8.7 MPa at 400m т 

although stress magnitudes are reported incorrectly in some CSIRO reports. The 

increase in vertical stress with increased overburden means that the stress regime will 

change with depth, from a strike slip/reverse regime near the surface to a normal regime 

at depth.  

The literature on faulting in the Perth Basin is limited (Olierook et 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 faults that 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, re-activation potential or importance for basin 

compartmentalisation (Iasky et al., 1991; Iasky, 1993). Furthermore, as there is a lack of 

data on key fault properties, the burial history of the faults are uncertain and poorly 

constrained т which has implications for interpreting faulting and deformation 

processes. 

Langhi et al., (2013) identified and named the fault subtypes in the In-Situ Lab area 

(Figure 3-7). A series of relatively small faults (F2, F4, F5, F6, F11-F15) which trend 

broadly WNW, NW and NNW; which are bound by two main larger faults (F1 and F10). 

The F1 fault trends NS to NNW and the F10 trends north-west to north north-west. 

The following section provides and overview of the F10 Fault. These sections present 

work conducted prior to this PhD. Background information is provided, before focusing 

on previous work to characterise deformation (Section 3.1.3.1) and fluid flow (Section 

3.1.3.2) in the F10 Fault zone. Finally, key findings and main research gaps (Section 

3.1.4).  
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Figure 3-7 ш Modelled faults at the top Wonnerup surface. Fault stick azimuths (and range) interpreted on 
2D-seismic lines and offset (m) on the top Wonnerup horizon are show. Maximum horizontal stress direction 
is shown (from Rasouli et al., 2013) (figure adapted from Langhi et al., 2013). 
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3.1.3 F10 Fault: Background, deformation and fluid flow modelling 

The F10 Fault is the largest structural feature in the Harvey area and splits the In-Situ Lab 

site into two structural blocks: the hanging wall containing the Harvey-1, Harvey-3 and 

Harvey-4 wells and the footwall block which Harvey-2 spuds into (Figure 3-9) (CSIRO, 

2019). The F10 Fault is >30km long, strikes north north-west to south south-east (~330°) 

and dips between 60-70° towards the south-west (Michael et al., 2019; 2020) (Figure 

3-8).  

 

Figure 3-8 ш A) Gamma log of the Harvey-2 well, interpreted geological age based on palynology and 
stratigraphy. B) 2D seismic cross section, oriented west-east (perpendicular to F10 Fault) showing Harvey-
2 well, F10 Fault zone and interpreted horizons/stratigraphy (Michael et al., 2020).  
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The F10 Fault has been interpreted to be a normal fault based on the angle of dip and the 

observed horizontal offset on seismic sections (Langhi et al., 2013; CSIRO, 2019). The 

throw of the F10 Fault varies with depth: displacement is estimated to be 1600m at the 

top of the Sabina Sandstone (~2900m depth), 1,000m at the top of the Wonnerup 

Member (~1250 depth in Harvey-2 well), and 750m at the top of the Yalgorup member 

(~420m depth in Harvey-2 well) (CSIRO, 2019). This upward displacement gradient is 

common for normal faults (Walsh and Watterson, 1989). The F10 Fault does not extend 

past the unconformity (base of Leederville Formation,  ~200m depth), so it is not 

ĲǂƓŸƚĲĬШċƣШƣőĲШEċƖƣőќƚШƚƨƖŉċĦĲ. The absence of clear seismic reflectors in the upper 

formations (e.g. Eneabba) mean there are difficulties in constraining or interpreting the 

structures present (CSIRO, 2019).  

As the F10 Fault is orientated >90° from the modern-day maximum horizontal stress 

direction it is not optimally orientated for reactivation via normal or strike slip motion.  

 

Figure 3-9 ш A: Regional structural map. B: Structural map of In-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 Harvey-2 well penetrates the F10 Fault zone. Core recovery in Harvey-2 starts at 

207.7m depth in the Eneabba Formation, close to the unconformity with the overlying 

Leaderville formation which is estimated to be around 200m below surface (Rockwater, 

2015). From 207.7m to 1350.2 (1142.5m length), the core has almost 100% recovery.  

In the Harvey-2 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 features т disaggregation between lenses of less 

deformed lithologies (Table 3-2). 

Table 3-2 ш Descriptions of deformation and alteration in Harvey-2 core (data from CSIRO, 2019).  

Measured 

Depth (m) 

Zone of 

Deformation (m)  
Rock Unit Features 

222.4 т 246   23.6 
Eneabba 

Formation 

Altered disaggregated 

sand with palaeosol 

intervals, of which some 

appear less deformed 

and altered 

272.5 т 293.8 21.3 
Eneabba 

Formation 

Deformed/altered core, 

predominately palaeosol 

(which is unusual as 

deformation etc. is 

usually focused in the 

sands) 

334.7 т 419.2    84.5 
Eneabba 

Formation 

Disaggregated sands with 

zones of altered 

palaeosols (some 

patches of 5-7m of 

undisturbed lithology) 
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455 т 462.7  7.7 Yalgorup Member Disaggregated sands 

527 т 531.8 4.8 Yalgorup Member Disaggregated sands 

598.3 т 610.4 12.1 Yalgorup Member Disaggregated sands 

650 т 696.2 46.2 Yalgorup Member Disaggregated sands 

844.9 т 857.2 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 multi-meter thick 

(<10m) sections of disaggregation between 598.2 and 857.2m (CSIRO, 2019) (Table 3-2). 

After 860.5m, all deformation is interpreted as pre-F10 deformation (CSIRO, 2019). 

Almost 225m of disaggregation zones have been observed in the Harvey-2 core, 

although CSIRO, 2019 noted that this interpretation is highly subjective and not 

comprehensive as the data were not collect systematically and instead only random 

observations were made. Therefore, there was a clear need to systematically 

characterise the deformation in the Harvey-2 core for the entire core length. 

The primary zones of deformation mapped by CSIRO, 2019 are illustrated  in Figure 3-10. 
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Figure 3-10 ш Plot of the intensity of deformation in the Harvey-2 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 noted by Rockwater (2015) in the Harvey-2 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 well consolidated mudstone between 

808.8-811.35m (Rockwater, 2015; CSIRO, 2019). CSIRO (2019) suggest that some of the 

disaggregated zones notes in the Harvey-2 core correlate with some of the minor faults 

with surround the Harvey site (see Figure 3-7), suggesting that the F2 fault and F5 faults 

intersect the Harvey-2 borehole at 350-405m and 230-250m. 

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 (Figure 3-11C).  

 

Figure 3-11 ш A:  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 sandstone (CSIRO, 2019). 

The deformed zone is primarily in the Eneabba Formation and Yalgorup Member, with 

the Yalgorup Member showing minimal signs of deformation (small mm-scale 

displacement deformation bands) below 860.5m measured depth (CSIRO, 2019 A 

schematic interpretation of the deformation logs and data (Figure 3-10 and Table 3-2) is 

shown on a seismic line in Figure 3-12.
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Figure 3-12 ш Seismic line crossing the Harvey-2 borehole and F10 Fault zone. Deformation information is mapped onto the Harvey-2 borehole. A network of conjugate and 
synthetic faults in the hanging-wall have been interpreted (from Langhi et al., 2023).  
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The change in deformation intensity at ~860m depth has been interpreted as the footwall 

bounding surface of the F10 Fault (CSIRO, 2019). The upper hanging wall bounding 

surface is not well defined, and it is not clear if it has even been cored as there is 

evidence of deformation 14m from the start of coring at 224m (CSIRO, 2019). The lack of 

detailed data on the type of deformation and the intensity of deformed areas means 

there was significant scope for more detailed analysis of the F10 Fault zone in the 

Harvey-2 core.   

Cataclastic deformation bands in the porous sandstones of the Harvey-2 core (e.g., 

Figure 3-11C) are reported as features which indicate a damage zone (CSIRO, 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 (Pittman 1981; 

Hardmann and Booth, 1991; Fossen et 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 Knipe, 1998, Sperrevik et al., 2002; Bense et al., 

2013). This could result in preferential fluid flow pathways through these zones (see 

Section 2.4). Therefore, there was scope for further work required to assess how the 

deformation style may influence fluid flow in and around the F10 Fault zone.  

The thickness of the fault rock and fault zone have been estimated by CSIRO (2019) using 

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 relationship would indicate a true fault rock thickness between 1-

~1-100m and a fault zone thickness of ~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 Harvey-2 core is at the lower end of the range of possible fault rock/fault zone 

thicknesses for a fault with the displacement of the F10 Fault. Therefore, there is further 

scope to confirm possible fault rock thickness based on more accurate deformation 

information.  
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Figure 3-13 ш Compilation of published fault displacement versus fault rock thickness (figure from CSIRO 
2019). A) fault rock data. C) fault zones. Nomenclature retained from the original figure (data 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 F10 Fault, 
diagonal bars highlight the trend of the data, and the horizontal bars indicate the extrapolation 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 of potential flow pathways in the F10 Fault zone 

using reservoir flow simulation models (Tempest-MORE) to inform CO2 injection 

strategies to deploy for the field experiment. Detailed information on model 

assumptions, design, results and implications are presented in Appendix 1. A summary 

is presented in this section.  

Results from modelling indicated that the injected CO2 may be affected by the fault and 

by the dip of the formation. The plume should rise vertically both syn-injection and post-

injection. Key limitations 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 Harvey-1, Harvey-3 and Harvey-4, 

but not Harvey-2. CSIRO (2019) suggest future work could better characterise the 

porosity and permeability of the Eneabba formation within the Harvey-2 borehole itself 

where possible. Additionally, there was limited investigation of rock-fluid interactions 

and limited investigation of reservoir volume (CSIRO, 2019). CSIRO (2019) concluded 
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that because so little  is known about the properties of the F10 Fault 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 and Chapter 5 explores 

these areas in further detail.  

3.1.4 Key findings and research gaps 

This section summaries section summarises the injection experiment, key findings from 

the In-Situ Lab research and research gaps. Further work is ongoing at the In-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 zone (Michael et al., 

2020). Several geological and engineering challenges were encountered during the 

experiment (summarised in Stalker et al., 2021), including: 

¶ Drilling issues (e.g. drilling in poorly consolidated rock) 

¶ Wellbore stability and leakage  

¶ Permeability uncertainties  

¶ Fault zone uncertainty 

Ultimately, the experiment resulted in leakage of formation water and CO2 up the well 

and the experiment was stopped (Stalker et al., 2021). The injection test resulted in 

lower-than-expected injectivity and low vertical hydraulic connectivity (Michael et al., 

2020), evidenced by the challenges in injecting the CO2 and the lack of any vertical 

migration. Previous studies by Stalker and Roberts (2020) show that at CO2 field 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 if the engineering or the geology is 

the most likely explanation for the 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 pre-injection through to post-injection, 

utilising existing data alongside new petrophysical, modelling and monitoring data 
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acquired. The F10 Fault zone porosity and permeability values can be updated to include 

Harvey-2 data acquired for and during the processes of the experiment (Figure 3-14). 

 

Figure 3-14 ш Updated porosity and permeability plot of the F10 Fault zone, including Harvey-2 data, shown 
by blue unfilled circles (CSIRO, 2019). 

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

used prior to injection to try to create a new model by way of history matching (see 

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 CO2 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 2019, CSIRO identified that 

there remains significant scope for further work in several areas including fault 

characterisation (Section 3.1.4.1), numerical modelling (Section 3.1.4.2) and MMV 

(Section 3.1.4.3), among others (Stalker et al., 2021).  

3.1.4.1 Further characterising and analysis of the F10 Fault zone  

Although there has been significant work on the In-Situ Lab to date, questions remain to 

be answered т particularly surrounding Harvey-2 core material and the F10 Fault zone. 

It has been noted that there is alteration in the core above around 860m in the Harvey-2 

core and this has been interpreted as an indication of the bottom edge of the F10 Fault 

zone (CSIRO, 2019). However, there was no/relatively little experimental testing and 

sampling on the Harvey-2 core material. This lack of testing and analysis is a 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, there was significant scope for non-destructive 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 the F10 Fault does not outcrop and is only crosscut 

by the Harvey-2 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 the F10 Fault are the 

motivation for conducting the research in this research and examining deformation and 

faulting at the In-Situ Lab. These research gaps are explored in Chapter 5.  

3.1.4.2 Further numerical modelling 

The hydraulic properties of the F10 Fault 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 also benefit from additional data. 

Particularly data derived from the Harvey-2 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 F10 Fault zone, as outlined 

in Section 3.1.4.1.   

Improved numerical simulations (e.g., isothermal simulations, black-oil simulations) 

would increase the model confidence. Additionally, the consideration of very low 

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

To increase the usefulness of future attempts to history match models, CSIRO (2019) 

suggest that reservoir properties and aquifer support constraints could be derived from 

a pressure transient analysis of the downhole pressure dataset from Harvey-2. 

Additionally, a framework for history matching would allow more parameters to be 

investigated (CSIRO, 2019).  

3.1.4.3 Additional monitoring of the In-Situ Lab 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 in in-situ soil CO2 

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

Active seismic techniques used to collect the 2D and 3D seismic surveys (collected 

between 2010-2015) generated data that was of poor quality, so future seismic 

acquisitions would benefit from different seismic techniques or approaches to reduce 

noise in data. This would allow better detection of the velocity of anomalies from 

injected CO2 (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 CO2 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 CO2 in the 

subsurface. CSIRO (2019) state that this could be aided by better fault zone coverage 

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

Chapter 5 explores these research gaps in further detail, with 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.  
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3.2 Otway International Test Centre, Nirranda (Victoria, Australia) 

3.2.1 Otway International Test Centre (OITC): Operation, location, scope and 

infrastructure  

Established in 2004, the Cooperative Research Centre for Greenhouse Gas 

Technologies (CO2CRC) is a research organisation in Australia that aims to reduce 

greenhouse gas emissions through research in CCS. CO2CRC established the Otway 

International Test Centre (OITC) (Figure 3-15) in the Otway Basin (Victoria). The OITC is 

located around 300km south-west of the city of Melbourne, between the towns of Port 

Campbell and Warrnambool in an area typically used for dairy farming (Undershultz et 

al., 2011, Dance, 2013). There have been several phases of R&D activities at the OITC, 

utilising CO2 from the nearby Buttress-1 field. 

 

Figure 3-15 ш Location of the CO2CRC OITC site in Victoria, Australia. CO2 and Natural Gas fields are shown, 
as well as source, injection, and monitoring wells (Undershultz et al., 2011). 

9§Ξ9Å9ќƚШŸƓĲƖċƣŔŸŰƚШĬĲůŸŰƚƣƖċƣĲШ9§2 storage end to end, from developing capture 

technologies to storage monitoring solutions. CO2CRC have a long-term strategic plan 

for both the storage and capture aspects (Figure 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 CO2 in 

a depleted gas formation (2004-2009). 
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2. Stage 2: Risk reduction stage aiming to successfully inject and monitor CO2 in a 

saline formation (2009-2019). 

3. Stage 3: Cost reduction stage aiming to demonstrate safe and reliable 

subsurface CO2 monitoring at a cost-effective price (2016-2026). 

 

Figure 3-16 - CO2CRC Strategic Direction Plan. Top sections indicate the storage projects and the bottom 
sections indicate the capture projects (CO2CRC, 2020a). 

Figure 3-17 shows a cross sectional overview of the Otway site. 
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Figure 3-17 - Otway site schematic. Stage 1 and Stage 2 wells are shown, as well as surface and subsurface 
monitoring equipment (CO2CRC, 2020a). This figure does not consider the shallow stratigraphy in detail and 
thus the stratigraphic units shown are not named or highly depth accurate.  

Stage 1 and Stage 2 projects successfully demonstrated the injection and storage of CO2 

in both a depleted gas reservoir and a saline aquifer (see Appendix 3). Consequently, the 

deeper subsurface >1km is well characterised in terms of reservoir geology at the OITC. 

However, as previous work has been at deeper depths, there was a lack of data for the 

shallow subsurface at the OITC (Bailey et al., 2017).  

Stage 3 of the Otway project is currently ongoing at the time of writing this thesis. Stage 

3 aims to develop a monitoring programme that primarily utilises subsurface (downhole) 

equipment in wellbores (Jenkins et al., 2017). Between July and September 2019, four 

new wells were drilled to support the development and validation of CO2 monitoring 

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

The focus for this thesis is Stage 3 operations and experiments т ƚƓĲĦŔŉŔĦċũũǃШƣőĲШљ§ƣƽċǃШ

[ċƨũƣШÂƖŸŢĲĦƣњШƽőŔĦőШŔŰƻĲƚƣŔŊċƣĲƚШċШƚőċũũŸƽШŉċƨũƣШǍŸŰĲЮШThis project aims to understand 

the design, execution and monitoring of a CO2 release experiment. Bailey et al., (2017) 
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noted multiple faults were present in the near surface Port Campbell Limestone (PCL) 

unit at the OITC. Brumbys Fault, the chosen site for the release experiment, is one such 

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

1. Phase 1 (2016-2017): Near-surface 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 Brumbys Fault, aiming to understand how 

faults can influence the migration of injected CO2. These processes will subsequently 

affect the monitoring strategies that should be suitable to ensure safe and effective 

storage.  

Phase 1 and 2 of the project were completed between 2016 and 2017. These phases 

involved geophysical surveys and groundwater permeability assessments (Feitz et 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, 2019). Phase 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 recommended that the injection was focused on a (non-

fractured) marl rich layer of the Port Campbell Limestone to ensure the injection CO2 

reaches the targeted fault zone (CO2CRC, 2019). Phase 3 of the Otway Fault Project was 

successfully completed in April 2024. It involved the injection of a small amount of CO2 

(16.5 tonnes) into the shallow subsurface over a period of around 8 days. The data and 

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

The following sections present the data relevant for the Otway Fault Project including 

the regional geology at the site (Section 3.2.2) and background on the Brumbys Fault 

(Section 3.2.3). Finally, progress and areas for further work identified by CO2CRC are 

summarised in Section 3.2.4, these research gaps are then explored in Chapter 6.  
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3.2.2 Regional geology of the Otway Basin 

The Otway Basin (Figure 1) covers an area around 60,000km2 in 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 continental slope (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 intra-basinal structural 

embayments, troughs and highs (ranges) (Figure 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).  

 

Figure 3-18 ш Map of the Otway Basin showing structural features and the field area for this study. Volcanic 
eruption points are modified after Lesti et al. 2008. Studied region is highlighted (see Chapter 6).  
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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, 

Krassay et al., 2004, Dance, 2013). The basin contains multiple depocenters which trend 

west to north-west (Dance, 2019) and are characterised by a series of half-graben 

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 the Port Campbell Embayment, a subdivision of the Otway Basin. 

The Port Campbell Embayment (Figure 3-19) is located on the eastern section of the 

Otway Basin (Dance, 2014; Tassone et 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). 

 

Figure 3-19 ш Map of Port Campbell Embayment showing the thickness of the Port Campbell Limestone 
(from Radke et al., 2022). Field locations that were visited during research for this thesis are shown with 
brown circles, and notable sites are lettered and in bold and described in the text (see Chapter 6). 
Landmarks not in bold are included for orientation purposes.  
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3.2.2.1 Stratigraphy of the OITC area 

The main units exposed in the Port Campbell Embayment are the stratified and karstified 

Miocene Port Campbell Limestone (PCL), which is overlain at the surface by a thin layer 

of Hesse Clay. These units are underlain by the relatively impermeable Miocene 

Gellibrand Marl (Table 3-3).  

Table 3-3 ш Upper stratigraphy of the Port Campbell Embayment. 

Unit  Description  Age Thickness 

(m) 

Hesse Clay Impermeable Pliocene 3-5 

Port Campbell 

Limestone (PCL) 

The PCL is a series of laterally 

continuous intercalated limestone, 

marl, and marly limestones. 

Miocene 121 

Gellibrand Marl  Impermeable and homogeneous. Miocene 335m 

 

The Port Campbell Limestone Port Campbell Limestone (PCL) is a grey poorly 

consolidated heterogeneous carbonate rock (Feitz et al., 2021; Radke et al., 2022). This 

unit is significantly heterogeneous, but is typically a light grey, fined grained, friable 

calcarenite, with abundant fossils (Caritat et 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 (Feitz et al., 

2021). The non-carbonate mineralogy is low (between 3-10%) and is predominately 

quartz and minor amounts of clay, feldspar and mica (Feitz et al., 2021). The PCL 

contains both intergranular and fracture porosity, giving an anisotropic hydraulic 

conductivity (Leonard, 1983). It typically outcrops along (southern) coastal cliffs in the 

Port Campbell Embayment and it thins towards the north (Duran, 1986). The PCL was 

deposited approximately between 15-6Ma (Radke et al., 2022) in a shallow marine 

environment. It is a regionally extensive unit which has undergone post-breakup faulting 

and folding since the mid-Eocene (Holdford et al., 2011). It was deposited during a time 

of active volcanism in the Otway Basin with multiple volcanic centres identified in the 

north of the basin (see Figure 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 (Radke et 
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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 lower-permeability, muddy horizons 

(Radke et al., 2022). Dolomite is found associated with cements in higher-permeability 

horizons of the PCL. Overall, between 3-15% of the sequence is non-carbonate material 

(Radke et al., 2022).  Well log data analysis indicated that the effective porosity of the 

PCL is 0.177-0.585, with a permeability range of 2-2285mD (Feitz et 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 Tickell, 1996). 

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). Analysis of the Hesse Clay by 

Mercury Injection Capillary Pressure indicated that the Hesse Clay would provide a 

suitable top sealing unit (Fetiz et 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 Brumbys-1 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 Regional stress and fault regime 

All fault types have been observed in the Otway Basin (normal faulting, strike slip faulting 

and reverse faulting) (King et al., 2015, Bailey et al., 2017, Tassone et al., 2017). Two fault 

types have been observed at the OITC: normal faulting at depths of 1-3km (Tenthorey et 

al., 2010; King et al., 2015) and strike slip faulting in the shallow subsurface (depth <1km) 

(Bailey et al., 2017; Tenthorey et al., 2019; Feitz et al., 2022). A third type of faulting is 

found along the coast, 30km from the OITC, where reverse faults have been observed 

(DSE, 2011; Bailey et al., 2017). Consequently, there are different interpretations of the 

stress regime in the region. 



 

122 
 

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

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

strike slip stress regimes (Berard et al., 2008; Vidal-Gilbert, et al., 2010, Tenthorey et 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 (Bell, 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 subsurface, as vertical stress and rock 

ĬĲŰƚŔŉŔĦċƣŔŸŰШ ŊĲŰĲƖċũũǃШ ƖĲĬƨĦĲƚШ ƽŔƣőШ ƓƖŸǂŔůŔƣǃШ ƣŸШ ƣőĲШ EċƖƣőќƚШ ƚƨƖŉċĦĲЮШ ÉŔŊŰŔŉŔĦċŰƣШ

uncertainty therefore exists regarding the stress tensor.  

There is a broad agreement that the maximum horizontal stress direction is ~142° 

(Tenthorey et al., 2010; 2013, Tassone et 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 Brumbys Fault (Figure 3-20) is NNW-SSE trending sub vertical fault (dipping 80°) 

which reaches a depth of ~450m and has a length of ~1.2km (Feitz et al., 2017; 2018a; 

2020). The fault has a small ~2m throw, confirmed by the presence of glauconite units 

which are offset (Feitz et al., 2021), and uncertain lateral offset (Figure 3-20). The fault 

zone is between 6-10m in width and the fault is observed up to 3.3m below the surface 

(Feitz et 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; Feitz et 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 OITC) which are 

typical of strike slip faulting systems (Kim et al., 2004; Cunningham and Mann, 2007). 

Therefore, it has been interpreted as a strike slip fault.  
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Figure 3-20 ш Schematic of the shallow stratigraphy of the Otway site. Not to scale horizontally. The presence 
of glauconite markers indicates around 2m of vertical displacement within the PCL (Feitz et al., 2021). 

Estimating the fault displacement from fault length is challenging due to a lack of 

horizontal fault offset markers (Feitz et al., 2018b). An offset dune system can be seen 

to the south of the OITC, which is roughly coincident with the strike 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 faults. Only ~250m of the 

fault trace is љvisibleњШŔŰШƣőĲШƚĲŔƚůŔĦШĬċƣċ, with the full extent unknown (Feitz et al., 

2018b). Using an estimate of between 250m-500m, 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 Childs et al., (2009), the 

thickness of the fault can be estimated to be 6-10m (Feitz et al., 2018a). 

Two deviated wells intersect the Brumbys Fault (see Figure 3-20, Figure 3-21 and Figure 

3-22): Brumbys-1 drilled at 80° intersect at a depth of 126m and Brumbys-2 drilled at 45° 

intersects at 36m (Figure 3-20). These wells were drilled 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 contamination by drilling fluids. The recovered core 

was the core taken from the PCL and it was used for petrophysical analysis, 

geomechanical testing and fluid-rock testing to evaluate contamination potential from 

CO2 (CO2CRC, 2019). The wells were instrumented with equipment such as hybrid fibre 

optic sensing cables with geophones and heating capabilities (for a high-resolution 3D 

VSP survey and fault characterisation using DTS). 

Two further wells were drilled at the OITC in early 2023 in preparation for the shallow 

injection experiment (Brumbys-3 and Brumbys-4). These wells were not fully cored; only 

a small section from Brumbys-3 was cored from 23-28m depth to confirm the presence 

of the glauconitic marker observed in Brumbys-1. Brumbys-3 was used as a source well 

to conduct a reverse 4D vertical seismic profile (VSP) survey. Groundwater table 

information was collected via two vertical groundwater piezometers (CO2CRC, 2019; 

Feitz et al., 2021).  

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

soil gas and soil flux measurements, across the Brumbys Fault.  
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Figure 3-21 ш Map 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, 
CNES/Airbus Maxar technologies, Map Data ©2024.  

 

Figure 3-22 ш Schematic 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 (P)-wave velocity orientated 

parallel to the maximum horizontal stress, interpreted as dilatant cracking and joint sets 

(Feitz et al., 2018b). These features have encouraged carbonate dissolution, resulting in 

enhanced permeability and porosity, and the development of karst features in the 

limestone sequence (Feitz et al., 2018b). These karst zones have been inferred to have 

higher permeability compared to surrounding non-karst zones. Additionally, dilational 

bends and jogs in high strain zones, were also considered as possible targets of the 

shallow release experiment (Feitz et al., 2018b). 

There are still uncertainties regarding the Brumbys Fault. 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 appears 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 of reverse faulting in 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 Brumbys Fault 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 permeability, 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 generally given that there are so few 

previous studies in the area.  

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: 

¶ Deformation in the Brumbys-1 core (style and intensity) 
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¶ Fault kinematics (type of faulting, particularly given the uncertainties in the 

stress magnitudes at shallow depths) 

¶ Implications for shallow subsurface fluid flow at the OITC 

Chapter 6 explores 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 Brumbys Fault as an example case study. 
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Chapter 4 Approach, Data and Methods  

This chapter presents an overview of the main methods used in this thesis. Some of the 

methods used were particular to the site studied, others were used across multiple sites 

or were specific to the research aims, as summarised in Table 4-1. 

Table 4-1ш Overview of methods used in this thesis and corresponding research questions (RQ) and research 
objectives (RO).  

  
In-Situ Lab 

(F10 Fault) 

OITC 

(Brumbys 

Fault) 

RQ RO 

Literature 

review 

 
Y Y 1 1, 10 

Core 

observation s 

Geology Y Y 1 1, 2 

Fracture logging 
Y N 1, 2 

2, 3, 

4 

Deformation 

logging 
Y Y 1, 2 

2, 3, 

4 

Dip Y N 1 2, 3 

Petrographic 

Analysis 
Y N 1, 2 

2, 3, 

4 

XCT 
Y N 1,2 

2, 3, 

4 

Fieldwork  
Study fault 

analogue sites 
N Y 1 

2, 3, 

4 

Geochemistry  
Geochemical 

analysis 
N Y 1, 2 

2, 3, 

4 

Modelling  
Create 3D model 

N Partially 3 
6, 7, 

8, 9 

Secondary 

data 

Other data 

available from 

collaborators or 

literature 

Core 

photographs, 

seismic lines 

Core 

photographs 
1, 2 1, 4 
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Data synthesis  

Bring together 

literature with 

observations and 

interpretations 

  
1, 2, 

3, 4 

3, 5, 

10, 

12 

 

Two of the main methods use needed to be devised specifically 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 т fracture 

logging (Section 4.1) and deformation logging (Section 4.2). 

4.1 Fracture logging 

To evaluate any fracturing associated with the F10 Fault zone, new fracture logs were 

collected in April 2023 for sub-sections of the Harvey-2 core. This method was 

subsequently applied to the Harvey-3 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 spaced intervals for a total of 

25% of the core length: fracture logs were taken 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 at regular intervals removed sampling bias in the data collection. There 

was significant core loss in the first 10 trays of the Harvey-2 core, so fracture data 

collection started from Tray 10 (depth 223.2m). 

To log the fractures, a љŉƖċĦƣƨƖĲШĬĲƚĦƖŔƓƣŸƖШnumberњ was assigned based on four 

categories outlined in Table 4-2.  

Table 4-2ш Four fracture characteristic categories: angle, smoothness, slickensides and mineralisation.  

Fracture Descriptor 

Number  
Angle ° Description  

0 0-20 Fracture angle between 0-20° 

1 20-40 Fracture angle between 20-40° 

2 75-90 Fracture angle between 75-90° 

3 40-75 Fracture angle between 40-75° 
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Fracture Descriptor 

Number  

Surface 

Roughness 
Description  

0 
Rough/Undulatin

g 
Surface is rough and/or undulating 

1 Mostly smooth 
Surface is almost planar, with some small 

undulations 

2 Flat, planar Flat, smooth, planar surface 

   
Fracture Descriptor 

Number  
Slickensides  Description  

0 No slickensides No slickensides visible 

1 
Minor 

slickensides 
Some slickensides/slight shine on surface 

2 
Major 

slickensides 
Clear slickensides, shine on surface 

   
Fracture Descriptor 

Number  
Mineralised  Description  

0 Yes Mineralisation visible on or around fracture 

1 No 
No mineralisation visible on or around 

fracture 

 

A cumulative љŉƖċĦƣƨƖĲШĬĲƚĦƖŔƓƣŸƖШƚĦŸƖĲњШwas then calculated by adding the љfracture 

descriptor numberњШfrom each category. High scores indicate a fracture that is more 

likely to be formed tectonically and be open to fluid flow. Low scores indicate fractures 

that are more likely to be associated with drilling or depositional features and closed to 

fluid flow. This specific approach was designed with shallow fault zones and processes 

in mind; however, it is important consider all possible cementing histories and likely 

fracture types based on the geological history of the study site.  
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The cumulative score system allowed easy filtering of the fractures. To give examples: a 

fracture with a smooth planar fracture with an angle of 60°, showing slickensides and 

not mineralised, would score an 8 overall. In comparison, a fracture that has an angle of 

10°, no slickensides and a rough surface would score somewhere between 0-2 overall.   

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 observation to sense-check that this method was 

appropriate and to avoid having to retrospectively interpret each fracture (Table 4-3X) 

Table 4-3 ш Fracture interpretation categories.  

Fracture 

Interpretation 

Number  

Fracture 

Interpretation 

Type 

Description  

0 Drilling Drilling induced fracture 

1 
Pre-Tectonic (e.g. 

bedding) 

Fracture along existing bedding plane or other 

sedimentological features 

2 Tectonic 
Fracture caused by tectonic process (i.e. 

faulting or deformation) 

 

Figure 4-1, Figure 4-2 and Figure 4-3 show examples of each type of fracture. 

 

Figure 4-1 ш Drilling induced fracture at ~790m depth (Yalgorup Member) in sandstone in the Harvey-2 core.  
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Figure 4-2 ш Fractured palaeosol section in the Harvey-2 core. Multiple fracture orientations and angles, 
likely caused by a mix of drilling-induced fractures and the exploitation of existing sedimentary (pre-tectonic) 
structures by drilling.   
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Figure 4-3 ш Tectonic fracture in coarse sandstone from ~730m depth (Yalgorup Member) in the Harvey-2 
core. Any displacement was not able to be estimated, as no markers are offset.  

The fracture logging method outlined in this section does not necessarily capture all 

deformation features in the core, only fracturing. Therefore, an additional methodology 

was developed to capture the other types of deformation.  
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4.2 Deformation logging 

To enhance understanding of the location and deformation intensity of the F10 Fault 

zone within the Harvey-2 core, a more detailed deformation log was collected compared 

to previous logs recorded at the site (see Section 3.1.3). The fault is not at all clear in the 

Harvey-2 borehole, not least because he degree of deformation means the core is very 

broken up (see Section 3.1.3). To establish if this core deformation is fault-related, or 

drilling-related a new methodology to log the core was developed. This methodology 

was designed to be efficient : partly due to time constraints, but also because when 

characterising geological storage sites resources are not often spent on core logging. 

The In-Situ Lab was a good site to develop this new methodology because it can be 

validated against the known position of the fault from 2D and 3D seismic data. 

The method of deformation logging was designed to capture additional deformation 

types that are common in shallow fault zones (e.g. disaggregated zones), and to be 

applicable across different lithologies. 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 (~1.15km) 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 Harvey-2 core and to characterise 

what the fault zone looked like 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 (Table 4-4).  

Table 4-4 ш Deformation 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 

1 
Minor 

Deformation 
Circular core, minor sediment/fragments 

2 
Moderate 

Deformation 
Subcircular core, minor sediment/fragments 
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3 Deformed Some subcircular/broken core, sediment/large fragments 

4 
Major 

Deformation 
Incohesive core, significant sediment/significant small fragments 

5 Core Loss No core/sediment/fragments 

 

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

Figure 4-5. 

 
Figure 4-4ш Example 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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Figure 4-5 ш Example deformation log interpretation of tray no. 277 at a depth of 970m. The lithology of this 
tray was entirely 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 

ƚĲƓċƖċƣĲũǃШċƚШљΡњЮШÑőĲƚĲШċƖĲċƚШƽĲƖĲШƣőĲŰШĦŸůƓċƖĲĬШƽŔƣőШĬƖŔũũŔŰŊШũŸŊƚШċŰĬШŰŸƣĲƚШƣŸШ

ascertain if this core loss was more likely to be associated with drilling-related 

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

losses for engineering reasons were filtered out of the dataset to ensure only core 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 section 

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 be further 

ĦőċƖċĦƣĲƖŔƚĲĬШ ƨƚŔŰŊШ ƣőĲШ љĬĲŉŸƖůċƣŔŸŰШdescriptor ŰƨůĤĲƖњШ ыTable 4-4), with each 

deformation descriptor number assigned to a percentage of the tray section and 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% 

ŰƨůĤĲƖШĬĲƚĦƖŔƓƣŸƖШљΜњШċŰĬШΡΜӖШŰƨůĤĲƖШĬĲƚĦƖŔƓƣŸƖШљΟњЯШƽŔƣőШĲċĦőШŸŉШƣőĲШƖĲůċŔŰŔŰŊШ

number descriptors receiving 0%. This would give an љaverage deformation numberњ of 

1.5 for that section of core.  

For a tray which has multiple lithologies in the same 1m section, for example 50% 

palaoesol and 50% sandstone, the deformation would be recorded for each lithology. 

So, if the sandstone portion of this tray was half undeformed and half majorly deformed, 

ŔƣШƽŸƨũĬШƖĲĦĲŔƻĲШΞΡӖШљΜњШċŰĬШΞΡӖШљΠњШт which means of the 50% of the tray which is 

sandstone, half is deformed and half is majorly deformed. This 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 noted while assessing the deformation in the core. This was to see 

if there were any anomalous bedding values which could indicate 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 Harvey-2 and Harvey-3 cores had different diameters. The Harvey-2 core is ~80 mm 

in diameter, versus the Harvey-3 core having a larger 120 mm diameter.  

This method was carried out independently from the fracture logging method outlined in 

Section 4.1 and without consultation of any existing published logging data to remove 

any confirmation bias.   

This method was designed on the Harvey-2 core, and then later applied to the Brumbys-

1 core in April 2023 and Harvey-3 core in March 2024.  

4.3 Petrographic analysis 

As the Harvery-2 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 success (CSIRO, 2019).  
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Thin sections were prepared using a dry polishing method that was designed to produce 

the best possible results given that the samples were weak (Appendix 4). Thin sections 

were viewed using a Nikon DS Ri2 microscope (Figure 4-6), with a 360° rotating stage and 

different lenses for different magnifications. Images were captured for 

photomicrographs using NIS-Elements software. 

 

Figure 4-6 ш Image of the Nikon DS Ri2 microscope.  
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4.4 XCT analysis 

Due to the weak nature of the Harvey-2 core, X-ray computed tomography (XCT) 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 too fragile to be able to remove 

them from the core trays without damaging the core and could not be scanned. The 

details of the scanned sections are summarised in Appendix 5. The best voxel resolution 

on the highest energy settings is ~0.1 mm3. 

XCT scanning took place at the Australian Resources Research Centre (ARRC) which is 

where the CSIRO Kensington office is based in Western Australia. The XCT scanning took 

place over several days from 20th-23rd March 2023. The scanner was a Siemens medical 

XCT scanner SOMATOM Definition AS (Figure 4-7). 
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Figure 4-7ш Siemens medical X-ray CT scanner SOMATOM Definition AS.  

 

The settings for each scan are recorded in Appendix 5. Alongside each scan five control 

samples with known properties (e.g. mass, density were also scanned) to allow 

calibration of the scanned images (Figure 4-8).  

 

Figure 4-8  ш Control samples. Left to right: Water, Teflon, Gypsum, Quartz and Aluminium. 

4.5 Fieldwork in the Port Campbell Embayment  

4.5.1 Field observation 

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 east (-38.674070, 143.117769) - approximately 

~45km of coastline - 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 or samples. 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 non-destructive 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 (see Figure 3-19, Location E) using the volumetric 

technique of Wallace et al. (2002).


































































































































































































































































































































































































































































