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Abstract 

Declining conventional hydrocarbon reserves coupled with technological advances and 

growing energy demands have triggered a shift in exploration of energy-rich Australian basins, 

with a progressive focus on unconventional energy sources, such as coal seam gas, shale gas 

and enhanced geothermal systems. Unconventional play viability is often heavily dependent 

on the presence of secondary permeability due to interconnected natural fractures, as they 

commonly exert a prime control over total permeability due to low primary permeabilities. The 

structural permeability of the Northern Perth, South Australian Otway, and Northern Carnarvon 

basins are characterised using an integrated approach combining geophysical wellbore logs, 

seismic attribute analysis and detailed structural descriptions of core and outcrop. Integration 

of these methods allows for the identification of faults and fractures over a range of scales, 

providing crucial permeability information. New stress orientation data is also interpreted, and 

allows for stress-based predictions of fracture reactivation to be made. 

This study represents the first attempt at generating a database of fracture properties for 

Australian sedimentary basins through the combination of several methodologies, and 

addresses three significant scientific questions: 1) What are the main factors controlling 

fracture reactivation in Australian basins? 2) Can 3D seismic attributes be used to identify 

natural fractures in the subsurface beyond the wellbore? And, 3) Are electrically conductive 

fractures in image logs actually open to fluid flow? 

This study demonstrates that distinct correlations exist between natural structural 

fabrics identified in 3D seismic attribute analysis and the natural fractures identified through 

interpretation of electrical resistivity image logs from petroleum wells, and supports the 

supposition that similar features at different scales are being identified. Fracture reactivation 

within the studied basins, in particular the Otway and Carnarvon basins, shows that fracture 

reactivation can become complex, and depend not only on the in-situ stress regime but also 

fracture fills, as well as local and regional structures. Natural fractures identified on image logs 

as being electrically conductive are generally assumed to be hydraulically conductive. 

However, Otway Basin core shows open fractures are rarer than image logs indicate, and this 

is likely due to the presence of fracture filling siderite. Siderite is an iron-carbonate mineral 

that may cause fractures to appear hydraulically conductive on image logs. 
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The techniques outlined herein represent an effective method by which potential 

structural permeability can be assessed on a regional scale with various levels of data 

availability. This is demonstrated in several case studies of Australian sedimentary basins 

featuring varying datasets. Basin-wide structural permeability is constrained using a variety of 

data, ranging from predominantly using image logs supported by 3D seismic, to performing a 

basin-wide assessment using image logs, 3D seismic, core, and outcrop studies.  
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1 Contextual Statement 

The Australian continent plays host to a wealth of energy resources, primarily in the 

form of hydrocarbon accumulations in sedimentary basins, but also including vast reserves of 

heat stored in both basement rocks and overlying sediments. As conventional hydrocarbon 

reserves continue to decline, energy demand has continued to grow both in Australia and 

abroad. This, coupled with technological advances that allow for the extraction of resources 

from previously inaccessible reserves, has initiated a progressive shift of focus in the 

exploration of energy-rich Australian basins. Unconventional resources such as tight gas, coal 

seam gas (CSG), shale oil and gas, and geothermal energy (in the form of enhanced geothermal 

systems) are increasingly being targeted while producers seek to get the most from 

conventional hydrocarbon fields using modern recovery methods. A detailed understanding of 

natural fractures is of increasing importance to the energy industry, as fractures commonly 

provide vital secondary permeability at depth in unconventional plays. The presence of natural 

fractures in unconventional plays can also lower the cost and impact of production, as natural 

fractures can provide permeability that would otherwise have to be created through 

hydraulically induced fractures. Most prospective geothermal plays in Australian basins are 

found at ~3-4km depth, where permeability can be a significant issue due to compaction and 

cementation following groundwater infiltration and deep diagenetic processes. Unconventional 

petroleum plays are often shallower but are similarly permeability constrained. Prospectivity 

can, therefore, be heavily dependent on the presence of secondary permeability due to 

interconnected fracture networks, whether natural or stimulated. Fractures, both natural and 

induced, are important for modern hydrocarbon recovery methods that allow for increased 

resource extraction from diminishing reserves. 

 The orientations and magnitudes of the stress field throughout the Australian continent 

have been relatively well constrained through both the Australian Stress Map project (e.g. Hillis 

and Reynolds 2000) and numerous subsequent studies (e.g. Nelson et al, 2006; King et al, 2008; 

2010; 2012, Bailey et al., 2012; Rajabi et al., 2015; in press; under review). It has been shown 

to be systematically variable and to reflect a complex, heterogeneous plate boundary 

configuration (Reynolds et al, 2002). In general, stress orientations in the upper crust are 

primarily transmitted from tectonic plate boundaries and tend to reflect the absolute plate 

motion (Zoback and Zoback, 1980; Richardson, 1992). Across the Indo-Australian plate, 

however, stress orientations do not directly reflect the northeast-directed absolute plate motion 
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(Reynolds et al, 2002). In-situ stresses, and the effective stresses exerted following the 

influence of pore fluids (Sibson, 1996), are understood to act as a primary control over fracture 

formation and reactivation (Anderson, 1951). An understanding of in-situ stress is, therefore, 

essential when considering fracture populations within the subsurface. 

 While there is extensive knowledge about the Australian stress field, very little is 

known about the distribution and orientation of naturally occurring fractures and faults within 

that stress field. This thesis investigates the distribution, orientation and likely character of 

natural fractures and faults in several energy-rich Australian basins, as well as continuing to 

build on our understanding of Australia’s stress state.  

Fracture studies within lithostratigraphic units on a regional scale (100s to 1000s km2) 

are typical for exhumed or outcropping sedimentary basins (Spence et al., 2014). Defining 

similar fracture trends in the sub-surface away from the wellbore is a great challenge given the 

need to accurately predict fractures away from limited well coverage. While 3D seismic data 

can provide the coverage necessary for regional mapping of sub-surface fractures, the majority 

of faults and fractures lie below typical seismic amplitude resolutions. This thesis uses an 

integrated approach where geophysical wellbore logs (including image logs) are utilised in 

conjunction with attribute analysis and structural mapping of 3D seismic data to characterise 

faults and fractures at a variety of scales. Identified fractures and faults are then considered in 

the context of their relationship to the in-situ stress regime and the factors likely to be 

controlling their ability to contribute to a secondary structural permeability within the basin 

subsurface. 

 

PAPER 1 

Knowledge of the in-situ stress field is essential in petroleum basins, as it exerts a prime 

control over seal integrity, fracture stimulation, wellbore stability, and fluid flow within the 

sub-surface. It is also a prime control over the generation, reactivation, and propagation of 

natural fractures, and so must be well understand in order to properly characterise these 

features. Projects, such as the Australian Stress Map (Hillis & Reynolds, 2000), have 

constrained horizontal stress orientations across much of Australia (Hillis & Reynolds, 2000) 

and the world (Heidbach et al., 2008) through modelling of existing stress data.  Knowledge of 

the relative magnitudes of the three principal stresses (the vertical principal stress (σV) and the 

maximum (σH) and minimum (σh) horizontal stresses) across Australia and other continental 
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regions remains limited (Hillis et al., 2008). This is due to both the relatively sparse sampling 

of data on a continental scale, and the inherent difficulties in accurately estimating stress 

magnitudes (Zoback & Zoback, 1980). Where stress magnitude estimates are available, they 

often define strike-slip and normal faulting stress regimes (King et al., 2012), where 

neotectonic evidence and numerical modelling studies infer reverse fault stress regimes are 

more probable (Reynolds et al., 2002; King et al., 2012; Holford et al., 2015, Tassone et al., in 

review). 

 It is assumed that leak-off tests (LOT) performed during drilling operations are directly 

measuring the minimum principle stress magnitude (σ3); either the minimum horizontal stress 

(if the recorded value is less than that calculated for vertical stress) or the vertical stress (if the 

recorded value is the same as that calculated for vertical stress) (Bell, 1996). However, this 

relies on the assumption that during every LOT a new tensile fracture is created in the wellbore 

wall, opening against σ3. This assumption has recently been demonstrated to be incorrect, as 

many LOTs are actually more likely to be reactivating existing shear fractures in the wellbore 

wall rather than creating new tensile fractures (Couzens-Schulz & Chan, 2010; Chan et al., 

2014). This presents an opportunity to attempt to reconcile two datasets that, in many locations, 

have long stood at odds with one another: the geomechanical stress data calculated using such 

methods, and the geological stress data interpreted from neotectonic features and earthquake 

focal mechanisms. The Carnarvon Basin of Australia’s North West Shelf is an ideal location 

in which to attempt such a reconciliation, as there is a well-recorded discrepancy between the 

two datasets (e.g. Hillis et al., 2008 & Neubauer et al., 2007), extensive data exists, and it is a 

centre of activity for Australian energy industries. 

  While the methodology for this new LOT interpretation method has been established, 

this study is amongst the first showing this reconciliation of datasets. In this study we have 

used new, unpublished data from 76 petroleum wells drilled since 2003 to analyse and interpret 

stress magnitudes and orientations across the Carnarvon Basin. The study highlights that the 

two LOT interpretations, both traditional and new, produce two possible stress regimes. A 

comparison of these interpreted stress regimes to neotectonic evidence illustrates that the new 

LOT interpretation methods provide a stress regime interpretation that not only makes sense in 

light of neotectonic evidence, but which reconciles the geomechanical and geological datasets. 

Petroleum exploration and production is increasingly reliant on a detailed understanding of in-

situ stresses in order to get the most from the world’s diminishing oil and gas reserves, as well 

as to access new energy resources such as geothermal. The principles of this study can be 
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applied to many other geological settings where discrepencies between geomechanical and 

geological datasets exists, leading to a clearer understanding of in-situ stresses and, hence; seal 

integrity, fracture stimulation, wellbore stability, and fluid flow.  

 

PAPER 2 

The proliferation of 3D seismic reflection technology represents one of the most 

exciting developments in Earth Sciences in the past few decades, providing scientists with a 

tool that permits non-invasive, high-resolution mapping of structural and stratigraphic features 

beneath the Earth’s surface in unprecedented and often spectacular detail. The analysis of 3D 

seismic datasets collected during petroleum industry exploration of energy-rich sedimentary 

basins has revealed a host of new geologic phenomena, advancing the frontiers of disciplines 

as diverse as geomorphology, petrophysics, sequence stratigraphy, geofluids, geomechanics 

and structural geology. With the increasing capabilities and popularity of 3D seismic attributes, 

many of these disciplines are likely to be profoundly impacted as increased levels of detail are 

able to be extracted from existing datasets, allowing for new interpretations of features that 

previously lay below observable seismic scale (such as sub-seismic amplitude scale natural 

fractures), as well as more accurate reinterpretations of known features. However, it is the field 

of structural geology that is likely to gain the most from the further development and 

acceptance of 3D seismic attributes due to the fact that they constitute a tool for mapping 

regionally extensive natural fracture sets which simply did not exist in the recent past. 

Several methods exist for identifying natural fractures in the subsurface, notably 

various wellbore geophysical and image logs, recovered core, and surface analogues (Barton 

et al., 1995). Both 2D and 3D seismic amplitude data are also commonly used to identify 

geological structures, which are likely to be fractured; and more recently (Roberts, 2001; Backé 

et al., 2011, 2012), 3D seismic attribute analysis has been applied to identify zones of fractured 

rock. However, while identifying natural fractures can often be relatively simple, accurately 

characterizing the transport properties of fractures within rock is a matter fraught with 

uncertainty. Recent studies of the geothermal potential of the Perth Basin using resistivity 

image logs from petroleum wells have identified fractures, seemingly of the same character 

and orientation, that either enhance or restrict fluid flow in the subsurface (King et al., 2008; 

Bailey et al., 2012). On electrical resistivity image logs these fractures appear dark and 

electrically conductive as they are filled with drilling muds, and are thus, considered 
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uncemented and open to fluid flow; drilling losses at the same intervals as these electrically 

conductive fractures support this interpretation (King et al., 2008; Bailey et al., 2012). 

However, core taken from adjacent locations that demonstrate similar fractures are filled with 

siderite cement, an iron-rich cement that appears electrically conductive on resistivity image 

logs (Olierook et al., 2014; Sage 2013). Thus, while the transport properties of fractures within 

rock are widely recognized, it is clear that they are not always understood (e.g., King et al., 

2008; Olierook et al., 2014). Image logs can provide an indication via electrical character of a 

fractured nature, but without observed fluid losses it cannot be conclusively determined that a 

fracture is hydraulically conductive. Equally, hydraulically conductive fractures may exist that 

do not record fluid losses. Therefore, a key challenge is to identify which populations of 

subsurface fractures are hydraulically conductive. A key aim of this paper is to integrate a 

variety of petroleum and geothermal industry data sets to identify what proportion of fractures 

that appear to be electrically conductive on resistivity image logs are also hydraulically 

conductive, and to extend this interpretation regionally through the subsurface using 3D 

seismic data. The South Australian Otway Basin’s Penola Trough provides an ideal natural 

laboratory for this endeavour, as it is a relatively well-explored petroleum basin with a well-

understood geological development and good quality well and seismic data with accompanying 

drill core for key reservoir intervals. 

This paper forms a new analysis of an existing 3D seismic dataset, located onshore in 

south-eastern Australia. Structural details not seen using traditional seismic amplitude displays 

are exposed using an innovative application of 3D seismic attributes, revealing natural 

structural fabrics that are likely to represent naturally occurring fractures in the subsurface at a 

level of detail previously unavailable to interpreters. A comparison is drawn between these 

structural fabrics, and structural interpretations of resistivity image logs from petroleum 

wellbores and recovered drill core in order to validate their existence and define their physical 

characteristics. 

Natural fractures are currently of intense interest due to the control they often exert over 

the low permeability reservoirs rapidly becoming the chief focus of energy exploration 

worldwide in both the hydrocarbon industry (Coal Seam Gas, Tight Gas, Shale Gas) and the 

renewables sector (Geothermal Energy, CO2 Sequestration). This paper demonstrates that 

through an integrated approach to fracture identification and characterisation, it is possible to 

come to a detailed understanding of subsurface fracture orientations and habits. This is 

achieved in the South Australian Otway Basin through the use of a pre-existing petroleum 
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dataset and highlights the relative ease at which this innovative methodology can be applied to 

current datasets. This unique methodology allows for an understanding of the extent, 

connectivity, and limitations of sub-surface fracture networks to be built, illustrating that small-

scale structural features can be identified in existing datasets, providing an understanding of 

those structures in the context of their geological setting and location. 

 

PAPER 3 

Fracture studies on a regional scale are typical for exhumed or outcropping sedimentary 

basins (Spence et al., 2014). However, defining similar fracture trends in the sub-surface away 

from the wellbore is a great challenge with limited well coverage as is encountered during 

exploration of many petroleum-rich frontier sedimentary basins. In recent years, there has been 

progress in this field with increases in data coverage and availability, and through 

improvements in the way we interpret regional 3D seismic datasets (e.g. Roberts, 2001; Bailey 

et al., 2014). Australia’s principle hydrocarbon producing basin, the Carnarvon Basin, presents 

a unique opportunity for regional fracture definition in a sub-surface setting due to the 

availability of a large quantity of high quality data. Since exploration began in 1947, over 2700 

petroleum wells have been drilled and numerous 2D and 3D seismic surveys have been 

acquired (Geoscience Australia, 2014). There is, therefore, a wealth of data to use to identify 

and characterise fractures within the basin subsurface, which is used to establish a method for 

fracture prediction in other data poor sedimentary basins. 

 This paper characterises faults and fractures within the Carnarvon Basin subsurface at 

a variety of scales through an integration of image logs and attribute analysis of 3D seismic 

data. A large suite of recently acquired image logs, most of which are previously unpublished, 

are used to analyse and interpret natural fractures across the Carnarvon Basin. This paper 

demonstrates that interpreted fracture populations vary markedly throughout the basin as a 

reflection of changes in tectonic development, local structure, and with changes in in-situ 

stresses. This paper applies this methodology to extend fracture interpretations from the 

wellbore, throughout the region of interest, contributing to a regional understanding of fracture 

sets that can be applied to broader, data poor, parts of the basin.  

This paper provides further development of the methodology established in Paper 2, 

with an application to a larger dataset over a greater area. Additionally, it establishes similar 

correlations taking advantage of only the two datasets analysed; wellbore image logs and 3D 
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seismic datasets. Unconventional petroleum exploration, and modern production methods, are 

increasingly reliant on a detailed understanding of secondary permeabilities in order to get the 

most from the world’s diminishing conventional oil and gas reserves. As such, a detailed 

understanding of natural fracture networks is essential. Access to new energy resources such 

as geothermal and unconventional oil and gas are also permeability dependent. The 

methodologies outlined in this paper are applicable to many other energy-rich sedimentary 

basins around the world and allow for the reinterpretation of existing petroleum industry data 

for new information on structural permeability. 

 

PAPER 4  

As exploration in energy-rich Australian Basins is increasingly focussed on identifying 

unconventional energy resources, such as CSG, shale gas, and geothermal in the form of 

enhanced geothermal systems, a detailed understanding of natural fractures is essential. 

Unconventional play viability often depends on the presence of secondary permeability, in the 

form of interconnected natural fracture networks, as they commonly exert a prime control over 

permeability at reservoir depths. Due to the low primary permeability of in-situ rock units, 

resource extraction is heavily reliant on permeability provided by fracture networks, either 

natural or stimulated (Cipolla, 2009). 

 The Australian Stress Map project (Hillis and Reynolds, 2000) inspired numerous 

follow-on studies that have constrained both the orientation and magnitudes of in-situ stress 

within the Australian Continent (e.g. Nelson et al, 2006; King et al, 2008; 2010; 2012); 

resulting in detailed knowledge of the in-situ state of stress. However, the distribution, 

orientation, and character of naturally occurring fractures within that stress field is less well 

understood. While the stress field (alongside rock strength, fracture plane orientation, aperture 

and roughness, and pore-fluid pressure) is understandably a prime control over fracture 

formation (Terzaghi, 1943; Jaeger and Cook, 1979; Barton et al, 1995), the extent that fracture 

formation and reactivation is dependent on in-situ stresses in Australian Basin’s is not fully 

understood. This presents a knowledge gap which needs to be addressed in order to build a 

complete understanding of fluid flow potential within Australian sedimentary basins. 

This paper brings together multiple aspects of the previous papers, as well as drawing 

on newly interpreted data from the Northern Perth Basin. Structural permeability in the 

Northern Perth, SA Otway, and Northern Carnarvon basins is characterised using the 
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previously described integrated geophysical and geological approach; integrating 

interpretations of wellbore logs, seismic attribute analysis and detailed structural geology in 

order to identify faults and fractures across a range of scales (kilometre to millimetre) and 

providing crucial permeability information. The interpretation of new stress orientation data 

allows for stress based predictions of fracture reactivation to be made and compared to 

interpreted fracture information from each basin. 

This study represents the first attempt at generating a database of fracture properties for 

Australian sedimentary basins through the use of several methodologies, and addresses three 

significant scientific questions: 1) Can 3D seismic attributes be used to identify natural 

fractures in the subsurface beyond the wellbore? 2) What are the main factors controlling 

fracture reactivation in Australian basins? And, 3) Are electrically conductive fractures in 

image logs actually open to fluid flow? 

Distinct correlations are demonstrated to exist between natural structural fabrics 

identified in 3D seismic attribute analysis and the natural fractures identified through 

interpretation of electrical resistivity based image logs from petroleum wells, supporting the 

supposition that similar features at different scales are being identified. Analysis of fracture 

reactivation within the Otway and Carnarvon basins shows that reactivation can become 

complex; depending not only on the in-situ stress regime, but also fracture fills as well as 

proximity to local and regional structures. Natural fractures identified on image logs as being 

electrically conductive are generally assumed to be hydraulically conductive. However, Otway 

Basin core shows open fractures are rarer than image logs indicate, likely due to the presence 

of fracture filling siderite. Siderite is an iron-carbonate mineral which may cause fractures to 

appear hydraulically conductive in image logs. 

The outlined techniques represent an effective method for assessing permeability on a 

regional scale and with varying data availability; ranging from predominantly using image logs 

supported by 3D seismic, to performing a basin-wide assessment using image logs, 3D seismic, 

core, and outcrop studies. These methods can be applied to understand natural fractures within 

any basin with a suitable level of data coverage, and allow for a broad spectrum of data 

combinations to be utilised for a regional fracture assessment.
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2 Literature Review 

 2.1 Introduction 

An ongoing decline in conventional hydrocarbon reserves, coupled with technological 

advances and growing energy demands, has triggered a shift in the exploration of energy-rich 

Australian basins. Unconventional energy sources, such as coal seam gas (CSG), shale gas, 

shale oil, and enhanced geothermal systems (EGS), are increasingly being targeted within 

Australia (Reynolds et al, 2004; Jenkins & Boyer, 2008; Bailey et al, 2012; 2014). 

The shale boom in the USA has led to profound changes in the energy landscape; The 

USA is once again the world’s largest producer of hydrocarbons (EIA, 2014), and is using the 

significant reserves of shale oil and gas to drive economic growth, leading to lower energy 

costs and significant reductions in greenhouse gas emissions (De Silva et al., 2015; Wang et 

al., 2014; de Gouw et al., 2014). While the shale industry in Australia is yet to reach similar 

heights, the USA provides a template for Australia to follow and, indeed, exploration for shale 

gas and oil is currently underway in numerous Australian basins, including the Cooper, 

Georgina, Otway, and Amadeus basins (Cook et al., 2013). Unconventional petroleum is 

already exploited on a large scale within Australia, mainly in the form of CSG; several large 

projects are currently underway within the Bowen and Surat basins of Queensland (QLD) and 

Northern New South Wales (NSW), and more are in the early stages in the Sydney, Gloucester, 

and Clarence-Moreton Basins of NSW (Leather et al., 2013; Cook et al., 2013). Coupled with 

the supply of natural gas from conventional sources such as the North West Shelf (NWS) of 

Western Australia (WA), Australia is using unconventional resources to increase production, 

usage, and export of a valuable resource (Cook et al., 2013). It is estimated that by 2017 

Australia will be the world’s largest producer of gas (Leather et al, 2013). Successful 

exploitation of shale gas, in addition to conventional gas and CSG, will further secure 

Australia’s energy future. 

Geothermal energy is increasingly gaining support in Australia as it is virtually free of 

carbon dioxide and other emissions, and though numerous challenges still remain; there is 

growing exploration within basins such as the Perth, Otway, Cooper and Gippsland basins for 

geothermal resources (Reynolds et al, 2004; Panax, 2010; Bailey et al, 2012). While initially 

focussed on Hot Dry Rock (HDR) style geothermal, where deeply emplaced granites are drilled 

and hydraulically fractured, geothermal exploration in Australia is becoming increasingly 
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interested in EGS prospects. Instead of drilling into granites, EGS targets hot fluids in 

sedimentary basins overlying heat sources, aiming to exploit and enhance the natural flow 

conduits in such an environment (Pruess et al., 2006). Prospective EGS plays are generally 

found at depths greater than 3 km (Genter et al, 2010; Majorowicz and Grasby, 2010), and so 

permeability can be a significant issue due to compaction and cementation following 

groundwater infiltration and deep diagenetic processes. Naturally occurring fracture networks 

are therefore of significant interest, as they can provide for fluid flow in low permeability 

reservoirs (Plumb and Hickman, 1985; Curtis, 2002; Sonntag et al., 2012; Spence et al., 2014), 

and often exert a prime control over permeability at depth. Geothermal energy prospectivity 

can therefore be heavily dependent on the presence of secondary permeability due to 

interconnected fractures within the target reservoir. 

Natural fractures are equally important for unconventional petroleum production, and 

have a significant impact on the production of conventional hydrocarbons (Spence et al., 2014). 

Unconventional plays, such as shale gas or CSG, are generally heavily reliant of fractures, 

whether induced or natural, in order to achieve economic production rates (Curtis, 2002; 

Cipolla, 2009). Naturally fractured reservoirs also constitute a large portion of conventional 

reservoirs (Sonntag et al., 2012; Spence et al., 2014), and while exploited for the same increases 

in fluid flow that they afford to low permeability settings, fractures are also commonly utilised 

for enhanced recovery (Spence et al., 2014). The presence of natural fractures in otherwise 

impermeable crystalline basement rocks and igneous intrusions allows for these to form 

potential fractured reservoirs (Sanders et al., 2003; Murray & Montgomery, 2012; Slightam, 

2012; Gudmundsson & Løtveit, 2012; Spence et al., 2014). Additionally, it is estimated that 

fractured aquifers underlie approximately 40% of the Australian Continent, supplying water 

for irrigation, livestock, small town water-supplies, mining, and remote communities (Love & 

Cook, 1999; Skinner & Heinson, 2004). 

An understanding of natural fractures is, therefore, critical to assessing the prospectivity 

of not only unconventional hydrocarbon and EGS plays, but also significant in conventional 

hydrocarbon plays. The provision of secondary permeability via naturally occurring fractures 

is not only significant for production of fluids from the subsurface, but also for fluid injection, 

reinjection, and management. Successful sequestration of carbon dioxide, nuclear waste 

storage, and groundwater management are all dependent on an understanding of structural 

permeability. 
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2.2 Natural Fractures 

The term natural fracture is used to describe any ‘naturally occurring macroscopic 

planar discontinuity in rock due to deformation, or physical diagenesis’ (Nelson, 2001). They 

are formed when stresses in the Earth’s crust exceed the crustal rock strength, and 

consequently, the rock fails (Zang and Stephansson 2010). Where failure occurs, two free 

surfaces are created where none existed before (Twiss & Moores, 2007). While there has been 

disagreement over what the term ‘fracture’ should and should not encompass (Pollard and 

Aydin, 1988; Price and Cosgrove, 1990), it has been generally accepted as being any structure 

which is defined by two surfaces or a zone across which a displacement continuity occurs, be 

it dilation or shear (Jaeger, 1969; Griggs & Handin, 1960; Aydin, 2000; Schultz & Fossen, 

2008) (Figure 1).  

 

 

 

 

 

 

FIGURE 1 

 

 

 

 

 

 

Natural fractures are common scale-invariant features within the brittle crust (Walsh 

and Watterson, 1993; Nicol et al, 1995). Scale-invariance is suggested as fractures can be seen 

across all scales, from micro fractures to outcrop and all the way through to large scale faulting 

(Nicol et al, 1995; Van der Pluijm & Marshak, 1997). While common; fractures are significant 

in that they provide information on the tectonic events that formed them, as well as altering the 

physical properties of the rock body in which they occur (Laubach, 1988; Twiss and Moores 

2007). Naturally occurring fractures have significant effects on the permeability and porosity 

Figure 1: Natural dilational
fractures formed within a fine
grained sandstone unit of the
Wilpena Group, featuring
multiple generations of 
fracture-filling calcite. 
Pichi Richi Pass, South
Australia.
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of rocks and formations, as they serve to create not only new permeability pathways (with 

associated void space), but also are able to link existing porosity where little permeability 

existed prior to rock failure (Doolin & Mauldon, 2001; Larson et al, 2010; Twiss and Moores 

2007). Additionally, rock strength and cohesive strength are affected, having implications for 

engineering projects (Twiss and Moores 2007). 

 

 

 

 

 

 

 

 

 

 

 

Two basic types of fracture are observed, extension and shear. Fracture type is 

determined by the relative motion that is observed over the plane of the fracture. Extension 

fractures exhibit relative motion that is perpendicular to the fracture walls as it propagates 

(Figure 2). This is known as mode I propagation (Figure 2) (Twiss and Moores, 2007). Shear 

fractures occur when the relative motion is parallel to the surface, and is split into two different 

types; mode II and mode III. Mode II propogation is seen when sliding motion is parallel to the 

fracture tip, whereas sliding in mode III propagation is perpendicular to the fracture tip (Figure 

2) (Twiss and Moores, 2007). A fracture with components of both extension and shear fractures 

(perpendicular and parallel to the fracture surface, respectively) is known as an oblique 

extension fracture (Twiss and Moores, 2007). 

 

 Mode III 
(Out-of-plane shear) 

 Mode II 
(In-plane shear) 

 Mode I 
(Opening) 

Figure 2: Block diagrams showing the three fracture modes. Arrows show the relative motion across the
fracture plane for each mode. Relative displacement on mode I fractures is perpindicular to the fracture.
Mode II fractures feature relative displacement sliding parallel to the fracture and perpindicular to the
fracture edge. Relative displacement slides parallel to the fracture and parallel to the fracture edge in
mode III fractures (after Twiss and Moores, 2007)
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Fracture development can be difficult to properly interpret in terms of causative tectonic 

events, as evidence on the mode and relative timing of formation can be quite ambiguous 

(Laubach 1988). Furthermore, as fractures are planes of weakness within a rock, they are often 

reactivated under tectonic events following their formation (Jackson, 1980, Baudon & 

Cartwright, 2008; Sibson, 1995). Hence, observable features of a fracture (e.g. fracture aperture 

and apparent displacement) may be unrelated to the mode and timing of the fracture’s original 

formation. However, where relative timing of fracture development can be distinguished, they 

can provide information on both the timing and mechanism of deformation in sedimentary 

basins (Laubach 1988). 

Fractures can form through numerous processes, the most significant of which are 

outlined below. There are also numerous ways through which fractures can be closed; from 

changes in stress regime to cementation along the fracture plane (Laubach, 2003; Laubach et 

al., 2004). Additional mechanisms exist that are able to preserve fracture permeability in spite 

of unfavourable stress fields and cementation (Laubach et al., 2004). Natural fractures form a 

record of tectonic histories, providing information on the timing and mechanism of deformation 

in sedimentary basins (Laubach, 1988). Hence, rock fractures represent a record of palaeostress 

regimes, as well as the in-situ stress regime. It is therefore possible to gain insight into past 

stress regimes through fracture and fault analysis.  

2.2.1 Fracture Formation 

Natural fractures are formed in response to factors including in-situ stress, rock strength 

and pore pressure (Barton, 1976; Sibson, 1977; Byerlee, 1978; Brace, 1980; Laubach, 1988; 

Engelder and Oertel, 1985; Bell, 1996a; Peacock and Mann, 2005). Failure is a function of the 

frictional properties and rock strength of a plane, and the shear and normal stresses acting upon 

it (Sibson 1996). The type of failure that occurs depends on the stress conditions under which 

a rock fails (Anderson, 1951; Twiss & Moores, 2007). 

Centre Radius 

[(σ1+σ3)/2,0] (σ1+σ3)/2 

[(σ1+σ2)/2,0] (σ1+σ2)/2 

[(σ2+σ3)/2,0] (σ2+σ3)/2 

Table 1: Equations governing positioning and size of the three component Mohr Circles within a three-
dimensional display (Twiss & Moores, 2007). 
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Three-dimensional stress fields can be represented on a Mohr Diagram as a set of three 

Mohr circles; with each circle defined by a pair of the principle stresses (Means, 1976). Each 

circle is a graph of the surface stress parallel to one of the principle axes and is defined by its 

centre and radius (Table 1) (Twiss and Moores, 2007). All three principle stresses plot on the 

normal stress (σn) axis as they, by definition, lack a shear stress (σS) component and plot at a 

point that is common between two Mohr Circles (Twiss and Moores, 2007). The shear and 

normal stress acting on all possible planes lies within the shaded area on Figure 3, defined by 

three Mohr circles (Twiss and Moores, 2007). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mohr circles consider rock properties through the definition of a failure envelope 

(Clausing, 1959; Brace, 1960; Sibson, 1996; Twiss & Moores, 2007; Zang 2010; Labuz and 

Zang, 2015). Failure envelopes separate the plot into two regions of shear and normal stress; 

stress combinations below the failure envelope do not cause failure, whereas stress 

combinations above the envelope do cause failure (Figure 3). Failure envelopes can be 

Figure 3: Three dimensional Mohr Circle with σ = 30 MPa, σ = 20MPa, σ = 10 MPa; A hybrid
Griffith-Coloumb failure envelope is fitted with the three failure zones as defined by Sibson
(1996; Table 2) annotated.
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determined either theoretically or empirically; empirically derived failure envelopes rely on 

laboratory rock tests to determine rock failure under varied stress conditions, and build an 

envelope through repeated testing under many different stress states (Labuz and Zang, 2015). 

Three failure envelopes are widely used; the Mohn-Coloumb, Griffith, and composite Griffith-

Coloumb failure envelopes (Griffith, 1924; Brace, 1960; Clausing, 1959; Secor, 1965; Jaeger 

& Cook, 1979). The Mohr-Coulomb envelope represents frictional sliding on a pre-existing 

failure plane with no cohesive strength (i.e. any shear stress greater than zero will cause sliding 

for a normal stress of zero) (Labuz and Zang, 2015), the Griffith failure criterion includes the 

role of flaws (which can result in failure at much lower stresses than would otherwise be 

required to overcome the theoretical strength of an intact rock) and accounts for the weakness 

of rocks under tension (Griffith, 1924; Clausing, 1960, Zang & Stephansson, 2010; Labuz and 

Zang, 2015). A composite Griffith-Coulomb failure envelope is generally preferred, as it better 

explains failure by taking into account both compressional and shear failure so that a Mohr 

circle touching the failure envelope fails accordingly (i.e., where σS  > 0 and σN  < 0, tensile 

(mode 1, or extensional) failure occurs and; where σS  > 0 and σN  ≥ 0, compressional (mode II 

and mode III, or shear) failure occurs) (Figure 3) (Brace, 1960; Secor, 1965; Twiss & Moores, 

2007; Zang & Stephansson, 2010; Labuz and Zang, 2015). A third, hybrid, style of rock failure 

(having both shear and exstensional character, referred to as an oblique extension fracture) is 

described by Sibson (1996), who addressed fracture modes in terms of mode of failure, based 

on terms of differential stress and fluid pressure (Table 2). 

Failure Mode Criterion Condition 
Tensile Pp=σ3+T (σ1-σ3)<4T 

Shear Pp=σn+(4T2-σS
2)/4T 4T<(σ1-σ3)<6T 

Hybrid (Tensile + Shear) Pp=σn+(C-σS)/µ (σ1-σ3)>6T 

Table 2: Criteria for brittle failure in terms of fluid pressure and rock properties; after Sibson 
(1996). These criteria apply to both an intact rock and to the reactivation of pre-existing faults and 
fractures. PP = Pore Pressure, C = Cohesive strength, T = Tensile strength, μ = coefficient of 
friction, σS= Shear Stress, σN = Normal Stress, σ1 = Maximum Principle Stress, σ2 = Intermediate 
Principle Stress, σ3 = Minimum Principle Stress. 

2.2.2 Natural fracture occurrence and scale  

Fractures are extremely widespread in the upper 10km of the crust where brittle failure 

modes are supported, and particularly in sedimentary rocks (Laubach 1988; Ramsay & Huber, 

1987).  Fractures, such as joints and faults, are recognised as expressions of brittle deformation 

and are significant as they reveal types and phases of deformation (Schultz & Fossen, 2008). 
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Brittle deformation occurs in the upper layers of the crust, where the mechanical properties of 

rocks are controlled by the strength curves of the minerals quartz and feldspar (Figure 4) 

(Sibson 1977; Sibson, 1983; Simpson 1985). The brittle strength of a material is increased by 

the confining pressure, and so increases with increased depth of burial (Sibson, 1983). 

However, this is counteracted by temperature, which increases the ductility of a rock (Sibson, 

1983; Simpson, 1985). At depths of approximately 13-18km, depending on geothermal 

gradients, temperature increases to 300 ± 50°C (Sibson; 1983). At these higher temperatures, 

ductile processes begin to dominate in crustal rocks, regardless of confining pressure (Sibson, 

1977; Sibson 1983). Hence, fractures are only supported in the upper regions of the Earth’s 

crust. 

 

 

 

 

 

 

 

 

 

 

Natural fractures express a degree of self-similarity over a wide range of scales, and 

this scale invariance has led to them being described as demonstrating both fractal and power-

law relationships (Hirata 1989; Barton & Zoback, 1992). Due to the difficulties inherent with 

sampling fractures from above and below the ground and on all scales, it is difficult to discern 

whether or not they feature a true fractal relationship, or simply self-similarity governed by a 

power-law relationship (Walsh and Watterson, 1993; Nicol et al, 1995; Marrett et al, 1999; 

Bonnet et al, 2001). Power-law exponents are not strictly representative of fractal relationships 

Figure 4: Strength plot of the Earth’s continental crust, illustrated as relative values against depth
(after Sibson et al., 1983) and showing the deformation styles associated with each strength zone.
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as they do not take into account clustering or spatial variations; however, they are often a 

feature of fractal systems as they lack a characteristic scale (Mandelbrot, 1983; Turcotte, 1997; 

Clauset et al, 2009). 

A fractal is a system in which any portion is a scaled down version of the whole 

(Mandelbrot, 1983). Several studies (e.g. Barton & Larson, 1985; Barton & Zoback, 1992) 

have shown that distributions of fracture aperture and fracture spacing have a power law 

distribution, and are fractal over a well-defined range of apertures. Nicol et al (1995) suggested 

that while fracture systems are not true fractals, they likely subscribe to a fault scaling law 

(Figure 5), which is very close to a fractal relationship and consistent with the observable 

relationships between fault size and density. Additionally, it is noted that the curvature of this 

curve is so slight that it is practically indistinguishable from the straight line which a fractal 

relationship would imply, when observed over two magnitudes of fault size or less (Nicol et al, 

1995; Walsh and Watterson, 1993). Hence, so long as extrapolations are kept to within two 

orders of magnitude, fractures can be accurately predicted using a fractal relationship. A non-

power law relationship implies that either different processes or controls are effective at 

different scales. It is, therefore, possible that distinct size populations may be observed in some 

settings, such as damage zones around large faults (Nicol et al, 1995).  
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Tamagawa & Pollard (2008) collated and added to the work of previous authors who 

had suggested that large scale fracturing (in the form of faults) was responsible for stress field 

perturbations, and that these perturbations were a method by which fracture populations were 

both created and localised (Segall & Pollard, 1980; Pollard & Segall, 1987). Commonly 

referred to as secondary fractures, wing cracks, or splay fractures (Martel & Boger, 1998; 

Willemse & Pollard, 1998; Davatzes & Aydin, 2003); these geometric discontinuities are found 

near the tips, bends, and steps of active faults and are shown to act as additional conduits for 

fluid flow in the subsurface (Tamagawa & Pollard, 2008). This was illustrated by Curewitz & 

Carson (1997), who showed that hydrothermal flow was most common at the termination 

points of faults, and where multiple faults interact. It was additionally shown that stress 

concentrations at these locations were different to the regional mean, and were the likely cause 

of active fracturing and the reopening of fluid flow conduits (Curewitz & Carson, 1997; Segall 

and Pollard, 1980; Martel and Pollard, 1989). 

2.2.3 Fractures and their effects on permeability 

It is well established that fractures within a rock, both natural and induced, can greatly 

enhance permeability (Jafari & Babadagli, 2011; Fossen et al, 2007; Martel et al, 1988; Martel 

1990; Aydin, 2000). Fluids can be transported more readily, and over far greater distances, 

within fractures than through the rock itself (Twiss & Moores, 2007; Murphy et al, 2004). 

When aiming to exploit a liquid resource, such as oil, gas, or groundwater, this is an advantage 

as it can allow for improved recovery; however, when migration of fluids is not desired, such 

as in geological storage of substances such as carbon dioxide, natural fractures can be a 

hindrance (Murphy et al, 2004; Laubach et al, 2004).  

Permeability is essentially a measure of how conductive to fluid rocks are, and like any 

other form of conductivity (e.g electrical or thermal), permeability is a second rank tensor 

connecting a flux with a gradient (Brace, 1980). It can be defined through an empirical 

relationship known as Darcy’s law: 

𝑞𝑖 =  −𝐾𝑖𝑗

∆𝑃

∆𝑋𝑗
 

where qi is volume flow per unit of time, ∆P/∆Xj is pressure gradient, and Kij are constants. 

In order to address the characteristics of the medium; that is, the permeability of a rock, the 

scalar form is utilised: 
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=  
− ∆

∆
 

where µ is fluid viscosity and k is permeability, expressed as a unit known as the darcy. 

It has been experimentally shown that fractures in crystalline and argillaceous rocks 

enhance permeability within those rock types by several orders of magnitude (Brace, 1980). 

However, several studies (Swolfs et al, 1979; Nelson and Handin, 1977) have shown that within 

sandstones the effect is much more restricted, with little to no flow following fractures. This is 

likely because the permeability of these intact sandstones is already in the millidarcy to darcy 

range, and so fractures do little to further enhance this (Brace, 1978). The largest permability 

increases in sedimentary basins through fracturing are therefore likely to be through non-

porous sandstones and shales. 

2.2.4 Effects of stress on fractures 

Fractures are only capable of serving as fluid conduits so long as they remain open and 

hydraulically conductive (Figure 6). The stress field in which fractures are formed is liable to 

change on even short to medium term geological timescales, and changing stress fields results 

in changes in how fractures act within them (Laubach et al, 2004). The stresses acting on a rock 

are also modified by the presence of fluid within the pore spaces of those rocks (Sibson, 1996). 

Fractures which act as conduits for fluid are likely to be sealed without continued input from 

the stress field, although this is not always the case and chemical processes can act to 

effectively isolate fractures from the stress regime (Laubach et al, 2004). 

 

 

 

 

 

 

 

Figure 6: Natural fracture network within
Jurassic red-bed sediments of the Bristol
Channel Basin, Whatchet Coastline, England.
Fractures have previously served to mobilise
mineral rich fluids, but are presently filled
with a gypsum cement.
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Pore fluid under pressure affects the properties of porous solids, particularly on the way 

in which stress interactions occur. Porous rocks obey a law of effective stresses, where the 

effective stress (σE) is the applied stress (σA) minus the pore pressure (PP) (Equation 6) (Sibson, 

1996; Twiss & Moores, 2007). 

𝜎𝐸 = 𝜎𝐴 − 𝑃𝑃 

Laboratory testing and oil field examples have shown that rock deformation, and hence, 

failure, occurs in response to effective, and not total, stress (Sibson, 1996; Mitchell & Faulkner, 

2008). Pore pressure therefore affects the stresses that a rock experiences, shifting the Mohr 

circle toward the left and thus closer to shear failure. The shear and normal stress resolved on 

a plane in a 3D stress field (due to its strike and dip) defines how likely that plane is to shear 

failure due to changes in pore pressure, or ΔPP (Figure 7).  Fracture susceptibility diagrams, or 

reactivation potential plots, are one way in which this likelihood of failure can be assessed. 

Using the same principles as Mohr circles, fracture susceptibility diagrams assess fracture 

orientations that are likely to be critically stressed, and therefore, likely to reactivate (Means, 

1976) (Figure 7). Fracture susceptibility diagrams take the values for all planar orientations 

within the space defined by a 3D Mohr Circle, and plot them based on their likelihood of 

failure. High failure likelihood is represented by low ΔPP values and displayed in orange and 

red colours; low failure likelihood is represented by high ΔPP values and displayed in blue 

colours (Figure 7). Interpreted fractures can be plotted on fracture susceptibility diagrams in 

order to assess their likelihood of failure under any given stress regime (Figure 7). 

Fluid flow through fractured media is influenced by the stresses exerted upon that 

medium. Conventional wisdom assumes that fluid prefers to flow along fractures oriented 

parallel to σ1, as these fractures are considered to have the lowest normal stresses across them, 

and hence, the least impedance to flow (Heffer & Lean, 1993; Gaiser, 2003; Laubach et al, 

2004). However, it has been shown that σ1 is not always coincident with the orientation of open 

natural fractures, and so σ1 orientation cannot be considered to reliably predict nor control the 

orientation of maximum permeability in a fractured reservoir (Laubach et al, 2004). 

Compressive stresses acting on fractures that are not optimally oriented within a stress 

field for reactivation, even if parallel to σ1, are generally much higher than fracture fluid 

pressure, which is generally hydrostatic (Laubach et al, 2004). This implies that many fractures 

which are considered to be hydraulically conductive are being held open against the stress 

regime, and it is considered that this is likely due to favourable cementation, resulting in 
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relative stress insensitivity of the fractures in question (Laubach et al, 2004). Cementation is 

common within fractures at depth, and often forms through precipitation of a mineral whilst 

fractures open and serve as fluid conduits (Laubach, 2003; Laubach et al, 2004). Whilst 

precipitation of minerals into a fracture, in the form of partial coatings or spatially isolated 

pillars, may serve to render a fracture stress insensitive and, hence, keep it open against the 

stress regime, the opposite is true for fractures which are fully cemented (Laubach et al, 2004). 

It is obvious that a fracture which is fully cemented will be unable to act as a fluid flow conduit; 

however, such cementation can also render a fracture insensitive to stress changes and 

strengthen the fracture against reactivation (Laubach, 2003; Laubach et al., 2004). Hence, even 

fractures optimally oriented for activation in a stress regime can remain sealed and so not 

contribute to fluid flow through fracture permeability. 
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Figure 7: Three dimensional Mohr Circle showing
three planes within the stress regime and the changes
in pore pressure (ΔPp) required for failure along that
plane. Plane 1 can be seen to have a relatively low
ΔPp value, and so a higher likelihood of failure
than either 2 (intermediate ΔPp) or 3 (high ΔPp,
hence, low likelihood of failure). (A) Inset highlighting
the reductive effect of pore pressure on effective stress. 
Where differential stresses are small (blue), the Mohr 
circle will intersect the failure envelope in the region of 
tensile failure. Where differential stresses are high (red), 
the Mohr circle will intersect the failure envelope in 
regions of shear failure. (B) A schematic fracture 
susceptibility diagram for fracture plans 1, 2, and 3. 
Red areas correspond to relatively low ΔPp values, 
such as fracture plane 1, and predict a high likelihood 
of reactivation. Blue areas correspond to relatively 
high ΔPp values, such as fracture plane 3, and predict 
a low likelihood of reactivation.
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2.3 Mechanical Stratigraphy 

In sediments which are relatively undeformed through faulting and folding, stratigraphy 

itself can exert a prime control over fracture propagation (Gross, 1995; Cooke et al 2006; 

Underwood et al, 2003). California’s Monterey Formation famously demonstrates Mode 1 

fractures as being associated with lithologies that were poor in weak minerals (e.g. sandstones), 

and Mode II and Mode III fractures as associated with  lithologies rich in weak minerals (e.g. 

mudstones) (Gross et al., 1995) (Figure 8). Mechanical stratigraphy is the concept that fracture 

propagation is dependent on the material properties of stratigraphic units; fractures nucleating 

perpendicular to bedding may terminate at distinct stratigraphic horizons where mechanical 

contrasts exist (Gross, 1993; Gross et al, 1995; Underwood et al, 2003; Cooke et al, 2006) 

(Figure 9). These horizons define lithology-controlled mechanical layers (Gross, 1993), which 

are units of rock that behave homogenously in response to an applied stress, and whose 

boundaries are located where there is a marked change in mechanical properties (Corbett et al, 

1987; Gross, 1993; Gross et al, 1995; Hanks et al, 1997; Underwood et al, 2003; Cooke et al, 

2006). Mechanical layers do not necessarily correspond to sedimentary stratigraphy, and can 

be composed of divisions, or multiples, of sedimentary layers (Corbett et al, 1987; Hanks et al, 

1997; Underwood et al, 2003; Cooke et al, 2006). Where different mechanical layers meet; the 

contact forms a mechanical layer boundary on which fractures will generally terminate due to 

the difference in mechanical properties between the two layers (Gross, 1993; Cook & Erdogan, 

1972; Helgeson & Aydin, 1991; Rijkin and Cooke, 2001, Underwood et al, 2003) (Figure 9). 

The distance between mechanical layer boundaries defines the thickness of the mechanical 

layer, and is often seen to be defined by the height of joints within that bed (Gross, 1993) 

(Figure 9).  

 

 

 

 

 

Figure 8: Alternating fracture
modes based on lithology
within California’s Monterey
Formation; mechanically
strong layers fail via Mode 1,
whilst mechanical weak layers
fail via Modes II and III
(Eichhubl et al., 2000).
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Two main types of joint terminations are generally seen in sedimentary rocks; those 

that terminate at a random location in a rock mass, and those that terminate at mechanical layer 

boundaries (Gross, 1993) (Figure 9). Random terminations are generally seen in massive 

homogenous units whilst the latter is characteristic of well stratified rocks with interbedded 

layers of differing mechanical property (Gross, 1993; Underwood et al, 2003). It is also 

possible to see fractures terminating on mechanical interfaces over which there is little to no 

mechanical difference due to interface slip (Teufel & Clarke, 1984; Renshaw & Pollard 1995; 

Underwood et al, 2003) and local debounding along interfaces which are weak in tension 

(Cooke & Underwood, 2001; Underwood et al, 2003). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fracture

Exposed Vertical Fractures

Mechanical
Unit

Mechanical Interface

Mechanical
Interface

Propagating opening 
mode fracture

Strongly bonded 
contact

Propagating opening 
mode fracture

localised opening 
and sliding along bed contact

Propagating opening 
mode fracture

Deformation with ductile bed

(A) (B) (i)

(ii)

(iii)

Figure 9: (A) Fractures develop within mechanical units within sedimentary strata, and abut against
mechanical interfaces. Mechanical interfaces can include both stratigraphic contacts that terminate
fractures and beds that resist fracturing (Cooke et al., 2006). (B) Sketch showing the primary
mechanisms by which opening-mode fracture propagation can be arrested; i) Fractures propagate
across strong interfaces, ii) Local opening and sliding dissipates the stresses concentrated in the fracture
tip and reduce propagation propensity, iii) Distributed deformation (e.g. within a ductile layer)
dissipates the stresses at the fracture tip and promotes termination (after Cooke et al., 2006).
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Where primary permeability is quite low and secondary permeability networks are 

required for fluid flow, an understanding of mechanical stratigraphy will lead to better 

predictions of the architecture of subsurface fractures (Cooke et al, 2006). As interface 

properties control fracture termination, fracture density and connectivity is controlled by 

mechanical unit thickness (Underwood et al, 2003). For example; tall fractures are produced in 

thick mechanical units and provide relatively direct pathways for fluid migration when 

compared to thin mechanical units with short, spatially offset fractures (Cooke et al, 2006). 

When short fractures do not lie in the same plane, it produces tortuous flow paths that can slow 

fluid migration and reduce the effective permeability of a reservoir (Tsang, 1984). Where 

ductile layers and brittle layers are interbedded (such as shales layers within a sand or carbonate 

reservoir), the non-fractured ductile layers can serve as mechanical interfaces between 

fractured reservoir units, leading to highly compartmentalised flow and isolated fractured zones 

(Cooke et al, 2006) (Figure 8). 

Whilst easily applied to jointing in undeformed sediments, mechanical stratigraphy is 

equally important in deformed regions as differences in mechanical strength between sediments 

can have a similar effect on the propagation of natural fractures related to faulting, folding, and 

broader scale tectonic stresses (Chester, 2003). 

2.4 Propagation of fractures through mechanical layers 

It is typical for fractures in sedimentary rocks to initiate at a flaw within the rock, as 

flaws are known to concentrate tensile stresses (Pollard & Aydin, 1988; Cooke et al, 2006; 

McConaughy & Engelder, 2001). When these stresses exceed the compressive or tensile 

strength of the rock, the rock will break along the flaw and become a propagating fracture 

(Pollard & Aydin, 1988; Cooke et al, 2006). The distribution of flaws within the rock is, 

therefore, a major control over the location of fracture initiation (Gross, 1993; Renshaw et al, 

2003). Pollard & Aydin (1988) highlight the fact that the largest flaws within brittle units tend 

to occur at bedding planes; fractures generally initiate at bed boundaries and propagate until 

either the stress concentration is reduced, or the fracture reaches mechanically resistant units 

(Gross et al, 1995; Friedman et al, 1994; Cooke et al, 2006). 

Hence, fracture termination is often controlled by stratigraphy. There are two dominant 

mechanisms through which this occurs; either a fracture reaches a ductile layer which deforms 

internally to resist fracturing, or a weak horizon that opens and/or slides is encountered and so 

prevents fracture propagation (Cooke et al, 2006) (Figure 9). The result of both of these 
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processes is a reduction in the stress concentration at the fracture tip, leading to fracture 

termination (Cooke et al, 2006). In contrast, a fracture that encounters a strongly bonded 

horizon where no opening or slipping can occur, and where there is little mechanical difference 

between layers, will propagate across the horizon as stress concentrations at the fracture tip are 

not diffused significantly (Cooke et al, 2006). The sedimentology of the rock in question, 

therefore, dictates which of these mechanisms will dominate. 

2.5 Fracture Stratigraphy 

Fracture stratigraphy is a term used far less frequently than mechanical stratigraphy 

(Laubach et al., 2009), and has been misused when talking about mechanical stratigraphy 

(Hanks et al., 1997; Fischer & Jackson, 1999; Di Naccio et al., 2005; Peacock & Mann, 2005; 

Bertotti et al., 2007, Laubach et al., 2009). Commonly, fracture stratigraphy is understood to 

describe subdivisions of rock based on attributes of fractures such as their extent or intensity 

(Laubach et al., 2009). While mechanical stratigraphy appropriately describes rock responses 

at a set point in time, the time dependent character of rock mechanical properties is not 

considered (Laubach et al., 2009). Rock properties change on scales of tens to hundreds of 

millions of years through ongoing diagenesis, deformation, uplift, burial, and alteration (Rijken 

et al., 2002; Fisher et al., 2003; Laubach et al., 2009); thus, present day measurements of rock 

properties may not reflect the mechanical conditions under which fracturing occurred (Fruth et 

al., 1966; Dvorkin et al., 1994; Rijken, 2005; Laubach et al., 2009).  

 Distinct from the mechanical stratigraphy, this results in the concept of fracture 

stratigraphy, or the separation of rock strata into discrete fracture units based on fracture 

attributes such as extent, intensity, orientation, or any other fracture attribute (Laubach et al., 

2009). Often mechanical and fracture stratigraphy will coincide, however, this is not always 

case (Laubach et al., 2009). A clearer understanding of fracture patterns, and more accurate 

prediction of fracture attributes away from the wellbore, can be achieved through separately 

identifying mechanical stratigraphy and fracture stratigraphy (Laubach et al., 2009). 

2.6 Fractures due to tectonic unloading 

Changes in stress, as well as thermal-elastic contraction due to temperature change with 

uplift, are likely to be responsible for the formation of tensile fractures with uplift (Engelder, 

1985). As overburden is removed from a rock column, effective stresses are lessened and hence 

the stress regime is altered. Removal of sufficient material, generally greater than half the initial 
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overburden amount, causes tensile fractures to propagate in a process requiring little to no 

abnormal pore pressures (Engelder, 1985). Vertical unloading fractures indicate that the stress 

in the plane perpendicular to the fracture plane became tensile (Price, 1966; Haxby & Turcotte, 

1976; Engelder, 1985). There are two forms of uplift related fractures; Unloading fractures and 

release fractures. The former have orientations determined by in-situ stresses, whereas the latter 

orientations are determined by pre-existing tectonic fabrics within the rock (Engelder, 1985). 

 

2.7 Hydraulic fractures 

Pore pressure exerts a direct influence over in-situ stresses, and so, can influence the 

generation and propagation of fractures. Abnormal pore pressures are able to act as a primary 

control over the fracturing, as demonstrated by Hubbert & Rubey (1959), who showed that as 

pore-fluid pressure in a sedimentary basin approaches lithostatic pressure the fluid pressure is 

released via rock failure. However, this is not the only mechanism by which fluid can directly 

result in fracturing of rock (Corcoran & Dore; 2002). Fractures created through abnormal fluid 

pressures are known as hydraulic fractures, and primarily occur when pore-fluid pressures in a 

low differential stress setting result in a reduction of the minimum effective stress below zero 

to the tensile strength of a rock (Corcoran & Dore; 2002). This is seen to be independent to, 

and alongside, tectonic fracturing (Corcoran & Dore; 2002). For hydraulic fractures to occur 

preferentially over shear fractures, the failure conditions for tensile fractures must be satisfied 

(Table 2), as hydraulic fractures are simply Mode 1 (tensile) fractures initiated and propagated 

through abnormal fluid pressures (Hubbert & Rubey, 1959; Secor, 1965; Sibson, 1995; 

Corcoran & Dore; 2002). It is common to see such fractures in highly overpressured systems 

experiencing continuous subsidence or exhumation. In the former case, fluid pressures are 

increased to the requisite point for tensile failure through further compression of fluid with 

depth (Corcoran & Dore; 2002). In the latter case, rapid denudation without re-equilibration of 

overpressures results in tensile failure (Corcoran & Dore; 2002). This is different to unloading 

or relief fractures, as these features form in the absence of abnormal fluid pressures through 

denudation initiated stress changes (Engelder, 1985). 

 Hydraulic fracturing is a common method undertaken to improve fluid recovery from 

a well, particularly in tight reservoirs such as those in shale gas, shale oil, tight gas and coal 

seam gas plays (Fjær et al., 2008; Yew & Weng, 2014). Connectivity between the wellbore and 

the reservoir is often limited by the permeability of the reservoir and near-wellbore changes 
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due to drilling (such as the formation of a low permeability, drilling-induced, ‘skin’ around the 

wellbore) (Fjær et al., 2008; Yew & Weng, 2014). Hydraulic fractures allow for improved flow 

through increased well-reservoir connectivity (Fjær et al., 2008; Yew & Weng, 2014). 

Hydraulic fractures are created through the injection of high pressure fluids into a target 

formation. The orientation and magnitude of the three principle stresses dictate the size and 

orientation of fractures formed through hydraulic stimulation (Anderson, 1951; Hubbert & 

Willis, 1957). In normal and strike-slip faulting stress regimes, tensile fractures (such as those 

induced through hydraulic fracturing), will be vertical as σ3 = σh (Figure 10). However, in a 

reverse faulting stress regime, tensile fractures will be horizontal as σ3 = σV (Figure 10) 

(Hubbert & Willis, 1957). There is debate as to how fractures in such a setting will initiate at 

the wellbore wall; general consensus is that the perturbed stress field around the wellbore 

results in vertical tensile fractures regardless of the regional stress regime (Zoback 2007). 

Under a reverse faulting stress regime, tensile fractures induced through hydraulic stimulation 

will form vertically at the wellbore wall, before rotating to horizontal as they propagate out of 

the perturbed stress field surrounding the wellbore in the direction of σH (Baumgärtner and 

Zoback 1989; Zoback 2007). 
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Figure 10: Sketch of idealised 
hydraulic fracture propagation by 
stress regime. (A) Fractures will be
horizontal and open vertically in a
reverse-faulting stress regime, (B)
and (C) Fractures will be vertical
in normal-faulting and strike-slip
faulting stress regimes, respectively.
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2.8 Fracture Detection 

Multiple techniques are commonly used in order to detect and characterise subsurface 

fracture networks, often in combination (Spence et al., 2014). Fracture studies on a regional 

scale (100s to 1000s km2) of lithostratigraphic units are typical for exhumed or outcropping 

sedimentary basins (Spence et al., 2014), analysing appropriate geological analogues in outcrop 

as a proxy for subsurface fracture networks (Bosworth et al. 2012; Rotevatn & Bastesen 2012; 

Slightam 2012; Sonntag et al. 2012; Seers & Hodgetts 2013; Spence et al., 2014). Large scale 

aspects of fracture networks may be characterised through seismic reflection surveys (Murray 

& Montgomery, 2012; Slightam, 2012; Spence et al., 2014), while seismic attribute analysis is 

finding favour for sub-seismic amplitude fracture definition on a regional scale (Roberts, 2001; 

Bailey et al., 2014). Wireline logs remain a staple method for identification of sub-seismic 

scale fracture identification; borehole logs such as the formation micro-scanner (FMS) and 

formation micro-imager (FMI) electrical resistivity image logging tools are commonly used 

for fracture characterisation (King et al., 2008; Bosworth et al. 2012; Saoudi et al. 2012; Ward 

et al. 2012; Delorme et al. 2013; Bailey et al., 2014). Sonic acoustic image logs are also used 

for fracture interpretation but do not provide the same detail on natural fractures as resistivity 

logs. Analysis of sub-surface samples such as core, sidewall core, and cuttings is often 

undertaken to understand fractures that interact with the wellbore; and are often correlation 

with interpretations of wireline data (Bosworth et al., 2012; Sonntag et al., 2012; Sagi et al., 

2013). Numerical modelling is often undertaken to simulate the creation of fracture networks 

in modelled environments, investigating fracture processes and the resulting network 

(Leckenby et al. 2007; Smart et al. 2009; Camac & Hunt 2009; Strijker et al. 2013; Abe et al. 

2013; Virgo et al. 2013; Spence & Finch 2014). Such modelled networks often provide a 

reservoir analogue for a given set of constraints, however, interpretations from models can be 

uncertain due to data limitations, modelling methods, and computing power (Spence et al., 

2014). 

 

2.8.1 Regional Fracture Studies 

Regional scale fracture studies are typical for exhumed or outcropping sedimentary 

basins, with outcrop analogues used to characterise fracture networks and to investigate 

controls over fracturing (Bosworth et al. 2012; Rotevatn & Bastesen 2012; Sonntag et al. 2012; 

Spence et al., 2014). Such outcrop mapping can result in significant sampling bias, given that 



LITERATURE REVIEW 

29 
 

data collection is inherently limited to those parts of the formation that are physically exposed 

and accessible. Various techniques are used in order to limit sampling bias from such studies, 

particularly statistical sampling approaches (Zhang & Einstein 1998; Mauldon et al. 2001; 

Priest 2004). Additionally, remote and automated detection methods attempt to overcome bias 

by sampling much larger areas than investigators can typically manage manually (Voyat et al. 

2006; Wilson et al. 2011; Boro et al. 2013; Hardebol & Bertotti 2013; Seers & Hodgetts 2013). 

Furthermore, exhumation causes rocks that crop out to experience different loading and 

unloading histories to the sub-surface reservoir rocks to which they are being compared; and 

so, often outcrops can host additional fracture sets that are unrepresentative of sub-surface 

reservoirs and must be accounted for in any analogue studies (Nelson 2001; Sanders et al., 

2003; Hooker and Laubach 2013; Spence et al., 2014). Fractured outcrops are not always 

entirely representative of actual subsurface conditions (Spence et al., 2014), as weathering and 

erosion can often substantially alter exposed reservoir rocks and the fractures they host, 

expanding existing fractures and resulting in changes to fracture fills and any structures present 

on the fracture planes (Hencher, 2013). However, studies of outcropping rocks remain an 

important tool as they often offer a detailed insight into the fracture networks present in a region 

and can help to constrain controls over fracture development (Spence et al., 2014). 

An example of a broad-scale outcrop fracture study can be found in the Uinta Basin of 

Utah, where detailed mapping of five outcrop sites throughout the basin resulted in the 

identification of seven fracture sets; four of which were regional and identified at each outcrop 

site (Sonntag et al., 2012). Fracture distribution was found to be controlled through a complex 

hierarchy of sedimentologic and diagenetic characteristics, including bed thickness and 

bedding geometry as well as cementation and cement type (Sonntag et al., 2012). Scanline 

sampling, image and well logs, core and microstructural analysis was used to further enhance 

understanding of the fracture sets, and resulted in a predictive model for the target formation, 

the Mesaverde Group, allowing for natural fracture distribution based on interpreted 

depositional environment (Sonntag et al., 2012). A local example is identified in the Sydney 

Basin, where detailed mapping of 30 outcrop sites along a coastal section resulted in the 

identification of two regional fracture groups; the first group is composed of fractures relating 

to palaeostress regimes responsible for the formation of numerous large scale structural 

features throughout the basin, and the second set is inferred to be related to recent deformation 

events and the current in-situ stress regime of the basin (Memarian & Fergusson, 2003). 

Complex stress development on the eastern coast of Australia is interpreted through these 
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fracture groups, with several episodes of joint reworking, secondary joint creation, and other 

reactivation events identified from outcrop analysis (Memarian & Fergusson, 2003). 

2.8.2 Seismic Fracture Detection 

Faults and fractures are often very poorly expressed on seismic amplitude data because 

the majority of faults and fractures lie below typical seismic amplitude resolutions (Roberts, 

2001; Backe et al, 2011; Bailey et al., 2014) (Figure 11). Vertical seismic resolution is thought 

to be constrained to λ/8 (Widess, 1973), where λ is the predominant wavelength of the data, 

but is generally treated as being λ/4 due to the wavelet broadening with depth (Chopra et al., 

2006). As a result, lithological units with thicknesses less than 25 m may not have resolvable 

top and bottom reflectors, and faults with throws of less than 10-15 m may not be resolved 

(Childs et al., 1990; Gauthier & Lake, 1993; Chopra et al., 2006) (Figure 11). Assessment of 

fracture with throw amounts below this resolution therefore cannot be achieved through direct 

seismic imaging, particularly when aiming to identify the extensional fractures that dominate 

fractured reservoirs (Spence et al., 2014). Methods such as amplitude versus offset and azimuth 

analysis can be used to characterise fractured reservoirs with seismic data (Hall et al., 2007; 

Far et al., 2013, Spence et al., 2014). Empirical geological rules, an understanding of 

mechanical properties of folded lithologies, and identification of fold style can allow for 

prediction of sub-seismic scale fracture densities and reduce uncertainties in interpretation of 

fractures from seismic (Bergbauer et al. 2007; Freeman et al. 2010; Pearce et al. 2011; Spence 

et al., 2014).  

Techniques are available that allows improved detection of sub-seismic amplitude 

resolution faults and fractures from both 2D and 3D seismic data, allowing for regional 

information on small-scale structural features to be extracted from existing 2D and 3D seismic 

datasets. The primary method is through the calculation and analysis of seismic attributes 

(Bahorich and Farmer, 1995; Chopra and Marfurt, 2005). Faults and fractures have been 

successfully mapped in 3D seismic datasets using several attributes, most notably curvature 

and similarity attributes, due to the established correlation between curvature and fractures 

(Lisle, 1994; Roberts, 2001; Backé et al, 2011; Bailey et al, 2014) and the ability of similarity 

attributes to highlight discontinuous zones likely to represent fracturing (Cline, 2008; 

Crutchley et al, 2011; Bailey et al, 2014). Curvature in seismic data can be due to a multitude 

of underlying tectonic features, such as pure folding (Steen et al, 1998). While folded rocks are 

generally also fractured, this is not always the case. 
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2.8.3 Use of Wireline Logs 

The orientation and frequency of fractures can be identified and measured in wireline 

image logs, particularly electrical resistivity based image logs such as FMS and FMI logs (Wu 

and Pollard, 2002; Wu et al., 2007; King et al., 2008; Bosworth et al. 2012; Saoudi et al. 2012; 

Ward et al. 2012; Delorme et al. 2013; Bailey et al., 2014) (Figure 12). Sonic acoustic image 

logs, such as the Borehole Televiewer (BHTV), Ultrasonic Borehole Imager (UBI) and the 

Circumferential Borehole Imaging Log, (CBIL) can also be used to identify natural fractures 

but do not provide the same detail as resistivity logs (Prensky, 1999). Acoustic logs provide 

360° coverage of the borehole and measure borehole roughness and shape (Zemanek et al., 

1970; Prensky, 1999; Davatzes and Hickman, 2010). Fracture detection less reliable than in 

electrical resistivity logs, as only features that have a significant effect on borehole roughness 

and shape will be detected (Georgi, 1985; Davatzes and Hickman 2010). However, they can 

 

 

 

 

 

Figure 11: A normal fault with throw of approximately 4 - 6 m from the Bristol Channel Basin,
Whatchet Coastline, England. As faults with throws of less than approximately 10 m lie below
typical seismic amplitude resolutions, faults at scales similar to this are generally not represented
on seismic data.



LITERATURE REVIEW 

32 
 

directly detect fractures that are open at the wellbore wall, directly assessing potential hydraulic 

conductivity (Prensky, 1999; Davatzes and Hickman, 2010).  

When penetrated by a borehole, fracture orientations and apertures can be very 

accurately described and inferences can be drawn on potential hydraulic conductivity, fracture 

connectivity, and fracture fill types (Wu and Pollard, 2002; King et al., 2008; Bailey et al., 

2014). However, wellbores can only offer information on that portion of those fractures 

intersected; and cannot directly quantify fracture lengths, distribution, or the connectivity of 

fractures beyond the wellbore (Spence et al., 2014). Drilling mud composition can also affect 

electrical resistivity based image log quality; highly conductive muds can result in applied 

current preferentially flowing through the well fluids rather than into the wellbore wall 

(Prensky, 1999; Lagraba et al., 2010). Additionally, fractures at certain dips are likely to be 

underrepresented on image logs. Fractures horizontal to sub-horizontal to bedding are often 

indistinguishable from bedding; identification of natural fractures on electrical resistivity based 

image logs depends on the identification of cross-cutting relationships, and so where these do 

not exist, fractures cannot be interpreted (Mildren et al., 2002).  Fractures aligned parallel to 

the wellbore are likely to be statistically underrepresented; given that wellbore diameter is 

generally less than approximately 30 cm it is unlikely that a representative sample of fractures 

at those dip will be intersected (Mildren et al., 2002, Spence et al., 2014). Extrapolating fracture 

geometries away from the wellbore remains difficult, as data from individual boreholes can 

only represent limited area (Spence et al., 2014). Where fracture sets are not intersected, they 

will not be observed through borehole imagery (Questiaux et al., 2009). Induced fractures must 

also be considered separately to natural fractures, and are generally considered to occur as pairs 

of mutually opposed, vertically dipping, electrically conductive fractures (Figure 12) 

distinguishable based on their discontinuous nature (Barton et al., 1998). There is little 

evidence that infers well construction alters the detectability of fractures (Spence et al., 2014). 

 

2.8.3.1 Identification of Fractures on Electrical Resistivity Based 

Image Logs 

Electrical resistivity image logs provide a high resolution pseudo-image of the borehole wall, 

allowing for simple identification of natural fractures (Figure 12) (Ekstrom et al., 1986; Plumb 

and Luthi, 1989). Due to the nature of how cylindrical image logs must be presented, natural 

fractures appear as sinusoids; the crest represents the up-dip part of the fracture and the  
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trough represents the down-dip part of the fracture (Figure 12). Fracture dip controls the 

amplitude of the sinusoid with high amplitudes equal to steeply dipping fractures and low 

amplitudes equal to shallowly dipping fractures (Figure 12). Bedding and other sedimentary 

structures can have very similar characteristics to natural fractures, and so it is very important 

to distinguish between these (Figure 12). The FMI tool is the most commonly used resistivity-

based image log, however, the FMS was frequently used prior to the introduction of the FMI 

tool. The simultaneous acoustic and resistivity tool (STAR) and the compact microimager 

(CMI) are also used relatively frequently. Acquisition and processing artefacts can be mistaken 

for geologic features, and can best be identified through a simultaneous approach to 

interpreting electrical resistivity image logs; a raw static log (displaying absolute resistivity 

values) and a processed dynamic log (displaying relative resistivity values over a given 

interval) are interpreted side-by-side to accurately determine the electrical character of 

interpreted fractures and to distinguish between natural features and artefacts. Identified 

fractures are often characterised based on their electrical character, and considered to be either 

electrically resistive or electrically conductive. Electrically resistive fractures are considered to 

be closed or cemented, appearing as light-coloured features on resistivity-based image logs 

Electrically Conductive Fractures

Electrically Resistive Fracture

1:10 scale speed-corrected FMI 

Up-dip

Down-dip

High Amplitude 
Sinusoid/Steeply 
Dipping Fracture
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Figure 8: (A) A section of 1:10 scale FMI image, highlighting electrically resistive (marked in grey)
and electrically conductive fractures (marked in black). Examples of bedding are marked in blue
and an erosional surface is marked in green, illustrating the similarity in appearance between
syn-tectonic and pre-tectonic features (Bailey et al., 2014). Schematic diagrams of (B) a highly
dipping fracture and (C) a shallow dipping fracture intersecting a vertical wellbore. (D) Section
of 1:20 scale FMI image, highlighting drilling induced tensile fracture (DITF). Note the difference
between the natural fractures in A and the induced fractures in D.
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(Figure 12). Electrically conductive fractures are considered to be open and filled with 

conductive drilling mud, giving them a dark appearance on resistivity-based image logs (Figure 

12). It is not possible to conclusively determine the hydraulic conductivity of a fracture away 

from the wellbore based solely on electrical resistivity image data (Bailey et al, 2014), however, 

correlations between electrical and hydraulic conductivity have been established (e.g. Luthi 

and Souhaite, 1990). Electrical resistivity based image logs are routinely utilised to investigate 

fracture properties beyond fracture orientation. Fracture density, aperture, porosity and 

permeability can all be calculated from electrical resistivity based image logs (Prensky, 1999). 

 

2.8.3.2 Correlating electrical resistivity with hydraulic conductivity 

Natural fractures interpreted on resistivity-based image logs are generally categorised 

as being either electrically resistive (sealed with a resistive cement and, hence, closed to fluid 

flow), or electrically conductive (filled with conductive drilling muds and, hence, open to fluid 

flow; Figure 12). Previous studies have correlated electrically conductive natural fractures with 

hydraulic conductivity (Barton et al, 1995; Bratton et al, 2006; King et al, 2008; Tassone et al., 

2014). Increased fluid flow has been observed in intervals of wells identified as hosting large 

numbers of electrically conductive fractures, with drilling mud being lost to formation through 

open natural fractures (King et al., 2008), and increased gas flows being correlated with 

fractured reservoir (Tassone et al., 2014). However, electrical conductivity is not always 

correlated with hydraulic conductivity and could be explained through the presence of 

electrically conductive fracture fills (Bailey et al., 2014).  
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ABSTRACT 13 

 Knowledge of the in-situ stress field is essential in petroleum basins, as it exerts a prime 14 

control over seal integrity, fracture stimulation, wellbore stability, and fluid flow. Previous 15 

geomechanical analysis of Australia’s Carnarvon Basin, the continent’s premier hydrocarbon 16 

region, highlights a normal to strike-slip fault stress regime. However, neotectonic evidence 17 

and contemporary seismicity suggest the possibility of a strike-slip to reverse-fault stress 18 

regime. We attempt to reconcile these conflicting datasets through new analysis of the in-situ 19 

stresses; Principal stress magnitudes and orientations were defined with data from 76 20 

previously unanalysed petroleum wells. Wellbore image logs yield a maximum horizontal 21 

stress orientation of 113°N, consistent with modelling of the stress-field throughout the Indo-22 

Australian Plate. Vertical stress magnitudes are estimated to range from 20MPakm-1 to 23 

22.4MPakm-1. Leak-off tests (LOT) from 42 wells are analysed using two methodologies (one 24 

assuming tensile failure as traditionally accepted, the other assuming shear failure as outlined 25 

by Couzens-Schultz and Chan, 2010) and result in two different sets of horizontal stress 26 

magnitude estimates. Traditional interpretation of LOTs results in a minimum horizontal stress 27 

gradient of 16.8MPakm-1 and a maximum horizontal stress gradient of 21.8MPakm-1. The new 28 

method for LOT interpretation results in a minimum horizontal stress gradient of 18.1MPakm-29 
1 and a maximum horizontal stress gradient of 25.4MPakm-1. Inclined natural fractures 30 

observed at LOT depths supports application of the new method of LOT interpretation. 31 

Traditional interpretation of stress magnitudes implies a normal to strike-slip fault stress 32 

regime, while the new method implies a strike-slip fault stress regime. This latter interpretation 33 

is favoured by the authors, as it allows for a reconciliation of the geological and geomechanical 34 

datasets. The assessment undertaken herein allows for reinterpretation of stress magnitudes in 35 

seismically-active basins hosting differing geomechanical and neotectonic regimes, potentially 36 

altering existing understanding of seal integrity, fracture stimulation, wellbore stability, and 37 

fluid flow. 38 

 39 
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1. Introduction 43 

Wellbore geophysical data collected during petroleum exploration has proven 44 

invaluable in constraining crustal stress orientations in continental regions (e.g. Bell, 1990). A 45 

good example is provided by the Australian stress map, where previous studies have 46 

demonstrated large-scale rotations in maximum horizontal stress orientations, which although 47 

not parallel to the NNE direction of absolute plate motion, are nonetheless consistent with a 48 

first-order control of the complex plate boundary forces (Hillis & Reynolds., 2000; Reynolds 49 

et al., 2003).  50 

However, whilst horizontal stress orientations are reasonably well constrained across 51 

much of Australia (Hillis & Reynolds, 2000) and the world (Heidbach et al., 2008), knowledge 52 

of the relative magnitudes of the three principal stresses (the vertical principal stress (σV) and 53 

the minimum (σh) and maximum (σH) horizontal stresses) across Australia and other 54 

continental regions remains limited (Hillis et al., 2008). This is due to both the relatively sparse 55 

sampling of data on a continental scale, and the inherent difficulties in accurately estimating 56 

stress magnitudes (Zoback & Zoback, 1980). There is often little agreement in Australian 57 

basins between measured stress magnitudes, which generally report normal and strike-slip fault 58 

stress regimes (King et al., 2012), and those predicted by numerical modelling studies, which 59 

generally result in reverse fault stress regimes (Reynolds et al., 2002). Improved understanding 60 

of crustal stress magnitudes is critical to establishing the driving forces of contemporary 61 

deformation of intraplate regions and has a range of practical applications related to earthquake 62 

hazard assessment and resource recovery (Bell, 1996a).  63 

This study is focussed on Australia’s major petroleum-producing region, the Carnarvon 64 

Basin, located on Australia’s North West Shelf. The Carnarvon Basin is a faulted and folded 65 

epicratonic basin. It is the southernmost late Palaeozoic to Cenozoic basin underlying the 66 

northwestern continental margin of Australia and hosts up to 15 km of sedimentary fill 67 

(Bradshaw et al., 1988). Previous studies of the stress regime in this basin have utilised both 68 

dipmeter logs (Mildren, 1997) and image logs (Neubauer et al., 2007, Hillis et al., 2008) to 69 

describe an approximately E-W maximum horizontal stress orientation. Stress magnitudes 70 

have also been estimated, relying on an assumption of hydrostatic pore pressure (Neubauer et 71 

al, 2007; Dewhurst and Hennig 2003), broadly defining a normal to strike-slip fault stress 72 

regime (Mildren, 1997; Neubauer et al., 2007). This is in conflict with both neotectonic 73 

evidence and contemporary seismicity, both of which demonstrate a strike-slip or reverse fault 74 
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stress regime (e.g. Revets et al, 2009). Miocene anticlinal structures (Barber, 1988) feature 75 

emerged Pleistocene marine terraces, implying recent deformation (Van De Graff et al., 1976), 76 

and current sea-floor doming implies compression at the present day (Barber 1988). Recent 77 

seismicity records are resolved into predominantly strike-slip faulting solutions with an 78 

accompanying number of compressional events (Revets et al., 2009). Similar stress regime 79 

disparities are observed in many Australian basins, and has been at least partially reconciled 80 

using new methods of assessing σh from leak-off test data in the Otway and Gippsland basins 81 

(King et al., 2012). This paper seeks to expand upon this preliminary investigation by applying 82 

the same methods to a region with better data coverage, and seeking to identify points of failure 83 

during leak-off testing in image logs, providing further evidence for the application of these 84 

methods.  85 

We exploit a wealth of new data from recent petroleum exploration activity to better 86 

constrain both stress orientations and magnitudes in this basin, and through the application of 87 

a new method for estimating σh magnitudes from leak-off tests, we are able to reconcile stress 88 

constraints from geomechanical and geological observations; demonstrating that the wells that 89 

we have studied are all consistent with a strike-slip fault stress regime, and so more in line with 90 

both neotectonics and contemporary seismicity. 91 

 92 

1.1 Geological Setting 93 

The Carnarvon Basin of Australia’s North West Shelf (NWS) is a remnant of the Late-94 

Palaeozoic Westralian Superbasin, initiated by Late Carboniferous to Permian rifting (Veevers, 95 

1988). Numerous NE-SW striking normal faults formed from Jurassic rifting due to the break-96 

up of Gondwana (Hocking, 1988). Rifting continued until the Early Cretaceous (Romine et al., 97 

1997), before giving way to Late Cretaceous sag with episodic uplift and inversion caused by 98 

convergence between the Indo-Australian and Eurasian plates (Tindale et al, 1998). 99 

Reactivated faults exhibit strike variations controlled by underlying Jurassic and Cretaceous 100 

basement faults, and inversion anticlines formed as fault propagation folds above inverted 101 

normal faults (Keep et al., 1998). The orientation of Oligocene to Pleistocene-age inversion 102 

structures is consistent with E-W in-situ maximum horizontal stress orientations (Figure 1).  103 

 Neotectonic evidence supports ongoing compression in the Carnarvon Basin, which is 104 

also observed at present-day in the adjacent Pilbara Craton (Clark & Bodorkos, 2004). Major 105 



Page 5 of 32 
 

growth on the Cape Range, Barrow, and other large anticlinal structures is thought to have 106 

occurred during the Miocene (Barber, 1988), however, emerged marine terraces on many of 107 

these structures have been dated as Pleistocene in age, and so implies continued deformation 108 

following the Miocene (Van De Graff et al., 1976). While extensively folded and faulted during 109 

the Miocene, the sea-floor of the Exmouth Plateau exhibits present-day doming indicative of 110 

active shortening (Barber 1988). Extensive and varied slumping initiated in the late Pliocene 111 

(and possibly ongoing at the present-day) is seen along the Exmouth Plateau Arch and out to 112 

the continental slope (Hangesh et al., 2012; Scarselli et al., 2013), and is considered to be 113 

triggered by earthquakes related to the activation of inverted rift structures in the Exmouth 114 

Plateau (Keep et al., 2007; Scarselli et al., 2013). 115 

In contrast with neotectonic evidence, geomechanical studies of the stress regime using 116 

petroleum wellbore data imply a normal to strike-slip fault stress regime at the present day 117 

(Mildren, 1997; Neubauer et al, 2007, Hillis et al, 2008). Interpretation of borehole breakouts 118 

on numerous dipmeter logs by Mildren (1997) demonstrate a σH orientation of 090°N, whereas 119 

the interpretation of wellbore image logs by Neabauer et al. (2007) demnstrate a σH orientation 120 

of 105°N; the discrepancy in orientations explained by the higher confidence interpretation of 121 

borehole breakouts possible when using image logs as opposed to dipmeter logs (Hillis et al., 122 

2008). The estimation of stress magnitudes in both studies results in the interpretation of a 123 

normal fault to strike-slip fault stress regime (Mildren, 1997; Neubauer et al., 2007). Extensive 124 

overpressure in the Carnarvon Basin is discounted and hydrostatic pore pressure is assumed, 125 

given that overpressure zones in the Carnarvon Basin are primarily confined to the Alpha Arch 126 

and Rankin Trend (Tingate et al., 2001; Dewhurst and Hennig 2003; Van Ruth et al., 2004; 127 

Neubauer et al, 2007).  128 

 129 

2. Maximum Horizontal Stress Orientations 130 

In-situ σH orientations are derived from stress indicators such as borehole breakouts 131 

(BOs) and drilling-induced tensile fractures (DITFs) in petroleum wells (Bell, 1996a; Zoback 132 

et al., 2003; Schmitt et al., 2012). Borehole breakouts and DITFs form as a response to stress 133 

perturbations that exist around open wellbores (Kirsch 1898). Borehole breakouts are 134 

elongations of the borehole in the compressive regions of the borehole walls, and DITFs are 135 

vertical fractures formed in the tensile regions of the borehole wall (e.g. Brudy & Zoback 1999) 136 

(Figure 2). Failure derived σH orientations are ranked according to the World Stress Map 137 
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quality ranking system (Heidbach et al., 2010). The original WSM classification scheme 138 

established in Zoback (1992) defines A–C quality indicators as providing reliable σH 139 

orientations for plate-scale stress analysis, whereas D–E quality indicators are thought to be 140 

unreliable; however, recent studies have shown D quality indicators can provide reliable 141 

estimates of σH orientations for basin-scale investigations (Tingay et al, 2005; King et al, 2010). 142 

Quality is assessed on a well-by-well basis, and is decided based on the number of interpreted 143 

stress indicators, the total length of those indicators, and the standard deviation of the resulting 144 

orientation from that well (Heidbach et al., 2008). As a result, only D quality indicators or 145 

better are used for interpreting σH orientations in this study. 146 

A total of 636 BOs and 350 DITFs were identified in 57 resistivity image logs 147 

interpreted in this study; resulting in a regional mean σH orientation of 113°N for the Carnarvon 148 

Basin (Figure 1) (Table 1). This is broadly similar to the previous orientation of 105°N 149 

interpreted from image logs (Neubauer et al., 2007), and the difference may be due to the 150 

exclusive use of Formation Micro Imager (FMI) logs in this study, as opposed to the mix of 151 

Formation Micro Scanner (FMS) and FMI logs used by Neubauer et al. (2007); FMI logs are 152 

capable of imaging up to 80% of the wellbore surface, as opposed to FMS logs, which are 153 

capable of a maximum of 40% (Gaillot et al., 2007). This increased wellbore coverage allows 154 

for more confident BO and DITF interpretation using FMI logs. 155 

The reliability of the mean σH orientation can be tested with the application of the 156 

Rayleigh test, which tests for a null hypothesis that σH orientations are random (Mardia, 1972). 157 

A mean resultant vector (R) for σH orientations is calculated, and compared against a critical 158 

cut-off value for a specific confidence level. If R exceeds the cut-off value, the null hypothesis 159 

can be rejected (Mardia, 1972, Coblentz & Richardson 1995, Reynolds et al., 2002). For these 160 

Carnarvon Basin data, an R of 0.9691 is calculated for 47 σH orientations, and compared to a 161 

99% confidence cut-off of 0.318. As R is greater than the cut-off, the null hypothesis is rejected 162 

and the mean σH orientation of 113°N can be applied to the larger area with confidence, as 163 

there is only a 1% chance that it is a random orientation. 164 

 165 

3. Stress Magnitudes 166 

Stress is a second order tensor and so can be described at any point by three orthogonal 167 

principal stresses (σ1, σ2, and σ3) (Bell, 1996; Schmitt et al., 2012). These are generally resolved 168 
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into one vertical stress (σV) and, as they must be orthogonally opposed, two horizontal 169 

stresses—a maximum (σH) and a minimum (σh) (Anderson, 1951; Bell, 1996). The stress tensor 170 

in a sedimentary basin is defined by the magnitude of the three stresses and the orientation of 171 

σH (Bell, 1996, Zoback et al., 2003; Schmitt et al., 2012). 172 

 173 

3.1 Vertical Stress 174 

It is generally assumed that one of the principle stresses is vertical, given that the Earth’s 175 

surface is a free boundary and the stress caused by gravity acting on a weight of material is 176 

directed downwards (Schmitt et al., 2012). The magnitude of σV is defined as the stress applied 177 

by the mass of overburden above a specific depth, and is calculated through an integration of 178 

rock densities to the depth of interest (Bell, 1996a). The height of any water column present is 179 

also accounted for, as it contributes to overburden:  180 

𝜎𝑉 = 𝜌𝑊𝑔𝑧𝑊 + ∫ 𝜌(𝑧)𝑔 𝑑𝑧
𝑍

𝑠𝑏
  Eq. (1) 181 

where ρW is the density of seawater, at a given water depth (zW), sb the depth to seabed, ρ(z) is 182 

the density of the overburden at depth z, and g is acceleration due to gravity (Engelder, 1993). 183 

Here, we use the average density of seawater at 1.03 g cc-1 (Bell, 2003).  184 

 To calculate σV, density logs from standard wireline log suites are used. However, they 185 

are not always run to surface. In these wells a top-of-log stress value can be calculated from 186 

checkshot surveys using the empirically derived Gardner et al. (1974) velocity-density 187 

transform (Bell, 1996a; Tingay et al., 2003). This allows the construction of a vertical stress 188 

profile over the interval covered by density logs (Zoback, 2007; King et al., 2010). Previously, 189 

common practice has been to assume a stress gradient of 22.6 MPa km-1 (or 1.0 psi ft-1) where 190 

it was unknown (Dickinson, 1953; Tingay et al., 2003). However, it has been shown that this 191 

assumption is not always correct and can lead to an incorrect description of the stress regime 192 

(Dickinson, 1953; Tingay et al., 2003). In offshore regions, such as the study area, vertical 193 

stress magnitude is determined not only by the weight of overburden, but also by overlying 194 

water column. In order to relate vertical stress to rock density, the effect of the water column 195 

must be removed in order to allow for the comparison of σV magnitude variations due only to 196 

bulk density changes in the overburden (Tingay et al,. 2003, King et al., 2010). Water depth in 197 

the 16 wells in this study featuring valid density logs varies from 17 m to 1592 m, with water 198 

depth generally increasing offshore. The effect of water is removed by calculating the vertical 199 
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stress due to the height of the water column, and subtracting that from the calculated σV 200 

magnitude; resulting in a calculation of σV below seabed (bsb) (King et al., 2010). Hence, all 201 

σV magnitudes are referenced to the same datum (seabed), allowing for easy comparison of the 202 

influence of bulk rock density on σV magnitude (Tingay et al., 2003).  For actual geomechanical 203 

applications σV should always be determined from the surface and take the entire overburden, 204 

including water, into account (Tingay et al., 2003).  205 

 The calculated σV gradient in the Carnarvon Basin ranges from 20 MPa km-1 bsb to 206 

22.4 MPa km-1 bsb (Figure 3), a variation of 3.2 MPa km-1. King et al. (2010) suggest a range 207 

variance of 3.6 MPa km-1 (from 20.2 MPa km-1 to 23.8 MPa km-1), based on their interpretation 208 

of density and checkshot data from 47 wells in the Carnarvon Basin. The σV magnitude in 209 

Pluto-1 is somewhat lower between 1-2 km depth, however, all other wells are consistent with 210 

this gradient. The Much of this variation is attributed to localised uplift throughout the basin, 211 

and possibly to diagenetic processes. Lithology and overpressure are stated to exert negligible 212 

influence over σV variations (King et al, 2010). The σV gradients presented within this study 213 

generally agree with those of King et al. (2010). 214 

 215 

3.2 Minimum Horizontal Stress 216 

The magnitude of σh can be deduced from fracture closure pressures and leak-off pressures 217 

obtained through hydraulic fracturing experiments, such as leak-off tests (LOT) (Bell, 1996a; 218 

Zoback et al, 2003; Schmitt et al., 2012). These involve sealing a section of wellbore during 219 

drilling and increasing hydraulic pressure until a fracture is formed (Bell, 1996a). Leak off 220 

occurs when a fracture is formed, providing an estimate of the value of the least principal stress. 221 

Thus, if less than σV, it is σh that is being measured (Bell, 1996a). Values of σh derived from 222 

LOTs are qualified by their position on a pressure-time plot (Figure 3b); the least reliable 223 

estimates of σh are from formation integrity tests (FITs, where pressure is not raised to failure), 224 

and the most reliable are from extended leak-off tests (XLOTs, where several cycles of LOT 225 

are run) (King et al., 2008).  226 

 For this study, 52 LOTs from 42 wells were used to constrain the magnitude of σh 227 

(Figure 3c). Values of σh range from 4.8 MPa at 0.3 km to 88.5 MPa at 3.8 km (Figure 3). A 228 

mean σh gradient of 16.8 MPa km-1 (s.d. = 2.0 MPa km-1) is calculated. 229 

 Recently, it has been demonstrated by Couzens-Sculz and Chan (2010) that in regions 230 

hosting compressive stress regimes and in areas of active seismicity, fracture failure is 231 
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potentially by shear, rather than tension. This is caused by fluid-pressure increases due to the 232 

relatively large differential far-field stresses associated with regional reverse or thrust fault 233 

stress regimes (Figure 4) (Couzens-Schultz & Chan, 2010). Furthermore, shear failure of pre-234 

existing fractures has also been shown to occur at pressures well below the minimum far-field 235 

stress in a normal faulting stress regime (Chan et al., 2014). The Carnarvon Basin is seismically 236 

active (Leonard, 2008), with the majority of seismic events having strike-slip or reverse 237 

solutions (Revets et al., 2009). Neotectonic evidence further supports a compressive stress 238 

regime, hence, σh can be calculated using the following equation proposed by Couzens-Sculz 239 

and Chan (2010) for such environments: 240 

𝜎ℎ,lim =  𝜎𝑣 −
2(𝜎𝑣−(𝐿𝑂𝑃−

𝐶0
𝜇

))𝑠𝑖𝑛∅

(1+𝑠𝑖𝑛∅)
 Eq. (2) 241 

where σh, lim is the lower limit of σh, C0 is cohesion, and µ is the coefficient of friction (tanɸ) 242 

(Couzens-Schulz & Chan, 2010). This demonstrates that traditional interpretations of LOTs 243 

(which assume newly formed vertical tensile fractures) in these settings likely underestimate 244 

σh magnitude, such that it will never be greater than σV, precluding the interpretation of a 245 

reverse fault or thrust fault stress regime (Figure 3c). To validate the use of this approach, we 246 

identified nine wells where image log intervals coincided with depths at which LOT data were 247 

obtained. In seven of the nine wells identified, electrically conductive natural fractures are 248 

observed at the depth of testing, rather than the vertical tensile fractures which would generally 249 

be expected in a traditional LOT where a new fracture is formed (Figure 5) (Table 2). Thus, 250 

we have estimated the σh magnitude using both the traditional LOT interpretation method and 251 

the new Couzens-Schulz & Chan (2010) method. 252 

All 52 LOTs previously used for σh calculations were reassessed using equation 2, with 253 

the results for σh, lim ranging from 5.4 MPa at 0.3 km to 85.7 MPa at 3.8 km (Figure 3). A mean 254 

gradient for σh, lim magnitude of 18.1 MPa km-1 (s.d. = 1.6 MPa km-1) is calculated using this 255 

equation (Figure 3), in comparison to the 16.8 MPa km-1 calculated as the mean σh gradient 256 

using the traditional LOT interpretation. 257 

 258 

 259 

 260 
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3.3 Maximum Horizontal Stress 261 

There are a number of methods for estimating the magnitude of σH from petroleum data, 262 

including estimations based on the relationship of circumferential stress with rock strength 263 

(Bell, 1996), the frictional limits method (Jaeger & Cook, 1969), and estimations from breakout 264 

width (Barton et al., 1988).  265 

 The magnitude of σH can be estimated from relationships with σh (Bell, 1996a). Rock 266 

strength can be assumed to be zero where tensile failure has occurred (Brudy & Zoback, 1999). 267 

Wells featuring DITFs and LOTs can therefore be used to estimate σH using the following: 268 

𝜎𝐻 = 3𝜎ℎ − 𝑃𝑤 − 𝑃𝑝    Eq. (3) 269 

where PW is the wellbore pressure and Pp is the pore pressure (Hubbert & Willis, 1957). 270 

 There are 19 LOTs (from 15 wells) in wells that feature DITFs, and so are used for an 271 

estimation of σH magnitude (Figure 3). Of the 15 wells used to estimate σH magnitude, 10 have 272 

formation pressure data that demonstrates PP remains approximately hydrostatic throughout the 273 

wells at the intervals tested. There is extensive evidence for overpressures within the Carnarvon 274 

Basin, particularly at depths greater than 3 km and around the Alpha Arch and Rankin Trend 275 

(e.g. Tingate et al., 2001, Van Ruth et al., 2004) (Figure 1). However, this is not represented in 276 

the wells used to calculate σH magnitude in this study. Hence, a hydrostatic value of PP is used 277 

to estimate σH magnitude from equation 3. Both traditionally interpreted LOT derived σh 278 

magnitudes and σh magnitudes calculated using equation 2 were used for the estimation of σH 279 

using equation 3. Resultant σH values from traditionally derived σh values range from 13.2 MPa 280 

at 0.7 km to 44.3 MPa at 1.9 km, giving a mean basin-wide gradient of 21.8 MPa km-1 (s.d. = 281 

3.5 MPa km-1) (Figure 3). Values of σH calculated using equation 3 and σh magnitudes from 282 

equation 2 range from 11.5 MPa at 0.6 km to 54.6 MPa at 2.8 km, giving a mean basin-wide 283 

gradient of 25.4 MPa km-1 (s.d. = 3.1 MPa km-1) (Figure 3).  284 

 Additionally, Couzens-Schulz & Chan (2010) describe an equation for the direct 285 

calculation of the upper limit for σH magnitude: 286 

𝜎𝐻,lim =  𝜎𝑣 +
2(𝜎𝑣−(𝐿𝑂𝑃−

𝐶0
𝜇

))𝑠𝑖𝑛∅

(1−𝑠𝑖𝑛∅)
 Eq. (3) 287 

For the 52 LOTs, this provides an upper limit to σH of 30.3 MPa km-1 (s.d. = 5 MPa km-1) 288 

(Figure 3). 289 
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 Another method for calculating an upper limit to σH magnitude is the frictional limit technique 290 

(Jaeger & Cook, 1969), which assumes that stresses are at frictional limits: 291 

𝜎𝐻 = 𝑓(𝜇) × (𝜎3 − 𝑃𝑃) + 𝑃𝑃 Eq. (4) 292 

where 293 

𝑓(𝜇) = [(1 + 𝜇2)
1

2 + 𝜇]
2

 Eq. (5) 294 

and σH  is the maximum principle stress. Assuming the same hydrostatic pore pressure as in 295 

equation 3, this gives a frictional limit bound to σH of 28.5 MPa km-1 (s.d. = 6.2 MPa) from 296 

traditionally derived σh values, and of 32.6 MPa km-1 (s.d = 5.0 MPa) from σh magnitudes from 297 

equation 2. This provides a theoretical maximum for σH magnitude based on LOTs. 298 

Maximum horizontal stress magnitudes can also be estimated using BO width if 299 

effective rock strength and pore pressure are known, and if the angular width of the BOs can 300 

be accurately measured (Barton et al., 1988; Vernik and Zoback, 1992). However, electrical 301 

resistivity image logs such as the FMI logs utilised in this study, whilst providing relatively 302 

good image coverage of the wellbore and accurate identification of structural features, do not 303 

preserve BOs with enough accuracy to ensure accurate estimation of BO width. Additionally, 304 

much of the required information (such as rock strength data) is unknown or not available. As 305 

a result, we have not used this approach in this study. 306 

 307 

4. Comparing Possible Stress Regimes: Which is a More Suitable Interpretation? 308 

The Carnarvon Basin is a large, structurally complex basin that is composed of three 309 

broad structural zones; a structurally high inboard area (the Lambert and Peedamullah shelves), 310 

a series of large depocentres in the Beagle, Dampier, Barrow, and Exmouth sub-basins, and an 311 

extensive marginal zone comprised of the Exmouth Plateau and the Rankin Platform (Longley 312 

et al., 2002). Episodic uplift and inversion during the Cretaceous was followed by at least six 313 

discrete Miocene to Pleistocene inversion events, each resulting in up to 75 m of uplift on the 314 

crest of inversion structures (Densley et al, 2000; Cathro and Kamer, 2006, King et al., 2010). 315 

Inversion is documented in the Barrow, Exmouth, and Investigator sub-basins (Keep et al., 316 

1998; Longley et al., 2002; Hillis et al., 2008, King et al., 2010). As such, while a well-by-well 317 

stress magnitude analysis does provide a good over-arching description of the broad stress 318 
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regime within the basin, it is unlikely to account for all the variation likely to exist throughout 319 

the basin and its structural provinces. In the wells interpreted, we have found evidence for two 320 

unique stress regimes based on the two methodologies used for calculation of σh magnitudes, 321 

from which we make the following inferences about the broader stress regime away from well 322 

control. 323 

We have shown that σH orientation is consistent over the Carnarvon Basin at 113°N 324 

(Figure 1), in general agreement with the approximately E-W orientation previously 325 

demonstrate by geomechanical analysis (Mildren, 1997; Neubauer et al., 2007), numerical 326 

models (Reynolds et al., 2002), and neotectonic features (Hillis et al., 2008). Two possible 327 

stress regimes are defined in this study, the first using the traditional interpretation of LOTs 328 

(which assumes leak-off occurs due to formation of new tensile fractures), and the new method 329 

which assumes that leak-off occurs due to reactivation of pre-existing shear fractures. The 330 

traditional interpretation indicates that stress magnitudes in the Carnarvon Basin, where σV 331 

ranges from 20.0 MPa km-1 to 22.4 MPa km-1, σH = 21.8 MPa km-1, and σh = 16.8 MPa km-1. 332 

These magnitudes are broadly consistent a normal to strike-slip faulting stress regime, whereby 333 

σV ≥ σH > σh (Figure 3). The new interpretation indicates that stress magnitudes in the 334 

Carnarvon Basin are consistent with a strike-slip fault stress regime, where σV ranges from 20.0 335 

MPa km-1 to 22.4 MPa km-1, σH = 25.4 MPa km-1, and σh = 18.1 MPa km-1, hence, σH> σV > σh 336 

(Figure 3).  337 

 The σV magnitude interpreted in this study exhibits a range of 2.4 MPa (from 20 MPa 338 

km-1 to 22.4 MPa km-1), which are consistent with values calculated in previous studies (King 339 

et al., 2010). In the well Pluto-1, the gradient of σV is somewhat lower than this range and so 340 

further variations of σV may exist within the basin. However, such a lowering of vertical stress 341 

gradient (by 1-2 MPa/km) would result in no change to the interpreted stress regimes. The 342 

values of σV presented in King et al. (2010) and those presented herein are therefore likely to 343 

represent the σV magnitudes across the basin. However, care should be taken to calculate σV 344 

for each individual well where the data to do so is available, as σV magnitude can vary 345 

significantly within sedimentary basins (Tingay et al., 2003). Vertical stress magnitudes have 346 

been demonstrated to vary significantly within the Carnarvon Basin (King et al., 2010). 347 

 The minimum horizontal stress is consistently the smallest of the three stress 348 

magnitudes, regardless of how LOTs are considered. Variation of σh magnitude between wells 349 

is higher using traditional calculations (12.2 MPa km-1  to 23.4 MPa km-1) when compared to 350 

the new method (13.4 MPa km-1 to 22.7 MPa km-1) (Figure 3).  As the LOTs used are all of 351 
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similar quality (B-C) the variation of values is not likely to be caused by poor-quality LOTs, 352 

and is likely representative of in-situ conditions. However, it is the calculated magnitudes of 353 

σH that lead to changes in the interpretation of a regional stress regime. The traditional 354 

interpretation implies that σH = σ2 (Figure 3), indicating a normal fault stress regime. 355 

Conversely, the new interpretation based on equation 2 demonstrates that σH = σ1 (Figure 3), 356 

indicating a strike-slip fault stress regime. Given the significance of in-situ stresses to 357 

petroleum production (Bell, 1996a; 1996b; Zoback 2007), it’s important to come to the correct 358 

understanding in the Carnarvon Basin; raising the question of which is the more correct 359 

interpretation of horizontal stress magnitudes, and hence, the regional stress regime?  360 

A comparison of recorded contemporary tectonic activity with the interpreted stress 361 

regimes allows for the identification of the regime best supported by neotectonic evidence. The 362 

implication from present-day doming of the sea-floor (Hillis et al., 2008) and the reactivation 363 

of existing structures to breach petroleum traps (Williams and Poynton, 1985; Keep et al., 364 

2012), alongside Cape Range marine terraces possibly caused by Quarternary uplift (van de 365 

Graff et al., 1976, Keep et al., 2012), implies that the Carnarvon Basin is currently experiencing 366 

compression. This is further supported by evidence of slumping in the basin, which, while 367 

generally attributed to extensional deformation, is in fact a response to inversion (Hengesh et 368 

al., 2012; Scarselli et al., 2013). 369 

Strike-slip deformation is noted as dominating earthquake focal mechanism solutions 370 

(Keep, 2012). Between October 2005 and March 2008, 20 earthquakes of magnitude ML 2.0 to 371 

ML 5.3 were recorded in the Carnarvon Basin; approximately two thirds of these are resolved 372 

as strike-slip or oblique-slip events (Figure 1) (Revets et al, 2009). The remaining events are 373 

dominated by compressional solutions, with rare occurrences of normal faulting (Revets et al., 374 

2009). Good correlation between in-situ stress calculations and those derived from earthquake 375 

focal mechanisms has previously been established (Clark & Leonard, 2003; Revets et al., 376 

2009), making it unlikely that the Carnarvon Basin hosts an extensional, normal fault stress 377 

regime. Implied maximum horizontal stress orientations from these seismic events are 378 

indistinguishable from the approximately E-W orientations previously reported (Revets et al., 379 

2009). 380 

Furthermore, the new interpretation of LOTs allows for all three stress regimes 381 

(Anderson, 1951) to be calculated, as opposed to traditional LOT interpretation which only 382 

allows for strike-slip fault or normal fault stress regimes (Figure 3) (Couzens-Schulz & Chan 383 
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2010). Minimum horizontal stress magnitudes calculated using the new method are likely to 384 

be more reasonable in the Carnarvon Basin, given that σH is unlikely to be as diminutive a value 385 

as is estimated from the traditionally calculated σh.  386 

It must be noted that while both the traditional and new methods of calculating σh and 387 

σH magnitudes provide values that can be used for assessing the stress regime, in reality, these 388 

merely provide estimates of limits to the possible range of magnitude values. In the case of the 389 

traditional LOT interpretation, a lower limit of σh is estimated, and σH must fall between it and 390 

the frictional limits estimation (Figure 4). For the new LOT interpretation, σh is calculated only 391 

as a lower limit, and both it and σH can fall anywhere between that value and the upper limit of 392 

σH that is also calculated (Figure 4). However, both methods of calculating σh provide a 393 

reasonable estimate of the actual magnitude, similarly equation 3 for estimating σH. 394 

 Stress magnitudes calculated from all values broadly define a strike-slip faulting 395 

stress regime, and this is reinforced locally by the five wells that feature both density logs 396 

(allowing for the calculation of σV) and LOTs with associated interpreted DITFs (allowing for 397 

the calculation of σH). In all of these wells σH > σV > σh, indicating a strike-slip fault stress 398 

regime. However, in wells Pluto-5, Woolybutt-5, and Zola-1; σh values are approximately the 399 

same or greater than the value of σV, implying that there may be some areas of the basin, notably 400 

the Rankin Platform and Alpha Arch (Figure 1), which feature a transition to a reverse fault 401 

stress regime. Overpressure has previously been detected in numerous Carnarvon Basin wells, 402 

particularly in Late Triassic to Cretaceous sediments featuring thick accumulations of fine-403 

grained, low permeability sediments (Tingate et al, 2001; van Ruth et al., 2004), and most 404 

notably on the Alpha Arch and Rankin Trend. The Legendre Trend of the Dampier Sub-Basin 405 

is noted as the most intensely overpressured area of the basin, with overpressures decreasing 406 

towards the Rankin Platform (Nyein et al., 1977, King et al., 2010). Vertical stress in this area 407 

is unaffected, as overpressures are due to disequilibrium compaction with associated porosity 408 

preservation (van Ruth et al., 2004; King et al., 2010). Overpressures are also identified around 409 

the Alpha Arch and Barrow Anticline, and are attributed to post-subsidence and compaction 410 

fluid expansion from hydrocarbon generation (van Ruth et al., 2004) and, hence, does not alter 411 

rock densities or σV magnitudes (Bowers, 1995; van Ruth et al., 2004; King et al., 2010). 412 

Overpressures are generally limited to depths greater than 3 km (Tingate et al., 2001). 413 

However, Zoback (2007) notes that where there are severely overpressured formations at depth, 414 

only small differences will be observed between the three principle stresses. In strike-slip fault 415 

stress regimes, σh increases and σH decreases with pore pressure, bringing them close to the 416 
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value of σV, as observed in the wells Pluto-5, Woolybutt-5, and Zola-1 (Table 3). The 417 

interpreted move towards a reverse fault stress regime in these wells may be an artefact of 418 

overpressures within the Alpha Arch and Rankin Platform. While no evidence for overpressure 419 

is seen in the wellbore pressure tests carried out during drilling in Pluto-5 and Woolybutt-5, 420 

this may be due to the small sampling range in each well (2922.3 – 2933.1 mTVD and 2506.1 421 

– 2781.9 mTVD, respectively). 422 

Areas beyond well control, and distal parts of the basin, are difficult to characterise in 423 

terms of possible stress magnitudes. While we have statistically demonstrated that stress 424 

orientations are likely to remain consistent over the basin, the same cannot be done with stress 425 

magnitudes due to the variety of possible controls, and the propensity for large, localised, 426 

magnitude variations (King et al., 2010). While estimates can be made for areas away from 427 

well control, such as we have presented in this study with the estimated mean stress gradients, 428 

these should be viewed as guides only; based on the assumption that structural and 429 

geomechanical conditions stay relatively constant. Thus, each area of interest should be 430 

assessed individually as data becomes available. 431 

The Carnarvon Basin is not the only Australian basin where in-situ stress studies 432 

historically demonstrate a normal fault or strike slip fault stress regime, as opposed to 433 

sedimentary successions that generally demonstrate widespread Miocene to Recent reverse 434 

faulting. It has recently been demonstrated in the Otway and Gippsland basins of Australia’s 435 

southern margin that this disparity can be reconciled using the new LOT interpretation method 436 

proposed by Couzens-Schulz and Chan (2010), with a number of reinterpreted LOT results 437 

generating higher values of σh and hence, allowing for the interpretation of a reverse fault stress 438 

regime (King et al., 2012). The outcome of this study is similar, with σh magnitudes generally 439 

increasing with reinterpretation and allowing for the interpretation of a strike-slip or reverse 440 

fault stress regime more suited to the geological evidence. 441 

In-situ stress analysis of most Australian petroleum basins results in similar issues as 442 

seen in the Carnarvon Basin; in that interpreted stress regimes are inconsistent with neotectonic 443 

evidence and contemporary seismicity (King et al., 2012). It is likely that in many of these 444 

basins, reinterpretation of existing datasets using the new LOT determination method 445 

(Couzens-Schultz and Chan, 2010) would allow for interpretation of stress magnitudes and 446 

stress regimes that are more consistent with overwhelming neotectonic evidence (Mildren, 447 

1997; Clark & Bodorkos, 2004; Neubauer et al, 2007; Hillis et al., 2008; Revets et al, 2009; 448 
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Keep et al., 2012; King et al., 2012). In those basins where such a discrepancy between 449 

neotectonic and geomechanical evidence exists, and which are thought to either host reverse 450 

fault stress regimes or are sites of active compressive seismicity, the new LOT interpretation 451 

method allows for the possible interpretation of a reverse fault stress regime, which the 452 

traditional interpretation does not (Couzens-Schulz and Chan, 2010; King et al., 2012). 453 

Other basins on the NWS besides the Carnarvon have also been described as hosting a 454 

transitional normal to strike-slip fault stress regime; the Bonaparte Basin, found to the NE of 455 

the Carnarvon Basin and extending into the Timor Sea, has previously been described similarly 456 

(Mildren, 1997). The interpretation of an extensional regime in the Bonaparte Basin is also 457 

based on the use of LOTs, and as in the Carnarvon, stands in contrast to neotectonics which 458 

suggest recent reverse faulting (Mildren, 1997). It may be that, given the results of this study, 459 

the other basins of Australia’s NWS are also able to have their geomechanically derived stress 460 

regimes reconciled to more appropriately match the neotectonic evidence. 461 

Outside of Australia, similar situations are observed within inverted basins. For 462 

example, the Baram Delta System of NW Borneo features an inverted province where 463 

significant shortening has been accommodated by inverted normal faults (King et al., 2010b). 464 

However, stress magnitudes obtained within this province from traditional LOT interpretation 465 

demonstrate a borderline normal to strike-slip faulting stress regime, rather than the expected 466 

reverse faulting stress regime and with no history of active normal or strike-slip motion along 467 

appropriately oriented faults (King et al., 2010c). This is suggested to be possibly due to 468 

stresses currently being at a relaxed phase in an episodic deformation history, in spite of 469 

present-day far-field convergence along the relevant margin (King et al., 2010c). Rather than 470 

stresses currently being relaxed, it is possible that where tensile failure has been assumed to 471 

have occurred during testing, reactivation of shear fractures has instead occurred, and so the 472 

interpretation of LOT data has underestimated the horizontal stress magnitudes. With the 473 

application of the new method of LOT interpretation, the geomechanical and geological 474 

information within inverted basins such as the Baram Delta System could be reconciled as it 475 

has in this study. 476 

Knowledge of the in-situ stress field impacts hydrocarbon exploration and production 477 

by exerting a controlling influence over wellbore stability (Addis et al., 1993; Hillis and 478 

Williams, 1993a), induced fracture orientations for enhanced oil recovery (Bell and Babcock, 479 

1986; Bell, 1990), natural fracture orientation and reservoir fluid flow (Horn, 1991; Hillis and 480 
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Williams 1993b), and seal integrity (Caillet, 1993; Mildren et al., 1994). Wells are most stable 481 

when drilled in the direction that subjects them to the lowest possible stress anisotropy (Bell, 482 

1996b). In a normal to strike-slip fault stress regime (where σV ≈ σH), wells drilled in the 483 

direction of σh are subject to the lowest stress anisotropy, whereas in a strike-slip regime wells 484 

drilled towards σH are the most stable (Bell, 1996a). Hydraulic fractures propagate in a plane 485 

parallel to the maximum principle stress (σ1), and open against the minimum principle stress 486 

(σ3). In the Carnarvon Basin, regardless of interpretation, σh is σ3. In a normal fault stress 487 

regime, σV is σ1 and so fractures will propagate vertically with strikes parallel to σH. In a strike-488 

slip fault stress regime, σH is σ1 and so fractures will propagate horizontally and strike parallel 489 

to σH. Natural fractures are similar to induced hydraulic fractures, and are preferentially open 490 

and productive when aligned with σH. Therefore, sub-vertical fractures with strikes parallel to 491 

sub-parallel to 113°N are likely to be open. However,) in some cases open fractures are not 492 

always aligned with σH (Laubach et al., 2004). 493 

A strike-slip fault stress regime agrees with both the aforementioned neotectonic 494 

evidence and the earthquake focal mechanism data in the Carnarvon Basin, and there is no 495 

evidence for a normal fault stress regime. Therefore, we suggest that the new interpretation of 496 

σh (and correspondingly, σH) is favoured, resulting in an in-situ strike-slip fault stress regime 497 

for the Carnarvon Basin, as interpreted in this study. 498 

 The application of this new method for LOT interpretation could place many existing 499 

stress interpretations derived from hydraulic fracturing tests such as LOTs or XLOTs into 500 

doubt, however, the majority of these are likely to remain as accurate estimates. In order for 501 

this method to be applied to the interpretation of LOT results, several criteria must be satisfied: 502 

1) There should be a disagreement between geomechanically derived stress magnitudes, 2) 503 

there should be evidence that a compressive regime is likely, and 3) there should be evidence 504 

that the hydraulic fractures are indeed reactivating shear fractures rather than creating new 505 

tensile fractures. While there is evidence for shear failure of pre-existing faults and fractures 506 

due to increased fluid pressure in the Gulf of Mexico (Chan et al., 2014), which is interpreted 507 

as being defined by a normal faulting stress regime, it is established that this is an abnormal 508 

result in the well and likely due to the characteristics of the fault rocks within that field (Chan 509 

et al., 2014). Therefore, we recommend that unless very abnormal estimates are obtained 510 

through testing in a relaxed tectonic setting, LOTs in such areas should be interpreted 511 

traditionally. As the majority of existing measurements within the World Stress Map are 512 

sourced from basins in relatively relaxed tectonic settings (Heidbach et al., 2008) such as those 513 
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of the United States, they need not be reanalysed using the new method. Indeed, rather than the 514 

effort of reanalysing these existing datasets, it should simply be noted that measurements from 515 

compressive regions be considered likely underestimations of horizontal stress magnitudes. We 516 

recommend that where knowledge of stress magnitudes are desired through well testing, that 517 

image logs be run following the test to identify the mode of failure, thus, allowing for the 518 

correct interpretation to be applied. 519 

 520 

5. Conclusions  521 

A new method for calculating minimum horizontal stress magnitudes from leak-off test data is 522 

used, where leak-off is assumed to be from the reactivation of pre-existing shear fractures rather 523 

than the creation of new tensile fractures as assumed in traditional interpretations. This results 524 

in stress magnitudes that are consistent with those inferred from neotectonic observations. The 525 

in-situ stress regime of Australia’s Carnarvon Basin is, therefore resolved, using data from 526 

numerous petroleum wells, as a strike-slip fault stress regime with the maximum horizontal 527 

stress azimuth oriented at 113°N.   528 
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Figures 

Figure 1: Map of the Carnarvon Basin demonstrating σh orientations from petroleum wells in this study. Quality of stress orientations is based on the total number, length, and standard 

deviations of stress indicators (BO in black, DITFs in white) according to the World Stress Map quality ranking system (Heidbach et al., 2010). Earthquake focal mechanisms from within the 

study area are presented as ‘beachballs’ (Revets et al., 2009) and major inversion structures are plotted (Keep et al., 1998). 
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Figure 2: Sections of Formation Micro-Imager image logs showing (A) borehole breakouts (BO) from Dixon-2 
and (B) drilling-induced tensile fractures (DITFs) from Larsen Deep-1; (C) azimuth of BO and DITFs with 
respect to the circumferential stress around the wellbore (Hillis & Reynolds, 2000). 
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Figure 3: (A) Depth (m) 

vs stress (MPa) 

illustrating the 

magnitudes of the three 

principle stresses in the 

Carnarvon Basin 

calculated using both the 

traditional and new leak-

off test interpretation 

techniques, and showing 

data from select wells. (B) 

An example leak-off test 

demonstrating quality 

ranking (after King et al., 

2008). Quality rankings 

are as follows: A – 

Fracture closure pressure 

(FCP) from extended 

leak-off tests, B – FCP 

from leak-off tests, C – 

Leak-off pressure (LOP) 

from leak-off tests, D – 

Reported LOP values 

from leak-off tests, and E 

– Reported formation 

integrity test (FIT). (C) 

Stress polygons (Zoback 

et al., 1987) for both 

traditional Leak-off 

Pressure (LOP) 

interpretations and the 

new method of LOP 

interpretation as outlined in Couzens-Schulz & Chan (2010). The lower bound of the polygon is the line where minimum 

horizontal stress (σh) equals maximum horizontal stress (σH). The left-sides and upper bound for the polygon are determined by 

frictional equilibrium for a given coefficient of internal friction (0.6 is used) such that shear failure will occur at stress states on 

those boundaries. Vertical stress from overburden (σV), shown as the white circle, is used to divide the polygon into three zones: 

normal faulting (NF) if σh < σH < σV, strike-slip faulting (SS) if σh < σV < σH, and reverse-faulting (RF) if σV < σh < σH. It can be 

seen that the traditional method for LOP interpretation only allows for the interpretation of either a NF or SS faulting stress 

regime, whereas the new method allows for all stress regimes (after Couzens-Sculz & Chan 2010)
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Figure 4: (A) Depth (m) vs stress (MPa) illustrating the magnitudes of the three principle stresses from all interpreted Carnarvon 
Basin wells, and (B) the same plot showing only select wells to illustrate the trends of each set of data. (C) Depth vs stress 
illustrating the change in the mean minimum horizontal stress gradient from the traditional method of interpreting Leak-Off Tests 
(LOTs) as compared to the new method for LOT interpretation. (D) Depth vs stress illustrating the change in the mean maximum 
horizontal stress gradient, when estimated using minimum horizontal stress values from the traditional method of interpreting 
LOTs as compared to those estimated using the new method for LOT interpretation. The range of vertical stresses is shown on 
both (C) and (D), as are relevant data points for each graph.
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Figure 5: Interpreted fractures observed in image logs at Leak-Off-Test (LOT) depth from (A) Helvellyn-1 and 

(B) Tiberius-1. Intervals where LOTs were carried out are marked. (C) A schematic diagram of the interpreted 

fracture as compared to (D) the fracture expected in traditional interpretations of LOTs. 
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Tables 

Table 1: Well details for all interpreted wellbore image logs. Interpretation details are noted for both Borehole Breakout and 

Drilling Induced Tensile Fracture derived orientations of maximum horizontal stress orientation for each well. World Stress Map 

(WSM) quality rankings are applied following Heidbach et al (2008) 

WELL 

Location 
Water 
Depth 

Image 
Log 

Interval 
Deviation 

(deg.) 

Borehole Breakouts (BOs) Drilling Induced Tensile Fractures (DITFs) 

Latitude Longitude 

Number 
of BOs 

Total 
Length 

(m) 

Orientation 
(deg.) 

S.D 
(deg.) 

WSM 
Quality 

Number 
of DITFs 

Total 
Length 

(m) 

Orientation 
(deg.) 

S.D 
(deg.) 

WSM 
Quality 

Alaric-1 -19.94 111.65 1961 FMI 
3280-
3406 

23 2 22.7 106 2.3 D - - - - E 

Barberry-1 -21.30 115.19 18 FMI 
1575-
2382 

10 56 89.4 104 3.9 B 19 23.9 95 8.4 C 

Black Pearl-1 -21.57 114.14 185 FMI 
840-
1152 

01 14 16.8 116 8.3 D 4 6.2 103 29.1 D 

Camus-1 -19.12 114.27 1348 FMI 
2527-
3491 

23 8 11.5 118 12.2 D 4 2.7 131 24.6 D 

Coniston-1 -21.33 114.07 390 FMI 
880-
1334 

01 5 7.6 122 7.9 D - - - - E 

Crosby West-
1 

-21.51 114.11 205 FMI 
982-
1867 

34 5 17.5 109 9.2 D - - - - E 

Cyrano-1 -21.36 115.29 17 FMI 493-750 01 5 9.8 120 13.8 D - - - - E 

Dalia South-1 -18.96 113.68 1283 FMI 
3579-
4986 

31 51 47.8 97 5.2 B 9 6.3 99 8.8 D 

Dixon-2 -19.84 115.80 85 FMI 
2767-
3733 

04 26 179.5 117 9.8 A - - - - E 

Enfield-4 -21.48 113.99 456 FMS 
1323-
2185 

02 34 112.9 111 11.4 A 1 0.8 100 0.0 E 

Eris-1 -19.93 115.25 180 FMI 
2150-
3258 

02 1 0.2 110 0.0 E - - - - E 

Eskdale-2 -21.38 113.81 824 FMI 
2558-
2931 

01 16 223.2 117 7.5 A 1 0.7 116 0.0 E 

Furness-1 -21.40 113.93 606 FMI 
1305-
2690 

01 43 92.9 118 9.3 B 1 0.4 136 0.0 E 

Helvellyn-1 -21.45 114.25 174 FMI 
799-
1751 

02 1 0.6 97 0.0 E - - - - E 

Hine-1 -19.02 114.55 1592 FMI 
2805-
3795 

01 8 8.2 115 9.9 D 4 5.2 104 3.7 D 

Lady Nora-1                                        -19.83 115.66 77 FMI 
2800-
3552 

02 - - - - E 2 1.1 129 7.1 D 

Larsen Deep-
1 

-19.40 114.23 1243 FMI 
2580-
4963 

02 79 72.0 101 4.8 B 198 901.7 101 11.4 A 

Laurel-1 -21.21 115.12 23 FMI 
2914-
3232 

03 63 66.6 99 4.0 B 22 75.1 102 9.5 B 

Laverda 
North-1                                    

-21.51 113.86 809 FMI 
1563-
2251 

01 19 58.9 115 12.6 B 2 1.6 120 0.5 D 

Laverda 
North-2                                    

-21.51 113.86 809 FMI 
1567-
2272 

31 7 82.9 125 8.5 B - - - - E 

Macedon-1 -21.56 114.16 185 FMS 
871-
1299 

01 7 11.1 146 20.8 D - - - - E 

Macedon-2 -21.53 114.23 185 FMS 
812-
1144 

03 11 30.5 124 13.7 C 1 0.5 95 0.0 E 

Macedon-3 -21.57 114.17 178 FMS 
834-
1175 

01 20 40.9 120 12.1 B 5 8.9 108 18.2 D 

Martin-1                                           -19.43 114.38 1346 FMI 
2738-
4776 

01 10 15.3 109 7.7 D 51 321.2 115 7.2 A 

Pluto-1 -19.89 115.02 976 FMI 
2141-
3275 

02 1 1.7 78 0.0 E - - - - E 

Pluto-2 -19.96 115.14 360 FMI 
2278-
3320 

12 - - - - E 1 1.0 133 0.0 E 

Pluto-3ST1                                         -19.91 115.16 585 FMI 
2215-
3528 

07 - - - - E 1 1.2 107 0.0 E 

Pluto-5 -19.90 115.11 1061 FMI 
2738-
3166 

01 1 1.2 108 0.0 E - - - - E 

Pluto-6                                            -19.91 115.12 1006 FMI 
2345-
3285 

21 1 1.3 163 0.0 E - - - - E 

Ravensworth-
2 

-21.51 114.09 210 FMI 
1070-
1364 

01 3 37.4 120 5.5 C - - - - E 

Remy-1A                                            -19.40 114.31 1295 FMI 
2499-
4761 

28 68 141.7 107 5.5 A - - - - E 

Remy-1A-
CH1                                        

-19.40 114.31 1295 FMI 
3872-
4388 

28 1 1.0 102 0.0 E - - - - E 

Scafell-1 -21.33 114.07 282 FMI 
1060-
1500 

04 6 12.1 133 7.9 D 1 0.8 129 0.0 E 

Scarborough-
4A 

-19.84 113.22 904 FMI 
1597-
2000 

22 - - - - E 1 1.4 73 0.0 E 

Scarborough-
5 

-19.90 113.10 914 FMI 
1491-
1976 

01 8 8.7 115 12.2 D 3 11.3 124 7.6 D 

Stickle-2                                          -21.51 114.14 192 FMI 
936-
1394 

16 - - - - E 1 0.5 107 0.0 E 
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Thebe-1                                      -19.42 113.09 1169 FMI 
1917-
2436 

03 6 9.1 122 15.6 D - - - - E 

Thebe-2                                            -19.25 113.08 1325 FMI 
1968-
2527 

02 3 6.4 119 9.8 E 3 5.1 111 13.0 E 

Thebe-2 CH1                                        -19.26 113.13 1325 FMI 
2065-
2444 

09 5 8.8 104 1.7 D - - - - E 

Theo-1                                             -21.40 114.06 367 FMI 
1264-
1971 

02 2 10.1 122 2.0 D - - - - E 

Tiberius-1                                         -20.15 111.59 1660 FMI 
2517-
2755 

01 7 28.2 43 26.8 D - - - - E 

Vincent-3 -21.41 114.07 348 FMI 
1068-
1819 

02 2 5.7 128 3.1 D - - - - E 

Woollybutt-
5A                                      

-21.00 114.86 106 FMI 
2514-
2755 

01 16 51.4 107 6.7 B 3 1.8 101 1.2 D 

Xena-1 ST1                                         -19.97 115.22 178 FMI 
2236-
2693 

09 1 0.5 117 0.0 E - - - - E 

Xena-2                                             -19.98 115.18 193 FMI 
2316-
3517 

28 1 0.5 124 0.0 E - - - - E 

Xeres-1                                            -19.92 115.25 190 FMI 
2291-
3271 

01 7 4.4 111 17.0 D - - - -   
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Table 2: Non-vertical fractures were interpreted at Leak off Test (LOT) depths for all but two wells featuring 

coincident image logs and LOTs, implying that the LOT process is likely reactivating pre-existing fractures 

rather than creating new vertical hydraulic fractures. The LOT depth is presented, alongside the interpreted 

fracture and bedding dips. 

Well LOT Depth Fracture Fracture Dip/Dip Dirn. Bedding Dip/Dip Dirn. 

Camus-1 2759 N - - 

Crosby-2 986 N - - 

Helvellyn-1 928 Y 79/040 13/222 

Larsen Deep-
1 2588 

Y 
26/244 08/186 

Martin-1 2738 Y 36/059 04/068 

Remy-1 3802 Y 75/194 03/128 

Stickle-2 939 Y 51/026 19/326 

Tiberius-1 2519 Y 63/291 24/180 

Tiberius-1 2520 Y 71/298 24/180 

Vincent-3 1121 Y 86/203 07/222 
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Table 3: Stress magnitudes in these wells are possibly affected by overpressures, with interpreted magnitudes 

using the new methodology for LOT interpretation (Couzens-Schulz & Chan, 2010) defining a reverse faulting 

stress regime.  In strike-slip fault stress regimes, overpressure causes σh to increases with pore pressure, 

bringing it close to the value of σV, and defining a reverse fault stress regime as is observed. 

Well 
LOT Depth 

(m)  
Vertical 
Stress 

Interpretation 
Minimum 

Horizontal Stress 
Maximum 

Horizontal Stress 

Pluto-5 1085 20.7 MPa/km 
New 22.1 MPa/km 31.9 MPa/km 

Traditional 20.3 MPa/km 29.4 MPa/km 

Woolybutt-
5 

1192 22.2 MPa/km 
New 23.2 MPa/km 32.9 MPa/km 

Traditional 19.4 MPa/km 27.6 MPa/km 

Zola-1 4110 - 
New 22.7 MPa/km 33.5 MPa/km 

Traditional 19.5MPa/km 31.2MPa/km 

 



4.2  PAPER 2: Remote sensing of subsurface fractures in the Otway Basin, South 

Australia. 
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Abstract Naturally occurring fractures were remotely detected in a 3-D seismic volume from the Penola
Trough in South Australia’s Otway Basin and validated through an integrated approach. Identified in image
logs are 508 fractures and 523 stress indicators, showing maximum horizontal stress orientation in the Penola
Trough is 127°N. Two fracture types were identified: (1) 268 electrically conductive (potentially open to
fluid flow) fractures with mean NW-SE strikes and (2) 239 electrically resistive (closed to fluid flow) fractures
with mean E-W strikes. Core from Jacaranda Ridge-1 shows that open fractures are rarer than what image
logs indicate, due to the presence of fracture-filling siderite, an electrically conductive cement which may
cause fractures to appear hydraulically conductive in image logs. The majority of fractures detected is
favorably oriented for reactivation under in situ stresses, although it is demonstrated that fracture fills
primarily control which fractures are open. Seismic attributes calculated from the 3-D Balnaves/Haselgrove
survey are mapped to the Pretty Hill Formation to enhance observations of structural fabrics, showing linear
discontinuities likely representing faults and fractures. Discontinuity orientations are consistent with natural
fracture orientations identified in image logs, striking E-W and NW-SE, limited to zones around larger faults.
However, it is unlikely that a large proportion of these fractures are open given observations of core and image
logs, limiting possible fracture connectivity and therefore significant secondary permeability in the Penola
Trough. The integrated methodology presented herein provides an effective workflow for remote detection of
subsurface fractures and determining if electrically conductive fractures are also hydraulically conductive.

1. Introduction

Detailed understanding of naturally occurring fracture sets within the subsurface is becoming increasingly
important to the energy sector, as the focus of exploration has expanded to include unconventional energy
sources, such as coal seam gas, shale gas, tight gas, and Hot Sedimentary Aquifer (HSA)-type geothermal
resources, all of which are heavily reliant on secondary structural permeability or the stimulation of existing
fracture networks.

Several methods exist for identifying natural fractures in the subsurface, most notably various wellbore
geophysical and image logs, recovered core, and surface analogues [Barton et al., 1995]. Both 2-D and 3-D
seismic amplitude data are also commonly used to identify geological structures, which are likely to be
fractured; and recently, 3-D seismic attribute analysis has been applied to identify zones of fractured rock
[Roberts, 2001; Backé et al., 2011, 2012]. However, while identifying natural fractures can often be relatively
simple with basic oilfield data such as wellbore image logs, accurately characterizing the transport properties of
fractures within rock is another matter entirely and is one fraught with uncertainty. Recent studies of the
geothermal potential of the Perth Basin using resistivity image logs from petroleum wells have identified
fractures, seemingly of the same character and orientation, that either enhance or restrict fluid flow in the
subsurface [King et al., 2008; Bailey et al., 2012]. On electrical resistivity image logs these fractures appear dark
and electrically conductive as they are filled with drilling muds and are thus considered uncemented and open
to fluid flow [King et al., 2008]. Drilling losses at the same intervals as these electrically conductive fractures
support this interpretation [Bailey et al., 2012]. However, core taken from adjacent locations that demonstrate
similar fractures are filled with siderite cement, an iron-rich cement that appears electrically conductive on
resistivity image logs [Olierook et al., 2014]. Thus, while the transport properties of fractures within rock are
widely recognized, it is clear that they are not always understood [e.g., King et al., 2008; Olierook et al., 2014],
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and a key challenge is to identify which populations of subsurface fractures are hydraulically conductive.
A key aim of this study is to integrate a variety of petroleum and geothermal industry data sets to identify
what proportion of fractures that appear to be electrically conductive on resistivity image logs are also
hydraulically conductive. The Penola Trough within the South Australian Otway Basin provides an ideal
natural laboratory for this endeavor, as it is a relatively well-explored petroleum basin with a well-understood
geological development and good quality well and seismic data with accompanying drill core for key
reservoir intervals.

The Penola Trough lies within the onshore western Otway Basin in South Australia, which is one of several
basins formed along Australia’s southern continental margin due to the Jurassic to Early Cretaceous rifting
of Australia from Antarctica [Finlayson et al., 1996]. While it has long been exploited for hydrocarbons and
hosts several gas fields (e.g., Katnook, Redman, Ladbroke Grove, Haselgrove, and Haselgrove South),
hydrocarbon exploration interest in the Penola Trough has waned due to the discovery of several
breached and partially breached gas accumulations [Lyon et al., 2004]. However, the Penola Trough has
recently seen a resurgence of commercial interest for its geothermal energy potential with several
exploration licenses having been granted in recent years, and the drilling of the exploration well
Salamander-1 by Panax Geothermal targeting a HSA-type geothermal prospect. Hot Sedimentary Aquifer
geothermal is a burgeoning energy source in Australia, given that it is thought to be a simpler process
than accessing heat stored in crystalline basement rocks. The recent failure of the exploration well
Salamander-1 due to lack of flow is likely to be a significant setback to the development of the Penola
Trough as a geothermal basin. However, it does reinforce the idea that an understanding of structural
permeability prior to drilling is critical. Hot Sedimentary Aquifer geothermal aims to exploit hot basin
fluids found within reservoir rocks buried at depths typically greater than 3.5 km in sedimentary basins,
where temperatures are suitable for production. However, given the significant burial involved, primary
permeabilities are generally greatly reduced and so fracture networks providing secondary permeability
are often required. The need to understand structural permeability within deep sedimentary units in
the Penola Trough has been given extra impetus following the recent drilling of a number of wells testing
the unconventional gas potential of the Lower Cretaceous Crayfish Group.

2. Geological Setting of the Otway Basin

The Otway Basin formed along Australia’s southern continental margin during rifting of Australia from
Antarctica, which began during the Middle Jurassic in the Bight Basin and spread east to the Otway
and Gippsland basins by the Late Jurassic [Norvick and Smith, 2001; Finlayson et al., 1996] (Figure 1).
This initial stage of extension resulted in the formation of a series of half grabens, including the Penola
Trough [Perincek and Cockshell, 1995], which is defined by a series of large E-W striking normal faults
(J. Teasdale et al., unpublished data, 2002).

Rifting escalated in the Early Cretaceous, reactivating extensional faults and ending by the mid-Cretaceous
with the deposition of the Crayfish Group sediments of the Penola Trough as it was tilted, folded, and uplifted to
leave an angular unconformity [Jensen-Schmidt et al., 2001] (Figure 1). During the mid-Cretaceous to the Late
Cretaceous an extended period of thermal subsidence, before the final separation of Australia and Antarctica,
causedNE-SW extension, with rifting concentratedmainly offshore and having little impact on the Penola Trough
[Krassay et al., 2004; Boult et al., 2008]. Northwest to Southeast striking faults formed in this event and Early
Cretaceous age E-W striking faults are thought to have been reactivated [Lyon et al., 2004].

Changes in far-field plate boundary forces during the mid-Eocene resulted in a change in the nature of
the basin, with a compressional stress regime dominating [Perincek and Cockshell, 1995; Holford et al., 2011].
The onset of compression led to the reactivation of existing extensional faults and possibly the formation
of antiforms; however, no large-scale inversion is seen within the Penola Trough [Cockshell et al., 1995].

The Penola Trough is currently thought to be characterized by a strike-slip fault stress regime due to early
Pliocene changes in coupling between the Indo-Australian and New Zealand plates [Hillis et al., 1995].
However, there is some contention with other authors suggesting that a reverse fault stress regime presently
characterizes the present-day Otway Basin based on new geomechanical interpretations and neotectonic
evidence [King et al., 2012; Holford et al., 2014].
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Figure 1. Chronostratigraphy of the Otway Basin, including major tectonic events recorded in the basin [modified from
Lyon et al., 2007; B. Camac, unpublished data, 2001].

Journal of Geophysical Research: Solid Earth 10.1002/2013JB010843

BAILEY ET AL. ©2014. American Geophysical Union. All Rights Reserved. 3



3. Methods and Results
3.1. In Situ Stresses Determined in the Otway Basin

The in situ stress tensor in sedimentary basins can be identified using geophysical data from wells. [Bell, 1990,
1996a, 1996b], which are readily available in the Penola Trough. Through the identification of stress indicators in
wellbore image logs (in this case either FormationMicroimager (FMI) or FormationMicroscanner (FMS)), a reliable

maximum horizontal stress orientation
(σH) can be identified if indicators of
appropriate quality are identified [Zoback,
1992; Tingay et al., 2005; Heidbach et al.,
2010; King et al., 2010]. There are two
stress indicators used in this study:
borehole breakouts (BBO) and drilling-
induced tensile fractures (DITFs) (Figure 2).

Borehole breakouts form when the
maximum circumferential stress exceeds
the compressive rock strength at the
wellbore wall, causing two opposing zones
of conjugate shear fractures, that then spall
into the wellbore; resulting in elongation of
the borehole [Kirsch, 1898; Bell, 1996a,
1996b; Zheng et al., 1989]. As circumferential
stress is a function of the anisotropy of σH
and the minimum horizontal stress (σh), and
the maximum circumferential stress occurs
perpendicular to the σH orientation, and
thus, in a vertical well, BBOs occur parallel to
σh. In resistivity image logs, BBOs appear as
broad, poorly resolved, highly conductive
areas separated by 180° (Figure 2).

Drilling-induced tensile fractures form when
the minimum circumferential stress becomes
negative, exceeding tensile rock strength
(assuming negative notation) [Peška and
Zoback, 1995; Brudy and Zoback, 1999].
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Figure 2. Sections of Formation Microimager image logs showing (a) borehole breakouts (BO) from Balnaves-1 and (b) dril-
ling-induced tensile fractures (DITFs) from Balnaves-1; (c) azimuth of BO and DITFs with respect to the circumferential stress
around the wellbore [Hillis and Reynolds, 2000].

Table 1. Maximum Horizontal Stress Orientationsa

Well Name Indicator WSM Quality σH Orientation

Balnaves-1 BO A 130
DITF A 140

Haselgrove-1 BO B 130
DITF E 122

Haselgrove South-2 BO B 145
DITF E 131

Jacaranda Ridge-1 BO C 127
DITF E NA

Katnook-4 BO A 129
DITF E 100

Killanoola-1 BO C 104
DITF C 94

Killanoola-1 DW1 BO A 112
DITF E 78

Ladbroke Grove-2 BO A 132
DITF E 150

Ladbroke Grove-3 BO B 118
DITF D 119

Penley-1 BO E NA
DITF E NA

Wynn-1 BO A 122
DITF D 122

aSummary of the maximum horizontal stress orientations as inter-
preted from borehole breakouts (BO) and drilling-induced tensile
fractures (DITF) across the 11 vertical wells featuringwellbore resistiv-
ity image logs in the South Australian Otway Basin. Each interpreted
orientation is ranked according to the world stress map (WSM)
quality ranking system, which states that only A–C quality (in bold)
can be considered reliable for regional interpretations [Heidbach
et al., 2010]. NA: not available.
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Drilling-induced tensile fractures occur
parallel to σH in a vertical well [Brudy
and Zoback, 1999]. In resistivity image
logs, DITFs occur as pairs of mutually
opposed, vertically dipping, conductive
fractures (Figure 2). They are distinguished
from natural fractures due to their
discontinuous nature [Barton et al., 1998]

In this study, 11 vertical petroleum wells
were interpreted for stress indicators
and returned a mean σH orientation of
127°N (Table 1 and Figure 3). A total of
470 BBOs and 53 DITFs were identified
and ranked according to the World
Stress Map (WSM) Project quality criteria
(Table 1) [Heidbach et al., 2010]. This is
consistent with previous studies that
have reported a σH orientation of ~125°N
[Hillis et al., 1995; Lyon et al., 2005a, 2005b;
Nelson et al., 2006]. Previous studies have
also placed the Otway Basin within a
strike-slip stress regime [Jones et al., 2000;
Nelson et al., 2006; Tassone et al., 2011]
(Table 2) and have suggested that this

stress regime is broadly consistent over both the Victorian and South Australian parts of the Otway Basin
[Nelson et al., 2006]. However, recent reinterpretation of several Otway Basin wells has illustrated that σh
may be higher than previously estimated and that if this is the case the Otway Basin may in fact host a
reverse stress regime (σH> σh> σv) [King et al., 2012] (Table 2). For the purposes of this case study, the
Otway Basin is generally accepted to host a strike-slip faulting regime rather than the newly interpreted
reverse faulting stress regime [i.e., Rogers et al., 2008; Vidal-Gilbert et al., 2010]. However, consideration is
given to the effect such a change in interpretation would have on the fractures identified.

3.2. Natural Fractures

Fractures are one of the most common of all geologic features in the brittle crust and are scale invariant
[Walsh and Watterson, 1993; Nicol et al., 1995]. It has been experimentally shown that fractures in crystalline and
argillaceous rocks enhance permeability within those rock types by several orders of magnitude [Brace, 1980].
However, it has been shown that within permeable sandstones the effect ismuchmore restricted, with little to no
flow following fractures [Nelson and Handin, 1977; Swolfs et al., 1979] This is likely because the permeability of
these intact sandstones is already in themillidarcy to darcy range, and so fractures do little to further enhance this
[Brace, 1978]. The largest permeability increases in sedimentary basins through fracturing are therefore likely to
be through shales and nonporous sandstone, such as those likely to be found at geothermally prospective
depths of≥3.5 km. Other lithologies also benefit from permeability increases through fracturing notably
carbonate reservoirs where fractures are important permeability pathways [Moore and Wade, 2013].
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Figure 3. (a) A depth versus dip plot illustrating the depths at which each
identified failure (either breakout or drilling-induced tensile fractures)
was observed and the stress orientation interpreted from it, and (b) a
Rose diagram illustrating the mean NW-SE maximum horizontal stress
orientation derived for the South Australian Otway Basin from both
borehole breakouts and drilling-induced tensile fractures.

Table 2. Previous Interpretations of the In Situ Stress Regimea

Study Orientation Depth
Maximum Horizontal Stress

(σH) Magnitude
Minimum Horizontal Stress

(σh) Magnitude
Vertical Stress
(σv) Magnitude Fault Regime

After Lyon et al. [2005b] N128°E 1 km 28.7MPa 16.1MPa 22.4MPa Strike Slip
Nelson et al. [2006] N125°E 1 km 29MPa 15.5MPa 21.2MPa Strike Slip
King et al. [2012] N125°E 1 km 29MPa 20 Mpa 21MPa Reverse

aPreviously interpreted stress regimes in the Otway Basin at 1 km depth, with the original author’s interpretation of the fault regime. Note that interpreted stres-
ses are similar until King et al. [2012], where new methods of minimum horizontal stress magnitude became available and yielded a new stress interpretation.
Interpreted maximum horizontal stress orientations, however, have stayed constant over all studies.
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3.2.1. Natural Fractures Identified
Using Image Logs in the Otway Basin
Natural fractures are readily identified on
electrical resistivity image logs, which
provide pseudoimages of the borehole
wall. They appear as sinusoids on image
logs where the crest represents the
updip part of the fracture and the trough
represents the downdip part of the
fracture. The amplitude of the sinusoids
depends on amount of dip, with high
amplitudes equal to steeply dipping
fractures and low amplitudes are equal
to shallowly dipping fractures (Figure 4).
It is important to distinguish syntectonic
features, such as fractures, from
pretectonic features, such as bedding
and other sedimentary structures, as
these can have similar characteristics on
image logs (Figure 4). Natural fractures
are further distinguished based on their
character in the static FMI or FMS image
(as static images provide absolute values
of resistivity, rather than relative
resistivity as depicted in dynamic image
logs) as being either electrically resistive

or conductive (Figure 4). Resistive fractures are considered to be closed or cemented, and conductive
fractures are considered to be open at the wellbore wall and filled with conductive drilling mud, giving them
a dark, conductive appearance on FMI and FMS logs (Figure 4). In this paper “conductive” is used to mean
“electrically conductive”. It is not possible to conclusively determine the hydraulic conductivity of a fracture
away from the wellbore based only on electrical resistivity image data.

The primary reservoir targeted for geothermal and petroleum plays in the Otway Basin is the Pretty Hill
Formation, alongside the analogous Sawpit Sandstone (Figure 1). Electrical resistivity image logs are recorded
over intervals of the Pretty Hill Formation in eight wells and the Sawpit Sandstone in five wells. However, two
wells, which intersect these formations (Killanoola-1 and Killanoola-DW1), do so at particularly shallow
depths. These wells are located outside the Penola Trough (Figure 5) and so sample the formations in a
different tectonic setting; thus, results from these two wells are presented separately.

A total of 508 natural fractures were identified in 11 interpreted wells. These are composed of 268 electrically
conductive fractures, and 240 electrically resistive fractures (Figure 6 and Table 3). When considering all identified
fractures, the field-widemean strike is E-W (100°N–280°N) (Figure 6a). This can then be broken down into the two
distinct fracture types: (1) Conductive fractures with a mean strike of NW-SE (120°N–300°N) (Figure 6a) and (2)
resistive fractures with a mean strike of E-W (090°N–270°N) that exhibit significant variations in strike (Figure 6a).
Fracture orientations within each well are seen to be relatively consistent with the regional mean orientations,
with the exception of Killanoola-1 and Killanoola-DW1 (which sample the edge of the Penola Trough,
where basement is found at approximately 1 km depth rather than several) where fractures with strikes of
NE-SW (045°N–225°N) (Figure 6b) are observed. Due to the difference in geological setting, these two wells
were not considered alongside the remaining wells (Figure 6c).

Fractures with intermediate dips of 30–60° make up 58% of the identified natural fractures (Table 4).
However, subhorizontal to horizontal fractures are difficult to distinguish from sedimentary features in image
logs [Mildren et al., 2002; King et al., 2008], and vertical fractures are unlikely to be intersected in vertical wells.

Conductive and resistive fractures are present at all depths, although, due to only two logs intersecting
1500m depth, there is a scarcity of data at this depth (Figure 6). There is no systematic association between

Electrically Conductive Fractures

Electrically Resistive Fracture

1:10 scale speed-corrected FMI 

Figure 4. A section of FMI image from Balnaves-1, highlighting electrically
resistive (marked in grey) and electrically conductive fractures
(marked in black). Examples of bedding are marked in blue and an
erosional surface is marked in green, illustrating the similarity in
appearance between syntectonic and pretectonic features.

Journal of Geophysical Research: Solid Earth 10.1002/2013JB010843

BAILEY ET AL. ©2014. American Geophysical Union. All Rights Reserved. 6



fractures with particular lithologies in the wells studied. Fractures occur in most horizons of all wells.
However, in most wells image logs were recorded only over target reservoir intervals, particularly the Pretty
Hill Sandstone and the Sawpit Sandstone, rather than the entire stratigraphic succession or a significant
portion thereof, biasing the recorded data.

A total of 133 natural fractures were identified within the Pretty Hill Formation. Of these, 33 are characterized as
being electrically conductive and strike approximately NW-SE (115°N–295°N) (Figure 7). This strike is similar to
the E-W (100°N–280°N) strike observed regionally, and when comparing the standard deviations of the two data
sets, almost no variation is observed between conductive fractures in the Pretty Hill Formation and the regional
conductive fractures (circular standard deviation of strike orientations being 42.2° versus 42.4°, respectively).
The remaining 100 fractures that were identified in the Pretty Hill Formation are characterized as being
electrically resistive with strikes that conform to the overall E-W (100°N–280°N) orientation (Figure 7), with a
standard deviation of 47.7° compared to the standard deviation of the regional fracture set 44.7°; similar to
conductive fractures. However, the small (3°) difference between these standard deviations indicates a little
more variation of the strikes of resistive fractures in the Pretty Hill Formation compared to the regional data set of
all fractures in all formations.

The second target reservoir, the Sawpit Sandstone, is occasionally considered to be the same formation as the
Upper Sawpit Shale in well completion reports, and so these two distinct horizons will be considered as a

Figure 5. (a) Regional map of the South Australian Otway Basin, showing location of the Penola Trough. (b) The study area is spread over the Penola Trough with two
wells on the northeastern flexural margin of the trough, two within the trough but not the 3-D seismic area, and the remaining occurring within the Balnaves/Haselgrove
3-D seismic data set (highlighted). Well locations are marked and can be seen to be concentrated in the Balnaves/Haselgrove seismic. Major faults interpreted in the
seismic volume are marked. Rose diagrams (with individual scales) showing the fracture orientations within those wells highlight relatively consistent fracture strikes
within the Penola Trough.
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single formation and referred to collectively as the Sawpit Formation. In total, 35 natural fractures were
identified in the Sawpit Formation, of which 12 are characterized as being electrically conductive, and the
remaining 23 as electrically resistive. Conductive fractures exhibit approximate ESE-WNW strikes (115°N–295°N)
(Figure 8), consistent with the dominant set of E-W (100°N–280°N) striking conductive fractures
observed in the regional data set. Resistive fractures exhibit similar orientations to their conductive
counterparts in this formation, also striking ESE-WNW (110°N–290°N) (Figure 8). Standard deviations for
both the conductive (41.2°) and resistive fractures (37.3°) are smaller than in the regional data set (43.7°).
Despite Killanoola-1 and Killanoola-DW1 not being located within the Penola Trough (Figure 1), fracture
orientations observed in the two target formations are similar to those within the same target
formations in the equivalent Penola Trough sediments (Figures 7 and 8). This indicates that fracture
orientations may be consistent within these formations over a wider area. However, caution must be
exercised with this interpretation because the number of identified fractures is very low (Figure 6b), and
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Figure 6. All fractures observed in the South Australian Otway Basin subsurface on wellbore image logs, plotted as both a
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the standard deviations of both conductive (50.9°) and resistive fractures (51.1°) in Killanoola-1 and
Killanoola-DW1 is significantly higher than in fractures within Penola Trough wells (43.7°).
3.2.2. Natural Fractures Identified Using Core in the Otway Basin
Core from Haselgrove-1 and Jacaranda Ridge-1 was examined for natural fractures (Figure 5). Fractures were
poorly represented in core from Haselgrove-1, and although it intersected the Pretty Hill Formation, no fractures
were observed in the interval available (2872.4–2890.3 mTVD). However, an interval of the Sawpit Sandstone
was intersected in the Jacaranda Ridge-1 core (2633.0–2643.5 mTVD) which showed several zones of fracturing.
A total of 44 fractures were observed (Table 5). Several distinct fracture fills and orientations were observed
over the 10.5m interval of core. The majority of these fractures were steeply dipping and are seen at
approximately the same densities as in image logs. The dominant fracture fill is a fine-grained mud, followed by
cataclasites and siderite cement (Figures 9–11). However, without detailed porosity and permeability data on
these fracture fills, it cannot be determined if they are closed to fluid flow. Shallowly dipping fractures are notably
observed from 2638.5m to approximately 2640.0m, where the host rock is a mud interval showing evidence
of highly frictional faulting in the form of fused gouge material, which seals the fractures (Figure 9). Shallowly
dipping fractures with submillimeter apertures that appear open to fluid flow are also observed in the fine-
grained sandstone that is present at 2642.3m depth (Figure 10). These are observed as part of a cluster of open
fractures. The Jacaranda Ridge-1 core is not oriented, and so fracture orientations cannot be measured.

Additionally, siderite laminations are observed in the Jacaranda Ridge-1 core (Figure 10), consistent with
observations of previous studies which describe siderite cement in reservoir sands [McKirdy and Chivas, 1992;
Dewhurst and Jones, 2002; Watson et al., 2004]. In this study, visible siderite cementation in fracture planes
was observed alongside clay fill (Figure 11). Further analysis is required to clarify if these fractures are
permeable like those described by Dewhurst and Jones [2002] (Figure 12).

Table 3. Identified Fractures by Wella

Well Name

Image Interval (m)
Total Number of Interpreted

Resistive Fractures
Total Number of Interpreted

Conductive FracturesTop Bottom Interval

Balnaves-1 967 2870 1903 55 66
Haselgrove-1 3085 3178 93 18 10

3178 3264
Haselgrove South-2 1350 3015 1665 6 10
Jacaranda Ridge-1 2820 2950 130 14 2
Katnook-4 1766 2008 242 20 18

2791 2959 168
2986 3110 124

Killanoola-1 382 1107 725 15 41
Killanoola-1 DW1 428 1013 585 15 35
Ladbroke Grove-2 1800 2797 997 41 19
Ladbroke Grove-3 1819 2693 874 37 25
Penley-1 445 1906 1461 9 32
Wynn-1 2686 2749 63 9 10

2749 2802 53

aThe total number of fractures interpreted in image logs, presented on awell bywell basis and distinguishing between identified fracture types. The two fracture types
identified are electrically resistive (thought to be cemented with a resistive cement, such as quartz, and so thought to be closed to fluid flow) and electrically conductive
(thought to be filled with conductive drilling muds and so open to fluid flow) fractures. Interpreted image intervals for each well are also presented, with several wells
featuring multiple intervals logged. Interpretations take this into account and do not include multiple interpretations of the same fracture in overlapping areas.

Table 4. Fracture Dipsa

Dip Angle
(deg)

Number of Resistive
Fractures

Percentage of Total
Resistive Fractures

Number of Conductive
Fractures

Percentage of Total
Conductive Fractures

0–30 64 27 39 15
30–60 140 58 153 57
60–90 36 15 76 28

aInterpreted fractures from image logs presented by dip angle as a percentage of the total cohort of fractures.
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3.2.3. Seismic Attribute Modeling of Fracture Systems in the Otway Basin
Faults and fractures are often very poorly expressed on seismic amplitude data because themajority of faults and
fractures lie below seismic amplitude resolution [Roberts, 2001; Backé et al., 2011, 2012]. This poses a challenge
when interpreting seismic data when regional information on small-scale features is desired. Techniques that
improve the detection of subseismic resolution of faults and fractures from both 2-D and 3-D seismic data are
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Figure 7. All fractures observed on wellbore image logs within the Pretty Hill Formation, plotted as both a (a) tadpole plot
(marker location shows the amount of dip on the fracture plane, with the tick corresponding to the dip direction of the
plane) showing variation in orientation with depth, and as (b–e) rose diagrams illustrating the strike orientations seen for
each identified fracture type. Shaded area 1 on Figure 7a corresponds to the Penola trough wells (Figures 7b and 7c) and
shaded area 2 corresponds to Killanoola-1 and DW1 (Figures 7d and 7e).
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fortunately available. An effective geophysical
method is seismic attribute calculation and
analysis [Bahorich and Farmer, 1995; Chopra and
Marfurt, 2005]. Several types of attributes have
been successful in mapping faults and fractures
in a 3-D seismic data set, notably curvature
attributes due to the established correlation
between curvature and fractures [Lisle, 1994;
Roberts, 2001; Backé et al., 2011]. However, it
must be stressed that curvature in seismic data
is due to a multitude of underlying tectonic
features, for example, pure folding [Steen et al.,
1998]. While folded rocks are generally also
fractured, this is not always the case.

Table 5. Fracture Fill Percentagesa

Identified Fracture Type Number of Fractures Percentage

Open 9 20%
Sealed 29 66%
Siderite Fill 6 14%

aTotal number of identified fractures in a 10.5m section of
core from the well Jacaranda Ridge-1 (2633m–2643.5m),
broken down into three categories: “Open” for fractures
which were identified as lacking any visible fracture fills,
“Sealed” for fractures which were identified as being closed
due to mineral deposition or cementation, and “Siderite
Fill” for those fractures which were identified as being filled
with a cement which included visible siderite mineraliza-
tions. Fractures counted were those which were seen to be
significant and obvious features to the unaided eye.

B 2636.5 m

A 2633.0 m

C 2639.8 m

Figure 9. Photographs of natural fractures in Jacaranda Ridge-1 core, showing the following: (a) High-angle
fractures sealed with undefined clays intersecting horizontal fractures (inset shows slip indicators preserved in
the fracture plane of the high-angle fractures). (b) High-angle fractures filled with a cataclasite formed through slip
and appearing to preserve at least partial porosity in the fracture. (c) Low- to moderate-angle fractures in the
vicinity of the fault intersected by core (inset shows the smooth material coating one of several fracture planes,
likely to be fused gouge materials).
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Curvature is a 3-D property of a quadratic
surface that quantifies the degree to which
the surface deviates from being planar
[Chopra and Marfurt, 2005]. An infinite
number of normal curvatures exist, and of
these the most positive and most negative
are of most interest. The most positive
curvature defines the curvature that has the
greatest positive amplitude value and,
therefore, shows antiformal structures, as well
as upthrown fault blocks [Chopra and Marfurt,
2007]. The most negative curvature defines
the curvature that has the greatest negative
amplitude value and shows synformal
structures and downthrown fault blocks
[Chopra and Marfurt, 2007]. Curvature
attributes are capable of enhancing structural
features present in the seismic amplitude data
set but which are not visible as isolated
features in the amplitude data alone. Fault
trend definitions are enhanced for a much
clearer and more well-defined view of
structures, highlighting fractures and fractured
zones. Both faults and fractures show up as
distinct lineations on the attribute-draped
surfaces [Roberts, 2001; Chopra and Marfurt,
2005, 2007; Backé et al., 2011, 2012]. The
calculation of seismic attributes relies on the
methodology outlined in Al-Dossary and
Marfurt [2006]. Minimum similarity and ridge
enhancement attributes were also calculated,
given their ability to help identify discontinuous
zones [Cline, 2008; Crutchley et al., 2011], which
are likely to represent fractures.

Similarity is a form of coherency that
expresses how much two or more trace
segments look alike; a similarity of one
represents traces that are identical in

waveform and amplitude, and a similarity of zero represents traces that are entirely discontinuous
[OpendTect, 2012]. As fractures are essentially a discontinuity, they are likely to be highlighted using the
similarity attribute.

The ridge enhancement filter compares neighboring similarity values in six directions and outputs the largest
ridge value, which is defined for each direction [OpendTect, 2012] as follows:

X values either side
2

� center value (1)

Values are generally small at most evaluation points, but when a large discontinuity, such as a fault or fracture, is
crossed, there is a large ridge perpendicular to the fault direction. The largest value (i.e., the ridge corresponding
to the perpendicular direction) is output by the filter [OpendTect, 2012].

The attributes used in this study were defined using the built-in algorithms of the OpendTect software and
were applied to the median-filtered dip-steering cube. A three-step process of seismic attribute calculation
using the OpendTect software as utilized in Backé et al. [2011, 2012] and Bailey et al. [2012] is applied. This

Figure 10. An open fracture seen in the Jacaranda Ridge-1 core, sur-
rounded by smaller fractures that were too small to identify as either
open or closed using a hand lens. Note the presence of siderite within
the surrounding reservoir rock of the Sawpit Formation.
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process produces results that are true to the
original data yet filtered from the inherent
noise. A dip-steered seismic cube is created,
then filtered, with attributes finally calculated
using the filtered dip-steered cube rather than
the original seismic data set.

The Balnaves survey was selected for this
study because it covers a large area of the
Penola Trough (Figure 5) and is the highest
quality 3-D seismic survey available in the
area. It features moderately good data
quality for an onshore survey, although
features several areas of noticeably poor data
due to fault shadowing and igneous
0intrusions shadowing underlying sediments
[Holt et al., 2014]. Major basin-defining faults
were interpreted, with a dominant trend
striking E-W (090°N–270°N) and a secondary
trend striking NW-SE (160°N–340°N)
observed. Identified faults interpreted as
normal faults. While there are numerous
faults visible on seismic amplitude data,
attribute displays (particularly maximum
positive and negative curvature attributes)
highlight further potential faults when
mapped over an interpreted horizon. This
study presents attribute mapping of the top
surface of the Pretty Hill Formation, a target
reservoir within the Penola
Trough (Figure 13).

5 cm
LEGEND Identified Fracture Plane

Siderite Mineralisation Along Fracture Plane

BA

Figure 11. A high-angle, clay-filled fracture from the Jacaranda Ridge-1 core, showing partial siderite mineralisation along
the fracture plane.

Figure 12. (a) A backscattered electron (BSE) image illustrating a frac-
ture crosscutting a cataclastic fault gouge in the Pretty Hill Formation.
(b) High-magnification BSE image showing authigenic siderite precipi-
tated in the fracture shown in Figure 12a, with illite bridging the cavity
between fracture walls. The siderite indicates that this is a natural open
fracture in the subsurface [Dewhurst and Jones, 2002].
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Figure 13. Three-dimensional seismic attributes draped over the interpreted Pretty Hill Formation horizon interpreted on the Balnaves/Haselgrove 3-D seismic. (a) The
minimum similarity attribute highlights discontinuous events (such as the lineations striking ~E-W in the center of the surface, marked in blue and representing major
faults) and (b) zones of discontinuity which occur between the larger lineations and share similar strikes (marked in blue). (c) The ridge enhancement attribute also
highlights discontinuities and can be seen to show more detail on both the larger faults as well as the smaller discontinuous zones seen in the similarity attribute, as is
illustrated by Figure 13cwhere the broad discontinuous zones can be seen to be composed of very small scale linear discontinuities formed in clusters between larger faults
andwith distinct strikes similar to those of larger-scale structure (marked in blue). (e) Themaximumpositive curvature attribute highlights upthrown fault blocks whereas (f)
themaximumnegative curvature highlights downthrown fault blocks. (g) When viewed in combination it can be seen that features likely to represent faults are shown by a
doubling of the lineations representing slightly offset curvature maximums. These are likely to represent each side of the fault blocks surrounding fault planes and can be
seen to highlight the same lineations as the similarity and ridge enhancement attributes, though in differing detail. (h) This difference can be seen which shows that while
strong features are clearly represented in the data as distinctly oriented lineations (marked in blue), curvature is a broader and more noise-affected attribute in this study
than similarity and ridge enhancement. It does, however, still show an improved resolution of structural elements within the seismic data set. Interpreted in conjunction,
these seismic attributes offer a detailed view of regional structure within the Penola Trough.
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The linear features identified as faults on the curvature mapped
horizon are associated with adjacent smaller-scale lineations, which
cannot be immediately classified as faults using only the curvature
attribute (Figure 13). These small-scale lineations are likely to be
representative of fractures formed in damage zones around the
dominant E-W striking faults, as they are well-represented as zones of
discontinuity in the similarity attribute map (Figure 13), and as linear
ridge features defined by the ridge enhancement filter (Figure 13).

Linear discontinuities and curvature lineations on the attribute mapped
horizon have orientations that match those observed for fractures in
image logs (Figure 14). Lineations identified from 3-D seismic attribute
displays can be seen to fit between two major orientations;
approximately E-W (100°N–280°N) and NW-SE (135°N–315°N) (Figure 14).

To highlight the link between curvature lineations and natural fractures
observed in image logs, a pseudolog of curvature-derived lineations is
created from the 3-D seismic for the well Balnaves-1. This was created
through an interpretation of every reflector in a 2.5 km square centered
on Balnaves-1, from the top of the Pember Mudstone (403.7m) to below
the base of the well (2874m). This is presented alongside the fractures
observed in image log for that well (Figure 15). Lineation orientations
identified on the pseudolog can be seen to closely match fracture
orientations in Balnaves-1 and appear to predict the orientation of
fractures in intervals of the well were none could be identified
(Top Pember Mudstone to base Sherbrook Group) (Figure 15).

4. Discussion
4.1. Fault and Fracture Reactivation in the Otway Basin

Fracture susceptibility, or reactivation potential plots, use the same principals as Mohr circles to assess
fracture orientations that are likely to be critically stressed, and therefore, likely to reactivate [Means, 1976].
Warm areas (red) illustrate fracture orientations that are optimally oriented for reactivation. Cold colors (blue)
represent fracture orientations least likely to reactivate. Fracture susceptibility plots are created for fractures
identified in this study (Figure 16). Fractures are most likely to reactivate when they are optimally oriented
with respect to the in situ stress regime, which has been shown to be between 26° and 30° from σ1 for strike-
slip faulting [Anderson, 1951; Healy et al., 2006].

Pore fluid under pressure has an effect on the properties of porous solids, particularly on the way in which
stress interactions occur [Hubbert and Rubey, 1959]. Porous rocks obey a law of effective stresses, where the
effective stress (σE) is the applied stress (σA) minus the pore pressure (PP) (equation (2)) [Sibson, 1996].

σE ¼ σA � PP (2)

Laboratory testing and oil field examples have shown that rock deformation, and hence failure, occurs in
response to effective, not total, stress [Sibson, 1996]. Pore pressure therefore affects the stresses that a rock
experiences, shifting the Mohr circle toward the left and thus closer to shear failure. The shear and normal
stress resolved on a plane in a 3-D stress field (due to its strike and dip) defines how likely that plane is to
shear failure due to changes in pore pressure, or ΔPP. The fracture susceptibility plots presented in
Figures 16a and 16b for the South Australian Otway Basin use stress magnitudes from Nelson et al. [2006] at
3.0 km depth (where the σH orientation is 125°N, and a strike-slip fault regime is defined by a σH magnitude of
29.0MPa/km, σh magnitude of 15.5MPa/km, and σv magnitude is defined by equation (3)),

σV ¼ 21:182z1:0555MPa (3)

and the plots presented in Figures 16c and 16d use stress magnitudes from King et al. [2012] at 3.0 km depth
(where the σH orientation is 125°N, and a reverse fault regime is defined by a σH magnitude of 29.0MPa/km,
σh magnitude of 20MPa/km, and σv magnitude of 21MPa/km) (Table 2).
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Figure 14. (a) Strikes of all fractures
identified on image logs within the
South Australian Otway Basin, show-
ing a mean E-W (100–280) strike orien-
tation. (b) Strikes of identified lineations
on the attribute-draped Pretty Hill
Formation also show a mean E-W
(100–280) strike orientation.
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Figure 15. A comparison of natural fractures in both wellbore image log and from seismic attributes. (a) Natural fractures from the well Balnaves-1 are presented as
rose diagrams for the entire well (light green) and for intervals of the well based on the lithology. (b) A pseudolog of attribute derived fracture orientations for the
well Balnaves-1, created through an interpretation of reflectors in the Balnaves/Haselgrove 3-D seismic survey surrounding the well Balnaves-1. Fracture orientations
are presented as rose diagrams for the entire pseudolog (light green) and for intervals of the well based on the lithology. (c) Lithology is a graphical presentation
of the stratigraphy presented in the Balnaves-1 well completion report (B. Camac, unpublished data, 2001). Roses feature individual scales and fracture counts,
presented in bold below the diagram as scale (count).
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Image logs are the principle tool for identifying fractures in the subsurface, as they are high enough
resolution to not only identify fractures but also to provide information about their orientation and character.
In the case of electrical resistivity image logs, this provides some evidence as to whether a fracture is likely to
be open or closed to fluid flow [Barton et al., 1995]. Fractures identified on image logs in this study are plotted
on the fracture susceptibility plots produced for the Otway Basin (Figure 16). For the strike-slip stress state,
steep to vertically dipping fractures and faults oriented approximately NE-SW, and those with approximately
horizontal dips, are the least likely to be reactivated (Figure 16). Orientations which are the most likely to be
reactivated include steeply dipping to vertical fractures which strike either E-W or NW-SE (Figure 16). All other
orientations have a fair chance of reactivation and, given that the in situ stress state, and hence fracture
reactivation potential, does not appear to change significantly with depth in the Otway Basin, neither should
likelihood of failure [Nelson et al., 2006; King et al., 2012].

When plotted with the fractures identified from image log analysis, it is observed that themajority of fractures plot
in areas of moderate to high susceptibility (Figure 16). Figures 16a and 16b use the strike-slip in situ stress field at
3.0 km depth, as this is a more accurate representation than a general assumption of 1.0 km depth, given the
general target depths for geothermal exploration (Panax geothermal, Panax one step closer to geothermal
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Electrically Conductive Fractures
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Figure 16. Fracture susceptibility plots for the South Australian Otway Basin at 3 km depth. Two stress states are presented,
a (a and b) strike-slip stress regime and (c and d) a reverse fault stress regime. Stress magnitudes are taken from previous
studies presented in Table 2, while the maximum horizontal stress orientation of N127°E is from this study. Delta P repre-
sents the distance a fracture plots from the Griffith-Coloumb failure envelope in pore pressure. Low values, in red, represent
a high likelihood of reactivation. High values, in blue, represent a low likelihood of reactivation. Fracture orientations for
fractures identified from resistivity image logs in the South Australian Otway Basin are plotted as poles to planes based on
their electrical character. In the strike-slip scenario (Figures 16a and 16e), all fracture orientations except those striking
approximately NE-SW are favorably optimally oriented for reactivation. In the reverse scenario (Figures 16c and 16d), the
range of optimally oriented fractures expands to include NE-SW striking fractures. It can be seen that the majority of
fractures, regardless of character on image log, are optimally oriented for reactivation under both stress states.
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success, 2010, http://clients.weblink.com.au/news/asx_pdf_loader.asp?articleID=4218822&dummyext=.pdf).
Nevertheless, fracture susceptibility plots show that the majority of identified fractures, both resistive (thought to
be closed), and conductive (thought to be open), have dips greater than 30° and so are optimally oriented for
reactivation or very close to being so (Figure 16). Fractures striking NE-SW are an exception, representing
approximately 25% of the identified population. Recent reinterpretations of data within the Otway Basin suggest
that a reverse faulting stress regime is present [King et al., 2012; Holford et al., 2014], rather than the originally
interpreted strike-slip faulting regime [Nelson et al., 2006]. King et al. [2012] present a fracture susceptibility plot for
this stress scenario (Figures 16c and 16d), where the primary difference when compared to the strike-slip stress
state is that fractures striking NE-SW are now optimally oriented for reactivation and that NE-SW striking fractures
with dips greater than 60° are not. All other orientations plot within areas where reactivation is likely. This reverse
faulting interpretation of the Otway Basin stress regime increases the likelihood of all fractures identified in image
logs being critically stressed in the Otway Basin when compared to a strike-slip faulting regime, regardless of their
electrical character (Figure 16).

4.2. Open Versus Closed Fractures Observed on Image Logs and in Core

Observed fractures in wellbore image logs are shown to consist of two fracture sets, electrically conductive
and electrically resistive, which both plot in areas of high reactivation potential in Figure 16. In spite of this, it
is clear that many of these (notably the electrically resistive fractures) have not been reactivated and so likely
remain closed to fluid flow. Additionally, a large proportion of fractures seen in core are also closed. Given
this, it is clear that orientation with respect to the in situ stress field is not the dominant control on the
likelihood of fractures being open to fluid flow at present-day in the Penola Trough, otherwise we could
reasonably expect themajority of these fractures to be reactivated and open to fluid flow. Unfortunately, little
core is available for the wells that were analyzed in this study, making it impossible to identify in core the
same fractures observed in image logs. The high-quality, fracture-preserving core from Jacaranda Ridge-1
illustrates that open fractures are far rarer in core than in interpretations based on image logs (Table 5). We
suggest that this is due to numerous fractures in the core containing siderite cements (Figure 11). As siderite
is an electrically conductive mineral, its presence along fracture planes is one reason for the seemingly
increased frequency of conductive fractures within image logs. Fractures that are cemented with siderite in
core, and appear closed (Figure 11), are therefore likely to appear open to fluid flow in image logs. Previous
work in the area demonstrates siderite cements in the Otway Basin in both reservoir sands [McKirdy and
Chivas, 1992; Dewhurst and Jones, 2002; Watson et al., 2004] and in concretions dating from the early/pre-
Cenozoic [Gregory et al., 1989]. It is noted that in addition to siderite, iron-rich dolomites are also observed in
reservoir sands of the Ladbroke Grove and Katnook gas fields [Watson et al., 2004]. Siderite has also been
observed as an authigenic fracture fill in core from the Banyula-1 well in the Penola Trough [Dewhurst and
Jones, 2002]. The Otway Basin is not the only location where natural fractures can be identified in both core
and image log; recent studies of the Perth Basin have identified a large proportion of electrically conductive
fractures on image logs [King et al., 2008; Bailey et al., 2012]. Further investigation of core taken from one
of the studied wells demonstrates that many of the fractures identified are, in fact, filled with siderite and so
are likely closed to fluid flow while appearing electrically conductive [Olierook et al., 2014]. However, in the
Otway Basin, Dewhurst and Jones [2002] note that their observations support siderite forming alongside
fracture-bridging fibrous illite (Figure 12); resulting in stress insensitivity [e.g., Laubach et al., 2004] and
indicating that those fractures are likely to be open in the present-day stress conditions, largely negating the
loss of permeability that is usually seen with siderite cements.

4.3. Control of Fracture Fill on Structural Permeability

Fracture fills are likely to control which fractures reactivate under the in situ stress [Laubach, 2003; Laubach
et al., 2004]. Laubach et al. [2004] demonstrate that fracture fills can render a fracture “stress insensitive”
through preferential cementation; rendering the fracture either open or closed to fluid flow regardless of its
orientation with respect to the stress field. Stress insensitivity in fractures is primarily due to the development
of cohesive strength through fault healing [Dewhurst et al., 2002]. This has traditionally been thought to
allow for fault rocks to fail by tensile, shear, or mixed-mode failure, as described by a failure envelope
governed by a cohesionless Byerlee-type friction law [Byerlee, 1978; Barton et al., 1995; Morris et al., 1996;
Castillo et al., 2000; Wiprut and Zoback, 2000; Dewhurst et al., 2002]. Previous studies that focus on the
geomechanical properties of fault rocks within the Penola Trough illustrate that certain fracture fills are
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significantly stronger than the surrounding host rock due to preferential cementation [Dewhurst et al., 2002].
The level of cementation that occurs on a fault or fracture plane appears to control how reactivation is
governed, with faults sealed by clay smear or cataclasis alone being governed in a cohesionless manner
[Byerlee, 1978; Barton et al., 1995; Morris et al., 1996; Castillo et al., 2000; Wiprut and Zoback, 2000; Dewhurst
et al., 2002]. However, significant cementation can increase fault strength above that of the host lithology,
which may lead to deformation from reactivation preferentially partitioned into weaker host sediments,
creating new fractures rather than opening existing ones [Dewhurst and Jones, 2002; Dewhurst et al., 2002].
Therefore, the likelihood of a fracture to be reactivated under changing effective stresses does not only
depend on the orientation of that fracture within the stress field but also the manner by which the fracture is
sealed. It is these strengthened fractures that are likely to be represented in fracture reactivation plots as
optimally oriented, yet electrically resistive, fractures (Figure 16). Siderite-filled fractures which are identified
as being electrically conductive on image logs (and which would often be assumed to be open for fluid flow
on that basis) also appear optimally oriented for reactivation on fracture reactivation plots. Yet they are also
likely to be closed to fluid flow due to their mineral fill, highlighting the care that must be taken when
using image logs for fracture characterization, as image logs alone cannot be relied upon to diagnose
whether a fracture is likely to be open to fluid flow. Fractures with no cement identified in core (Figure 10) are
likely to be the only fractures identified in this study that are fully controlled by the stress field, and for which,
reliable reactivation predictions can be made using only stress data. However, it is not possible to identify
these fractures using image logs alone.

While fracture fill appears to be a controlling factor in determining whether a seismically unresolvable
fracture is likely to be permeable, this may not necessarily be the case for larger faults that can be resolved
with seismic amplitude data. Due to their longer histories and larger amounts of slip, these larger faults are
likely to have developed fault rocks that would not necessarily be present within smaller-scale fractures.
However, previous analyses of Penola Trough fault rocks recovered in core shows similar distribution of rock
types as observed in subseismic-scale fractures in this study and highlights the link between fault fill
(whether cataclasite/clay smear or mineral cementation) and propensity for reactivation [Dewhurst et al.,
2002]. Preferential cementation is observed to make fault rocks, particularly siderite-filled fault rocks,
stronger than the surrounding host rock and, thus, less likely to reactivate [Dewhurst et al., 2002].

4.4. Seismic Attribute Mapping: Science or Science Fiction

Using several different seismic attributes (Figure 13), a pervasive natural fabric is identified on attribute
mapped horizons, namely, the Top Pretty Hill Formation at approximately 1900ms two-way time. The most
positive and most negative curvature attributes are most likely to indicate structural fabrics present within
the data set due to the established relationship between high curvature values and structural features
[Lisle, 1994; Roberts, 2001; Backé et al., 2011, 2012]. The lineations preserved in the curvature fabric share
similar orientations throughout the seismically mapped area and are also consistent with the orientations
identified on image logs (Figures 14 and 15). The most prominent lineations can be attributed to large-scale
faults and are easily matched to these features in amplitude displays, making it likely that the smaller
lineations also represent faulting, consistent with the self-similar relationship attributed to faults and
fractures [Walsh and Watterson, 1993; Nicol et al., 1995]. In the Otway Basin, Early Cretaceous faults strike E-W
(Figure 5), while Late Jurassic faults and shallower post rift-faulted sediments show NW-SE fault orientations
(Figure 5), reflecting a change of the stress field from the Early Cretaceous to the Late Jurassic [Lyon et al.,
2004]. It is these two orientations that we see dominating as lineations and discontinuities within the
attribute displays (Figures 13 and 14), making it likely that these lineations are self-similar features formed by
the same events that created the larger, basin-defining, faults. The relationship between the lineations seen
in attributes and faults is further highlighted when overlaying the two curvature attributes (Figures 13g and
13h). Many lineations are immediately doubled, showing both the upthrown and downthrown blocks of
sediments displaced by a fault, reinforcing the concept that these attributes are, in fact, representative of a
structural fabric and not merely noise within a seismic 3-D volume. Further evidence of this is provided by
comparing the pseudolog created for Balnaves-1 with the well, where lineation orientations identified on the
pseudolog can be seen to closely match fracture orientations in Balnaves-1 (Figure 15). The ridge
enhancement attribute (Figures 13c and 13d) shows the highest level of detail, highlighting very small scale
linear discontinuities alongside the larger faults at consistent orientations (Figure 13d). Again, these
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lineations are likely to be subseismic amplitude-scale faults and fractures. The same ridge enhancement
clearly shows that the smallest lineations tend to occur in clusters around larger faults (Figures 13c and 13d),
indicating they represent damage zones associated with fault formation [Chester and Logan, 1986; Shipton
and Cowie, 2003; Tamagawa and Pollard, 2008]. The ridge enhancement attribute, while showing that these
damage zones exist and the likely orientations of the fractures which they are composed of, is not as effective at
identifying the broad zones of fracturing as the similarity attribute (Figure 13a). Viewed in conjunction, these two
attributes illustrate the generally limited extent of these fracture zones, with similarity highlighting the broad
discontinuities as being largely restrained to the vicinity of larger faults (Figure 13a), and this being reinforced
by the individual lineations observed in the ridge enhancement attribute (Figure 13c). As several of these faults do
run fairly close to each other there is seen to be some overlap in these discontinuities, though not regularly
enough to be interpreted with any confidence as being likely to form larger networks, especially given that the
data quality is seen to be quite low and quite noisy at these depths. This assessment is also made with respect
to the analyzed core and image logs, which clearly show that only a small proportion of total fractures are likely
to be open for fluid flow. Thus, flow between these discontinuous zones, and hence an extensive network of
subsurface permeability due to naturally occurring fractures, is unlikely.

5. Conclusions

1. Assuming a strike-slip fault regime, fractures striking E-W or NW-SE with steep dips are the most likely to
be reactivated. Steep to vertically dipping fractures striking NE-SW as well as fractures with approximately
horizontal dips are the least likely to be reactivated. All other orientations have a fair chance of
reactivation. However, it is demonstrated that both electrically conductive and electrically resistive
fractures are seen over these orientations and shown that the in situ stress regime does not appear to
control fractures as being hydraulically “open” or “closed” in the SA Otway Basin.

2. The electrically conductive mineral siderite is observed in core samples as a fracture fill. This is a likely expla-
nation for the lower proportion of open fractures seen in core compared to in image logs (as siderite-filled
fractures will appear as electrically conductive, and hence, open, in resistivity image logs), showing that
electrical resistivity image logs alone cannot be relied upon to assess whether fractures are open to fluid flow.

3. Fracture fills likely control which fractures reactivate under the in situ stress, with all observed fracture
fills being demonstrated to render those fractures “stress insensitive,” and so unlikely to reactivate even if
optimally oriented to do so, within the Penola Trough. However, the occurrence of bridging mineralizations
alongside siderite cements may preserve permeability in these fractures.

4. Seismic attributes used to identify natural fractures at depth in the Penola Trough show that structural fabrics
likely to represent fractures are at the same orientations as observed in image logs, however, are limited
in extent and connectivity to areas surrounding larger faults. These are likely to be fault-related damage zones
and make it unlikely that an extensive network of structural permeability due to fractures is present in the
Penola Trough.
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ABSTRACT

Declining conventional hydrocarbon reserves have trig-
gered exploration towards unconventional energy, such as 
CSG, shale gas and enhanced geothermal systems. Uncon-
ventional play viability is often heavily dependent on the pres-
ence of secondary permeability in the form of interconnected 
natural fracture networks that commonly exert a prime control 
over permeability due to low primary permeabiliy of in situ 
rock units. Structural permeability in the Northern Perth, SA 
Otway, and Northern Carnarvon basins is characterised using 
an integrated geophysical and geological approach combining 
wellbore logs, seismic attribute analysis and detailed structural 
geology. Integration of these methods allows for the identifica-
tion of faults and fractures across a range of scales (millimetre 
to kilometre), providing crucial permeability information. New 
stress orientation data is also interpreted, allowing for stress-
based predictions of fracture reactivation.

Otway Basin core shows open fractures are rarer than im-
age logs indicate; this is due to the presence of fracture-filling 
siderite, an electrically conductive cement that may cause 
fractures to appear hydraulically conductive in image logs. 
Although the majority of fractures detected are favourably 
oriented for reactivation under in situ stresses, fracture fill 
primarily controls which fractures are open, demonstrating 
that lithological data is often essential for understanding 
potential structural permeability networks. The Carnarvon 
Basin is shown to host distinct variations in fracture orienta-
tion attributable to the in situ stress regime, regional tectonic 
development and local structure. A detailed understanding of 
the structural development, from regional-scale (hundreds 
of kilometres) down to local-scale (kilometres), is demon-
strated to be of importance when attempting to understand 
structural permeability.
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Australian sedimentary basins

Lead author 
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INTRODUCTION: THE CASE FOR MAPPING 
STRUCTURAL PERMEABILITY

Declining conventional hydrocarbon reserves coupled with 
technological advances and growing energy demands has trig-
gered a shift in exploration of energy-rich Australian basins, 
with a progressive focus on unconventional energy sources (e.g. 
CSG, enhanced geothermal systems [EGS], and shale gas). Geo-
thermal energy is increasingly gaining support in Australia be-
cause it is virtually free of carbon dioxide and other emissions, 
with growing exploration in areas such as the Otway, Perth, 
Cooper and Gippsland basins (Reynolds et al, 2004; Panax, 
2010; Bailey et al, 2012). 

Understanding natural fracture networks is critical to as-
sessing the prospectivity of unconventional geothermal plays, 
as fractures commonly provide vital secondary permeability at 
depth. Most prospective geothermal plays in basins are found 
at depths greater than 3 km (Genter et al, 2010; Majorowicz and 
Grasby, 2010), making permeability a significant issue due to 
compaction and cementation following groundwater infiltra-
tion and deep diagenetic processes. Unconventional petroleum 
plays are generally characterised by their tight nature, and are 
heavily reliant on secondary structural permeabilities provided 
by interconnected fracture networks, whether natural or stimu-
lated, for resource extraction (Cipolla, 2009).

The Australian continent’s stress field, both orientation and 
magnitude, has been relatively well constrained through the 
Australian Stress Map project (e.g. Hillis and Reynolds, 2000) 
and numerous follow-on studies (e.g. Nelson et al, 2006; King 
et al, 2008; 2010; 2012), and is shown to be systematically vari-
able and to reflect a complex, heterogeneous plate boundary 
configuration (Reynolds et al, 2002; Fig. 1). In general, stress 
orientations in the upper crust are primarily transmitted from 
tectonic plate boundaries and tend to reflect the absolute plate 
motion (Zoback and Zoback, 1980; Richardson, 1992). Across 
the Indo-Australian plate, however, stress orientations do not 
directly reflect the northeast-directed absolute plate motion 
(Reynolds et al, 2002; Fig. 1).

While there is extensive knowledge about the Australian stress 
field, very little is known about the distribution and orientation 
of naturally occurring fractures and faults in that stress field. This 
peer-reviewed paper describes the distribution, orientation and 
likely character of natural fractures and faults in several energy-
rich Australian basins. Faults and fractures are considered in 
the context of their relationship to the in situ stress regime and 
the factors likely to be controlling their ability to contribute to a 
secondary structural permeability within the basin subsurface.
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NATURAL FRACTURES

Natural fractures are common scale-invariant features within 
the brittle crust (Walsh and Watterson, 1993; Nicol et al, 1995) 
that have been experimentally shown to enhance the permeabil-
ity of geologic media by up to several orders of magnitude (Brace, 
1980). The scale invariance (or self-similarity) of natural fractures 
has them often being described as a fractal or power-law rela-
tionship (e.g. Hirata, 1989; Barton and Zoback, 1992). Given the 
inherent difficulties in identifying fractures on all scales in nature, 
however, it is difficult to discern whether or not they feature a true 
fractal relationship, or simply self-similarity governed by a power-
law relationship (Walsh and Watterson, 1993; Nicol et al, 1995; 
Marrett et al, 1999; Bonnet et al, 2001). Power-law exponents are 
not strictly representative of fractal relationships as they do not 
take into account clustering or spatial variations, however, they 
are often a feature of fractal systems as they lack a characteristic 
scale (Mandelbrot, 1983; Turcotte, 1997; Clauset et al, 2009). 

The formation of natural fractures within rock is dependent 
on several factors, including in situ stress, rock strength and 
pore pressure (Barton, 1976; Sibson, 1977; Byerlee, 1978; Brace, 
1980; Laubach, 1988; Engelder and Oertel, 1985; Bell, 1996; Pea-
cock and Mann, 2005).

Fractures can provide interconnected, hydraulically con-
ductive networks enabling large-volume fluid transport in the 
Earth’s crust—a concept known as structural permeability 
(Sibson, 1996). Such fracture networks can allow significant 
fluid transport through crystalline rocks, such as granites, 
with no primary porosity. While in low-porosity rocks (e.g. 
mudstone or cemented sandstone) , in sedimentary basins, 
it has been observed that fractures can increase permeability 
by factors of 100 or 1,000, even at low amounts of brittle strain 
(Zoback and Byerlee, 1975; Peach and Spiers, 1996; Mitch-
ell and Falkner, 2008; De Paola et al, 2009). It has, however, 
been shown that within permeable sandstones the effect is 
much more restricted, with little to no flow following fractures 
(Nelson and Handin, 1977; Swolfs et al, 1979). This is likely a 
result of these rocks having permeabilities in the milliDarcy 
to Darcy range, and fractures doing little to enhance existing 
high permeabilities (Brace, 1980).

Natural or induced fracture networks provide the primary 
means for fluid flow in both EGS and shale gas reservoirs, as 
these generally have low permeability (Plumb and Hickman, 
1985; Curtis, 2002). Other non-siliciclastic reservoirs, such 
as carbonates, also benefit from structural permeability in-
creases (Moore and Wade, 2013). The ability of a fracture to 
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transmit fluid is primarily controlled by the orientation and 
magnitude of the in situ stress field, but also by rock strength, 
fracture plane orientation, aperture and roughness, and the 
pore-fluid pressure (Terzaghi, 1943; Jaeger and Cook, 1971; 
Barton et al, 1995).

There are two broad types of fractures: tensile fractures 
and shear fractures (e.g. Atkinson, 1987; Engelder and Oer-
tel, 1985; Pollard and Aydin, 1988; Laubach, 1997). Tensile 
fractures are formed parallel to the maximum principle stress 
(σ

1
), and open against the least principle stress (σ

3
). They are 

considered to be open to fluid flow in this configuration only, 
relying on additional conditions such as high pore pressures 
to remain open against σ

3
 (Anderson, 1951; Barton et al, 1995), 

whereas shear fractures form at 26–30° from σ
1
 and ~60° from 

σ
3
 (Healy et al, 2006). They are considered to be open to fluid 

flow while they are actively deforming (Anderson, 1951; Jae-
ger and Cook, 1971; Healy et al, 2006), or when aligned sub-
parallel to σ

1 
where they may open under tension (Anderson, 

1951; Barton et al, 1995). Hence, as the stress field changes 
in time, new fractures can be created and old fractures re-
activated or sealed completely (Sibson, 1996). Cementation 
and mineralisation along fracture planes is a common result 
of fluid flow, and can lead to the fracture sealing or can act to 
bridge a fracture open, resulting in fractures that are insensi-
tive to the stress field (Fisher and Knipe, 1998; Fisher et al, 
2003; Laubach et al, 2004). Thus, some fractures may preserve 
permeability from previous stress regimes.

IDENTIFYING NATURAL FRACTURES

In the past there have been significant advancements in 
the ability to image subsurface fractures and faults at vari-
ous scales (Lisle, 1994; Roberts, 2001; Chopra and Marfurt, 
2007; Backé et al, 2011; 2012; Bailey et al, 2014), making use 
of pre-existing open-source geophysical and geological data-
sets. These include wellbore image logs, 2D and 3D seismic 
surveys, core data and outcrop studies.

Fractures on image logs

Simple identification of natural fractures is possible with 
electrical resistivity image logs, as they provide a high reso-
lution pseudo-image of the borehole wall (Fig. 2). Fractures 
are represented on such image logs as sinusoids, where 
the crest represents the up-dip part of the fracture and the 
trough represents the down-dip part of the fracture (Fig. 2). 
The amplitude of the sinusoid is controlled by the amount 
of fracture dip, with high amplitudes equal to steeply dip-
ping fractures and low amplitudes equal to shallowly dip-
ping fractures (Fig. 2). As bedding and other sedimentary 
structures can have very similar characteristics to tectonic 
features, such as natural fractures, it is important to distin-
guish between these (Fig. 2). 

The most commonly used resistivity-based image logs 
are the formation micro-scanner (FMS), formation micro-
imager (FMI), and the simultaneous acoustic and resistiv-
ity tool (STAR). Resistivity image logs are best interpreted 
simultaneously as a raw static log (displaying absolute re-
sistivity values) and a processed dynamic log (displaying 
relative resistivity values over a given interval) to accurately 
determine the electrical character of interpreted fractures 
(Fig. 2). Acquisition and processing artefacts are more sim-
ply identified under this simultaneous approach. Natural 
fractures are identified as being either electrically resistive 
or conductive. Electrically resistive fractures are considered 
to be closed or cemented, appearing as light-coloured fea-
tures on resistivity-based image logs (Fig. 2). Electrically 

conductive fractures are considered to be open and filled 
with conductive drilling mud, giving them a dark appearance 
on resistivity-based image logs (Fig. 2). In this paper conduc-
tive is used to mean electrically conductive, and resistive to 
mean electrically resistive. It is not possible to conclusively 
determine the hydraulic conductivity of a fracture away from 
the wellbore based solely on electrical resistivity image data 
(Bailey et al, 2014), however, correlations between electrical 
and hydraulic conductivity have been established (e.g. Luthi 
and Souhaite, 1990).

Fractures in three dimensional seismic

The majority of faults and fractures lie below typical seis-
mic amplitude resolutions, and are often poorly expressed in 
both 2D and 3D seismic data (Roberts, 2001; Backé et al, 2011; 
Bailey et al, 2014). Seismic resolution is generally treated as 
being λ/4 due to the wavelet broadening with depth (Chopra et 
al, 2006), rather than the theoretical resolution of λ/8 (Widess, 
1973). As a result, lithologies less than 25 m thick may not have 
resolvable top and bottom reflectors, and faults with throws 
of less than 10–15 m may not be resolved (Childs et al, 1990; 
Gauthier and Lake, 1993; Chopra et al, 2006). This presents 
a challenge when regional information on small-scale struc-
tural features is desired. Techniques for improving the detec-
tion of sub-seismic amplitude resolution faults and fractures 
from both 2D and 3D seismic data, however, are available. 
The primary method is through the calculation and analysis 
of seismic attributes (Bahorich and Farmer, 1995; Chopra and 
Marfurt, 2005). Faults and fractures have been successfully 
mapped in 3D seismic datasets using several attributes, most 
notably curvature and similarity attributes, due to the estab-
lished correlation between curvature and fractures (Lisle, 
1994; Roberts, 2001; Backé et al, 2011; Bailey et al, 2014) and 
the ability of similarity attributes to highlight discontinuous 
zones likely to represent fracturing (Cline, 2008; Crutchley et 
al, 2011; Bailey et al, 2014). It, however, must be stressed that 
curvature in seismic data can be due to a multitude of un-
derlying tectonic features, such as pure folding (Steen et al, 
1998). While folded rocks are generally also fractured, this is 
not always the case. 

Electrically Conductive Fractures

Electrically Resistive Fracture

1:10 scale speed-corrected FMI 

Up-dip

Down-dip

High Amplitude 
Sinusoid/Steeply 
Dipping Fracture

Low Amplitude 
Sinusoid/Shallow
Dipping Fracture

0°                         360/0°                              360°
Electrically 
Resistive

Electrically 
ConductiveA

Up-dip

Down-dip

B

C

Figure 2. (A) A section of 1:10 scale FMI image, highlighting electrically resistive 
(marked in grey) and electrically conductive (marked in black) fractures. Examples 
of bedding are marked in blue and an erosional surface is marked in green, 
illustrating the similarity in appearance between syn-tectonic and pre-tectonic 
features (Bailey et al, 2014). Schematic diagrams of (B) a highly dipping fracture; 
and, (C) a shallow dipping fracture intersecting a vertical wellbore.



122—APPEA Journal 2015

A. Bailey, R. King, S. Holford, J. Sage, M. Hand and G. Backé

Curvature is a 3D property of a quadratic surface, quantifying 
the degree that a surface deviates from being planar, evaluated 
as the ratio of dip angle change with respect to the arc length at 
any given point on a curve (Chopra and Marfurt, 2005; Di and 
Gao, 2014). There are an infinite number of normal curvatures, 
however, and of greatest interest for fault and fracture identi-
fication are the most positive and most negative curvatures. 
The most positive curvature defines the curvature that has the 
largest positive amplitude value and, therefore, shows antifor-
mal structures as well as up-thrown fault blocks (Chopra and 
Marfurt, 2007). The most negative curvature defines the curva-
ture that has the largest negative amplitude value, and shows 
synformal structures and down-thrown fault blocks (Chopra 
and Marfurt, 2007). Structural features that are present in the 
seismic dataset, but which are not visible as discrete features 
on amplitude displays, are enhanced through the calculation 
of curvature attributes. Fault trend definition is enhanced for 
a more well-defined view; structures appear as distinct linea-
tions on the attribute draped surfaces (Roberts, 2001; Chopra 
and Marfurt, 2005; 2007; Backé et al, 2011; Bailey et al, 2014). 

Similarity is a form of coherency, expressing how much 
two or more trace segments look alike. Traces that are identi-
cal in waveform and amplitude will have a similarity of one, 
and traces that are entirely discontinuous will have a similarity 
of zero (Tingdahl et al, 2001; De Groot et al, 2004). As natural 
fractures are a discontinuity over two surfaces, they are high-
lighted by the similarity attribute (Tingdahl et al, 2001). While 
there are numerous applications for similarity attributes, ridge 
enhancement is useful as it allows for a more detailed display 
of discontinuous zones identified with the similarity attribute 
(Cline, 2008; Crutchley et al, 2011). Ridge enhancement makes 
a comparison of neighbouring similarity values in six direc-
tions, outputting the largest ridge value, defined as (OpendTect, 
2012):

∑ 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑉𝑉𝑒𝑒𝑒𝑒ℎ𝑉𝑉𝑒𝑒 𝑉𝑉𝑒𝑒𝑠𝑠𝑉𝑉
2 − 𝑐𝑐𝑉𝑉𝑐𝑐𝑒𝑒𝑒𝑒𝑉𝑉 𝑣𝑣𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 

 The majority of evaluation points feature small values, 
however, when a large discontinuity is crossed—such as a fault 
or fracture in the dip direction—a large ridge perpendicular 
to that fault direction is calculated. The largest value is then 
output and displayed by the filter (i.e. the ridge corresponding 
to the perpendicular direction; OpendTect, 2012).

This study uses the built-in algorithms of the OpendTect 
software for attribute definition. These were applied to median-
filtered, dip-steered 3D seismic volumes through a three-step 
process as outlined in Backé et al (2011) and Bailey et al (2012; 
2014).

Dip-steering is a process that uses pre-calculated directions 
in seismic data for the enhancement of attribute calculations. 
In a 3D seismic volume, a local horizon is created at each posi-
tion by following dip and azimuth outwards from the centre, 
creating a dip-steering cube. Attributes calculated from the dip-
steering cube are guided along a 3D surface of approximately 
equal seismic phase, effectively filtering for noise when used 
in conjunction with a median filter (De Groot et al, 2004; Backé 
et al, 2011). Median filtering replaces the centre amplitude in a 
dip-steered circle with the median amplitude in the extraction 
volume for an edge-preserving smoothing of the seismic data 
(De Groot et al, 2004; Backé et al, 2011).

RESULTS

Northern Perth Basin

WA’s Perth Basin lies along the southern west coast of the 
state, stretching from the southern Carnarvon Basin in the 
north to the Bremer Basin in the south (Fig. 3). The Perth Ba-
sin was established through two major phases of rifting as an 
intracratonic rift basin. It has three dominant fault trends:
1. east to west striking normal faults that are thought to relate 

to the initial Late Carboniferous to Early Permian rifting;
2. north to south and northwest to southeast striking sets of 

normal faults that are related to later Jurassic rifting and 
the breakup of Gondwana (Mory and Iasky, 1996; Quaife 
et al, 1994; Song and Cawood, 1999); and,

3. large east-southeast to west-northwest striking transfer 
faults related to Gondwanan separation.

A present-day transitional strike-slip to reverse faulting 
stress regime with an approximately east to west maximum 
horizontal stress orientation is interpreted for the Northern 
Perth Basin (King et al, 2008; Bailey et al, 2012).

Thirty image logs were interpreted, demonstrating 
2,567 natural fractures with an approximate north-northwest 
to south-southeast mean strike orientation. These consist of 
800 electrically conductive fractures striking north-northwest to 
south-southeast, with a second set of conductive fractures strik-
ing north-northeast to south-southwest, and 1,767 electrically 
resistive fractures striking north-northwest to south-southeast 
(Fig. 3). Interpreted fractures, both conductive and resistive, 
have dip angles ranging from sub-horizontal to sub-vertical, 
and exhibit no obvious clustering in this range.

The Dongara North 3D survey covers the Northern Perth 
Basin’s Dongara Field, which is thought to contain more than 
half the oil and gas reserves of the Perth Basin (Ellis and Bruce, 
1998), and contains the Mountain Bridge Fault, which is one 
of a series of large north-northwest to south-southeast striking 
second-stage rift faults. Both the uplifted foot-wall sediments 
(including the Dongara Field) and the down-thrown hanging-
wall sediments characteristic of much of the basin are shown by 
the survey (Bailey et al, 2012). Two different approaches were 
taken to mapping attributes in the Northern Perth Basin:
1. attributes were mapped to the interpreted Dongara Forma-

tion and Irwin River Coal Measures formations; and,
2. attributes were mapped to time slices at the approximate 

depths of the Dongara Sandstone and Irwin River Coal 
Measures (Fig. 4).

The Dongara Sandstone is regionally extensive and forms a 
key petroleum reservoir in the basin, whereas the Irwin River 
Coal Measures is a target of recent geothermal exploration, yet 
remains shallow enough to be represented in both image log and 
seismic data. Large amounts of noise are recorded in the attri-
bute data, particularly in the time slice curvature displays of the 
foot-wall sediments of the Mountain Bridge Fault (Fig. 4). These 
areas feature relatively shallow basement rocks and so this is 
likely a reflection of the lack of consistent structure in such rocks. 

A natural structural fabric is evident in the hanging-wall 
sediments where data quality is good enough to allow inter-
pretation consisting of curvature lineations with corresponding 
disturbances in the similarity attribute (Fig. 4). The dominant 
strike of this fabric is northwest to southeast, the same orienta-
tion as the dominant structural trend of the basin and similar 
to the strike of the Mountain Bridge Fault (Fig. 4).

Continued next page.
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Figure 3. The Northern Perth Basin study area, showing regional structure, estimated maximum horizontal stress trajectory, and the location of wells and 3D seismic 
data used in this study. The figure includes: (A) a rose diagram showing the strike orientation of all fractures identified on image logs (including the predicted orientations 
for fracture formation under the present-day in situ stress regime; solid red lines represent shear fractures and dashed represent tension fractures); and, (B) and (C) rose 
diagrams showing the strike orientations of electrically conductive fractures.

Continued from previous page.

Continued next page.



124—APPEA Journal 2015

A. Bailey, R. King, S. Holford, J. Sage, M. Hand and G. Backé

A

N

50
 k

m

B

C

D

E

F

N

N

20

90

180

270

0

20

90

180

270

0

Fractures identified 
on image logs:

Fractures identified 
on seismic attributes:

LEGEND
Approximate trace 
of the Mountain 
Bridge Fault
Low data quality
area

Dongara Sandstone Irwin River Coal Measures

Corybas-1
Corybas-1

Yardarino-6 Yardarino-6

Figure 4. Calculated 3D seismic attributes for the Northern Perth Basin Dongara North 3D seismic dataset. Both timeslices and interpreted horizons representing the 
Dongara Sandstone and Irwin River Coal Measures are presented: (A) Dongara Sandstone showing the similarity attribute; (B) Dongara Sandstone showing the maximum 
negative curvature attribute; (C) Dongara Sandstone showing the maximum positive curvature attribute; (D) Irwin River Coal Measures showing the similarity attribute; 
(E) Irwin River Coal Measures showing the maximum negative curvature attribute; and, (F) Irwin River Coal Measures showing the maximum positive curvature attribute. 
Rose diagrams represent strike orientations of fractures in these formations identified on image logs and through attribute analysis. Blue squares represent areas of 
particularly poor data quality.

Continued from previous page.



APPEA Journal 2015—125

Defining structural permeability in Australian sedimentary basins

South Australian Otway Basin

The Otway Basin is one of three sedimentary basins formed 
along the southern margin of the Australian continent (Fig. 5) 
as it rifted away from Antarctica; a process that began during 
the Middle Jurassic in the Bight Basin and spread east to the 
Otway and Gippsland basins by the Late Jurassic (Finlayson et 
al, 1996; Norvick and Smith, 2001). Initial extension created a 
series of half grabens, including the Penola Trough (Perincek 
and Cockshell, 1995), which is defined by large east to west 
striking normal faults (Lyon et al, 2004). There is extensive in-
version and uplift observed through the Otway Basin, however, 
the Penola Trough shows no evidence of this (Perincek and 
Cockshell, 1995; Cockshell et al, 1995; Holford et al, 2011; Bai-
ley et al, 2014). It is now characterised by a present-day strike-
slip fault stress regime (Hillis et al, 1995; Nelson et al, 2006), 
although there has recently been some debate about this with 
recent work suggesting a reverse fault stress regime (King et al, 
2012; Holford et al, 2014).

Image logs from 11 wells were interpreted, with a total 
of 508 natural fractures identified (Fig. 6). This consists of 
268 electrically conductive fractures striking approximately 
northwest to southeast and 240 resistive fractures striking ap-
proximately east to west. A majority (58%) of identified fractures 
are interpreted at intermediate dip angles of 30–60°; the remain-
ing fractures are split evenly between shallow dips of 0–30° (20%) 
and steep dips (22%). Field-wide, the mean orientation for all 
identified fractures is approximately east to west, although con-
siderable variation is observed. To address this, fractures were 
analysed based on the formation in which they were observed, 
with focus placed on the two main reservoir units in the Otway 
Group: The Pretty Hill Formation and the Sawpit Formation 
(Bailey et al, 2014). The Pretty Hill Formation hosts 133 fractures

identified on image logs, 33 of which are electrically conduc-
tive with approximate northwest to southeast strikes and the 
remaining 100 being electrically conductive and striking ap-
proximately east to west (Fig. 7). The Sawpit Formation hosts 
35 fractures identified on image logs, 12 of which are electrically 
conductive with approximate east-southeast to west-northwest 
strikes, and the remainder being electrically resistive with simi-
lar east-southeast to west-northwest strike orientations (Fig. 7).

High-quality core from Jacaranda Ridge–1 was examined 
for natural fractures. The interval of core retrieved intersects 
the Sawpit Sandstone from 2633.0–2643.5 mTVD and showed 
several zones of well-preserved fractures, with 44 fractures 
being observed in the 20.5 m section (Table 1). Of these, nine 
fractures were open and lacked any identifiable fracture fill 
(Fig. 8D), 29 were sealed by cataclasites (Fig. 8B), mineral de-
position (Fig. 8A) or with a fused fault gouge material (Fig. 8E), 
and a further six were sealed with cement that included visible 
siderite mineralisations (Fig. 8C). Siderite is an iron-carbonate 
mineral and so is likely to appear as electrically conductive on 
image logs. 

The 3D Balnaves seismic survey covers a large area of the 
Penola Trough, and contains the majority of the wells inter-
preted, giving it excellent well control (Fig. 5). Data quality is 
relatively good for an onshore survey, however, it does feature 
areas of quite poor data quality due to several large igneous 
intrusions shadowing underlying sediments (Holt et al, 2014). A 
dominant east to west fault trend is interpreted, with a second-
ary trend striking northwest to southeast. Attribute mapping of 
the top Pretty Hill Formation, a primary target reservoir within 
the Penola Trough, identifies a structural fabric that is mostly 
constrained to the local area of larger faults (Fig. 9). Two major 
trend orientations are represented in the fabric, approximately 
east to west and northwest to southeast (Fig. 9).

Continued next page.
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Identified fracture type Number of fractures Percentages

Otway Basin core
Open 9 20%

Sealed 29 66%

Siderite fill 6 14%

Otway Basin image logs
Electrically resistive 239 47%

Electrically conductive 268 53%

Table 1. Total number of identified fractures in Otway Basin core and image logs. A 10.5 m interval of core from Jacaranda Ridge–1 
(2,633.0–2,643.5 m) has fractures broken into three categories: open for fractures that were identified as lacking any visible fracture fills; 
sealed for fractures that were identified as being closed due to mineral deposition or cementation; and, siderite fill for those fractures 
that were identified as being filled with a cement that included visible siderite mineralisations. Fractures counted were those that were 
seen to be significant and obvious features to the unaided eye. Fractures identified on resistivity-based image logs are considered as 
being electrically resistive and so are likely closed to fluid flow, or electrically conductive and so are likely open to fluid flow.

NOTE: All photos feature an 
  individual scale.
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A 2633.0 m

E 2639.8 m

5 cmIdentified Fracture Plane
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Figure 8. Photographs of natural fractures in Penola Trough core from the Jacaranda Ridge–1 well showing the following: (A) High-angle fractures sealed with undefined 
clays intersecting horizontal fractures (inset shows slip indicators preserved in the fracture plane of the high-angle fractures). (B) High-angle fractures filled with a cataclasite 
formed through slip and appearing to preserve at least partial porosity in the fracture. (C) High-angle clay-filled fractures showing partial siderite mineralisation along the 
fracture plane. (D) An open fracture surrounded by smaller fractures at too small a scale to identify as open or closed using a hand lens (note the siderite present within the 
surrounding reservoir rock of the Sawpit Formation). (E) Low- to moderate-angle fractures in the vicinity of the fault intersected by core (inset shows the smooth material 
coating one of several fracture planes, likely to be fused gouge materials).
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Victorian Otway Basin

The Late Jurassic to Early Cretaceous Otway Group has 
a thickness of up to 7,300 m and is the primary source rock 
within the Otway Basin (Krassay et al, 2004). It is considered 
to host potential unconventional plays, particularly within the 
Eumeralla Formation (Tassone et al, 2014), a thick sequence of 
tight non-marine volcanogenic sandstones and shales (Duddy, 
2003). The Otway group has no surface expression in the SA 
Otway Basin, but does crop out along the southern margin of 
the Victorian coastline (Fig. 10) where Cretaceous uplift and a 
large Miocene compressional event has resulted in localised 
basin inversion (Edwards et al, 1996; Krassay et al, 2004; Hol-
ford et al, 2011; Tuitt et al, 2011). Estimates of net exhumation 
range from <200 m for most of the basin, through to >1,500 m 
for the eastern onshore Otway Basin; uplift estimates for some 
onshore areas exceed 6,000 m (Duddy, 1994; Perincek and 
Cockshell, 1995; Duddy, 2002; Tassone et al, 2014). Field map-
ping of natural fractures in Otway Group sediments that crop 
out was undertaken to determine:
1. the fill type;
2. the interconnectivity;
3. potential hydraulic conductivity; and,
4. the orientation of natural fractures with respect to the in 

situ stress regime (Fig. 10). 
As the low-permeability target reservoirs in the SA Otway 

Basin are entirely subsurface and so not exposed for study, the 
outcropping Otway Group sediments of the Victorian Otway 
Basin constitute the only exposed low-permeability sandstones 
in the basin, making them a useful analogue. The only surface 
exposure of the Cretaceous Otway Group is the Eumeralla For-
mation, a thick sequence of non-marine, volcanogenic sand-
stone channel deposits as well as inter-channel sandstones, 
mudstones and shales, with volcanogenic clastic components 
derived mainly from volcanism of the same age (Duddy, 2003). 
The Victorian Otway Basin has a σ

H 
orientation of 144 (Reynolds 

et al, 2003; Nelson et al, 2006; Tassone et al, in review), and has 
been documented as both a present-day reverse fault and a 
strike-slip fault stress regime (Denham et al, 1981; Jones et al, 
2000; Krassay et al, 2004; Nelson et al, 2006; Tassone et al, 2011; 
King et al, 2012).

More than 1,900 naturally occurring fractures were recorded 
at 11 field sites (Fig. 10), with fractures characterised as open 
or closed. Where closed, fractures were characterised based 
on their fill if identifiable. Two major fill types were identified: 
calcite and siderite. Five fracture sets are defined by their ori-
entations and fills (Table 2). 

Northern Carnarvon Basin

Australia’s premier hydrocarbon basin (Barber, 2013), the 
Northern Carnarvon Basin of Australia’s North West Shelf 
(Fig. 11), is a remnant of the Late-Palaeozoic Westralian Super-
basin initiated by the Late Carboniferous to Permian rifting that 
formed the Neo-Tethys ocean (Veevers, 1988). The structural 
complexity of the present-day basin is due to several rifting 
events throughout the Carboniferous, Late Jurassic and Early 
Cretaceous (Hocking et al, 1988; Romine et al, 1997); followed by 
Late Cretaceous sag with episodic uplift and inversion (Tindale 
et al, 1998). Antiforms that formed as fault propagation folds 
above inverted normal faults (Keep et al, 1998) are common in 
inboard areas of the basin. Active compression is suggested in 
some parts of the basin from present-day doming of the seafloor 
(Hillis et al, 2008). Available stress data from petroleum wells 
infer a strike-slip faulting regime with an approximately east to 
west σ

H
 orientation (Neubauer et al, 2007; Bailey et al, in review). 

Earthquake focal mechanisms suggest that the basin predomi-

nately experiences strike-slip faulting, however, there is some 
evidence for both normal and reverse events (Revets et al, 2009; 
Keep et al, 2012). It is likely that not all of the Carnarvon Basin 
hosts a present-day strike-slip faulting regime.

A total of 914 natural fractures, identified in 41 interpreted 
FMI and FMS logs, consist of 390 electrically conductive and 
524 electrically resistive fractures (Fig. 11). Two basin-wide 
mean orientations are identified:
1. conductive fractures striking approximately west-northwest 

to east-southeast (115–285); and,
2. resistive fractures striking approximately northeast to 

southwest (35–215).
There is a clear sampling bias in the interpreted image logs, 

given that they are all petroleum wells, and they therefore target 
the gas reservoirs in the Late Triassic to Late Cretaceous sedi-
ments which, for example, include the Barrow Group. While 
there are dominant fracture orientations observed, there is also 
considerable variation within the data. It is, therefore, essential 
to break the basin-wide fracture sets into more localised data 
concentrations. This is achieved by considering the orientations 
based on well location, with wells separated based on the struc-
tural domains of the Carnarvon Basin as follows:

1. Barrow Sub-basin;
2. Exmouth Sub-basin;
3. Exmouth Plateau; and,
4. Investigator Sub-basin (Fig. 12).
As a result, the nearshore Barrow and Exmouth sub-basins 

are shown to host a northeast to southwest striking set of resis-
tive fractures (composed of 28 fractures in the Barrow Sub-basin 
and 207 fractures in the Exmouth Sub-basin), with a subset of 
conductive fractures at those orientations as well as a set of con-
ductive and resistive fractures striking east to west (composed 
of 13 fractures in the Barrow Sub-basin and 78 fractures in the 
Exmouth Sub-basin; Fig. 12).

The offshore Investigator Sub-basin and Exmouth Plateau 
host a set of east to west striking conductive fractures (composed 
of 21 fractures in the Investigator Sub-Basin and 157 fractures 
in the Exmouth Plateau), with a subset of resistive fractures at 
those orientations as well as a set of conductive and resistive 
fractures striking northeast to southwest (composed of 12 frac-
tures in the Investigator Sub-basin and 87 fractures in the Ex-
mouth Plateau; Fig. 12). 

Two 3D seismic datasets were analysed: the HC_93 and Bo-
naventure surveys (Fig. 11). Both are high-quality offshore 3D 
surveys with well control. HC_93 is located within the Exmouth 
Sub-basin and is relatively close to both the shoreline and the 
inversion structures of the Cape Range Anticline, whereas the 
Bonaventure survey is 150 km from the western margin of the 
basin and is removed from the dominant inversion structures 
(Fig. 11). 

A dominant northeast–southwest to east-northeast–west-
southwest striking fault trend is interpreted in HC_93, whereas 
Bonaventure is interpreted to host an approximately north-
northeast to south-southwest striking dominant fault trend 
(Figs 13 and 14). These are basin-defining normal faults and 
represent the rifting events that initially formed the Carnarvon 
Basin (Hocking, 1988). A non-dominant east to west striking 
fault set is also interpreted in both surveys. Interpretation of 3D 
seismic attributes highlights features likely to represent smaller-
scale faults and fractures in both surveys when mapped across 
an interpreted horizon. The Barrow Group forms continuous 
reflectors through both surveys and is one of the primary reser-
voir units of the Carnarvon Basin, hosting several of the giant gas 
fields for which the North West Shelf is renowned. As such, the 
top reflector is the focus of this paper’s seismic attribute analysis.

Pervasive natural structural fabrics composed of attribute-
identified features are observed in both surveys, however, they 
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are demonstrated to have differing dominant orientations 
(Figs 13 and 14). Curvature lineations and ridges are shown to 
sit within discontinuous zones that are most densely concen-
trated around larger fault structures in both surveys, possibly 
highlighting damage zones associated with fault formation and 
interaction (Fig. 15; as described by Chester and Logan, 1986; 
Shipton and Cowie, 2003; Tamagawa and Pollard, 2008). The lin-
eations and ridges that compose the structural fabric observed 
in the HC_93 survey have a dominant northeast to southwest 
strike alongside an east to west striking set. The far-offshore 
Bonaventure survey preserves a dominant east to west striking 
set alongside a north-northeast to south-southwest striking set 
(Figs 13 and 14). 
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Figure 10. Map showing field sites studied in the Otway Basin, Victoria, numbered 1–11. Rose diagrams showing the strike orientations of all measured fracture planes at 
each site are inset with corresponding numbers. Large-scale regional structures and lithological information are plotted (adapted from Duddy, 1994).

Fracture set Nature Orientation Fault regime Fracture 
characteristics Cements

1 Perpindicular to bedding Rotating from NNW–SSE 
to N–S. Originally vertical.

Normal fault or 
reverse fault Open and closed fractures Calcite and siderite (closed only)

2 Perpindicular to bedding Rotating from ENE–WSE to 
E–W. Originally vertical.

Normal fault or 
reverse fault Open and closed fractures Calcite and siderite (closed only)

3 Vertical ESE–WNW, vertical. Reverse fault Open and closed fractures Calcite (closed only)

4 Bedding parallel Varies with bedding. Reverse fault Closed fractures Siderite (all)

5 Crack seal Reverse fault Closed fractures Calcite (all)

Castle Cove Fault parallel NE–SW. Steeply dipping. Normal fault or 
reverse fault Closed fractures Calcite (all)

Table 2. Fracture sets interpreted from data from each of the 11 sites in the Otway Basin, characterised by fracture orientation and 
defining character.
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shear fractures and dashed represent tension fractures); and, rose diagrams showing strike orientations of electrically resistive (B) and electrically conductive (C) fractures.
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DISCUSSION

This study represents the first attempt at generating a data-
base of fracture properties for Australian sedimentary basins, 
and makes use of a number of different methodologies. The 
integration of these methods raises three main questions:
1. Can 3D seismic attributes be used to identify natural frac-

tures in the subsurface beyond the wellbore?
2. What are the main factors controlling fracture reactivation 

in Australian basins?
3. Are open fractures in image logs actually open to fluid flow?

These questions will be discussed in the following sections.

3D seismic attributes: can they be used to 
identify natural fractures beyond the wellbore?

To define the regional extent of subsurface natural fracture 
networks, several different seismic attributes have been ap-
plied to dip-steered, median-filtered 3D seismic data from three 
separate Australian basins. In these, distinct natural structural 
fabrics are observed, composed of what the authors suggest 
are sub-seismic amplitude scale faults and fractures. While 
large-scale faults identified in 3D seismic amplitude data are 
easily matched to the most prominent attribute features, the 
same cannot be done for similar smaller-scale attribute features 
that are not representative of identifiable amplitude features. 
The power-law relationship, however, makes it likely that those 
smaller-scale features are also due to similar geological phe-
nomena (Walsh and Watterson, 1993; Nicol et al, 1995). 

Distinct structural fabrics composed of such smaller-scale 
features are identified in each survey investigated in this study 
(Figs 4, 9, 13 and 14), and are generally well-represented as:
1. zones of discontinuity by the similarity attribute;
2. linear ridge features by ridge enhancement; and,
3. prominent lineations on both the most positive and most 

negative curvature attribute displays (e.g. Fig. 9).
It would be expected that any systematic geological feature, 

such as natural fractures, would be represented on multiple 
attribute displays in the same location. This is exactly what is 
seen in the investigated surveys, making it likely that they repre-
sent natural fractures (e.g. Figure 9; Bailey et al, 2014). Features 
identified on attribute displays as being likely to represent frac-
tures share orientations not only with other attributes analysed 
in this study, but are also demonstrated to share orientations 
with natural fractures identified on image logs, lending further 
credence to the hypothesis that they represent the same feature. 
Bailey et al (2014) present a pseudo-log of seismic attribute 
identified fractures to demonstrate that even on a small scale 
there is a strong correlation between the dominant trend of 
structural fabrics and the orientations of natural fractures iden-
tified on image logs. Fracture orientations from the pseudo-log 
are shown to predict fracture orientations where none are iden-
tified on available image logs (Bailey et al, 2014). It is, therefore, 
likely that the attributes chosen represent natural fracturing in 
the subsurface and, hence, can be used to gauge the regional 
extent and potential connectivity of natural fracture networks 
within the target formations in the study areas. Given this cor-
relation, fabrics identified using seismic attributes can therefore 
be used as a guide to the extent and potential connectivity of 
natural fractures through a basin’s subsurface. 

While it is clearly preferable to use horizon surfaces for 
attribute mapping to characterise a continuous surface 
(Figs 13 and 14), timeslices appear to preserve many of the 
same features (Fig. 4). Surveys where data quality or reflec-
tor continuity do not allow for the interpretation of extensive 
horizons at depths of interest can, therefore, be analysed for 
structural features through the use of timeslices at approximate 

reservoir depths. Timeslices processed at reservoir depths in 
the Dongara North 3D survey from the Northern Perth Basin 
show the same structural fabric, with the same dominant orien-
tations, as attribute-mapped horizons and image logs (Fig. 4). 
More noise, however, appears to be recorded on the time slices 
than on the mapped horizons (Fig. 4).

A comparison of multiple surveys in the structurally com-
plex Carnarvon Basin highlights the distinct changes in frac-
ture style and orientation, which can be observed across large 
areas (Figs 13 and 14). Both the dominant fault trends, and the 
associated fractures, are observed with different orientations 
in each survey. The area covered by the Bonaventure survey 
has undergone less intense faulting when compared to that 
of the HC_93 survey, and lacks any signs of major inversion; 
as a result, east to west striking fractures (presumably formed 
under the present-day stress regime) constitute the dominant 
structural fabric trend in Bonaventure (Fig. 14). Understanding 
where the dominant trend changes, whether it is a sudden or 
gradual change, and interpreting the influence of local struc-
ture is therefore a key consideration to extending these fracture 
interpretations throughout larger areas of the basin.

FAULT DAMAGE ZONES IDENTIFIED BY SEISMIC 
ATTRIBUTES

In each interpreted survey, fracture clusters are interpreted 
around larger structures (e.g. Fig. 15), particularly at fault tips, 
bends, steps and where multiple faults interact. These are like-
ly to represent the secondary fractures, wing cracks and splay 
fractures generally associated with fault damage zones (Mar-
tel and Boger, 1998; Willemse and Pollard, 1998; Davatzes and 
Aydin, 2003; Tamagawa and Pollard, 2008). These secondary 
fractures are created through perturbations of the stress field 
during faulting, and are thought to significantly add to perme-
ability around faulted zones (Tamagawa and Pollard; 2008). 
Hydraulic flow through faults and fractures is most commonly 
observed where multiple faults interact and where individual 
faults terminate (Tamagawa and Pollard, 2008). This is due to 
stress concentrations in these areas causing active fracturing 
and, hence, reopening fluid-flow conduits (Curewitz and Kar-
son, 1997). In most of the surveys analysed, however, little to 
no evidence is observed to suggest that such areas might be 
interlinked by natural fractures; instead, they generally appear 
to form isolated fault damage zones. A possible exception is 
the Northern Carnarvon Basin’s Bonaventure survey, which is 
interpreted to host not only fractures surrounding the larger 
faults, but also fractures running between them and through 
relatively undeformed areas (Fig. 15), possibly providing flow 
conduits to link the observed fault damage zones. Additionally, 
these fractures are at the same orientation as—and are likely 
representative of—fractures that appear electrically conductive 
in image logs (and so may be hydraulically conductive; Fig. 11). 
It is likely that these interpreted attribute features represent a 
relatively extensive natural fracture network within the subsur-
face, perhaps extended through the larger area of the offshore 
Carnarvon Basin that shares similar marginal conditions.

What are the main factors controlling fracture 
reactivation in Australian basins?

Natural fractures are formed in response to factors including 
in situ stress, rock strength and pore pressure (Barton, 1976; 
Sibson, 1977; Byerlee, 1978; Brace, 1980; Laubach, 1988; En-
gelder and Oertel, 1985; Bell, 1996; Peacock and Mann, 2005). 
Those same factors control their reactivation and, as such, the 
potential for fracture reactivation can be modelled. Fracture 
reactivation potential plots are polar diagrams of fracture poles 
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to planes, coloured by the pore pressure required to create or 
reactivate the fracture, illustrating how susceptible fractures 
are to failure under a given stress regime (Fig. 16), and relying 
on the same principles as Mohr circles to assess fracture ori-
entations that are likely to be critically stressed (Means, 1976). 
Andersonian faulting theory (Anderson, 1951) states that frac-
tures will form under tension parallel to σ

1
, and in shear at 30° 

from σ
1
; reactivation of existing structures will ideally occur at 

these same orientations. The angle for shear failure and reacti-
vation is dependent on the coefficient of internal friction which, 
while generally assumed to be around 0.6, can vary significantly 
depending on rock composition. Reactivation of fractures can 
therefore occur at various—but not high—angles to σ

1
. The 

generally assumed coefficient of friction value of 0.6, however, 
results in a failure angle of 30°, which has recently been demon-
strated to more likely be 26° from σ

1 
(Healy et al, 2006). Fracture 

reactivation is additionally affected by pore pressure, as fluids 
under pressure within porous rocks alter the way stress interac-
tions occur (Hubbert and Rubey, 1959). Laboratory testing and 
oilfield examples show that rock deformation in porous rocks is 
controlled by effective stresses (i.e. absolute stress minus pore 
pressure) rather than absolute stresses (Sibson, 1996). Pore 
pressure, therefore, alters the stress that a rock experiences, 
shifting the Mohr circle closer to shear failure. The shear and 
normal stress resolved on a plane in a 3D stress field (due to its 

strike and dip) defines how likely that plane is to fail by shear 
due to changes in pore pressure (ΔP

P
). Values of ΔP

P
 are plot-

ted as poles to planes to give a fracture reactivation potential 
plot such as those presented in Figure 16, in which the red ar-
eas illustrate fracture orientations that are optimally oriented 
for reactivation, and so have low ΔP

P
 values. The blue colours 

represent fracture orientations least likely to reactivate, and so 
have high ΔP

P
 values.

Using these idealised relationships, predictions of fracture 
orientations can be made. In a strike-slip fault regime, such as 
those diagnosed for the Northern Perth, Carnarvon and Otway 
basins, σ

1 
= σ

H
 and so new tensile fractures will form parallel 

to sub-parallel to σ
H

 and shear fractures at 26–30° from σ
H

. 
Predicted orientations of newly formed fractures, both tensile 
and shear, for each basin featured in this study are outlined 
in Table 3. Predictions are made based on the present-day in 
situ stress regime identified for each basin (Nelson et al, 2006; 
King et al, 2008; Bailey et al, in review.) Any fractures formed 
at these predicted orientations are potentially formed under 
the present-day stress regime, and so are optimally oriented 
for further activation. While possibly sealed through cementa-
tion or clay smear, their orientation makes it likely that they are 
potentially open to fluid flow, as even small increases in pore 
pressure would result in fracture reactivation. Analysis of these 
predicted fracture orientations next to the observed fracture 
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Figure 16. Potential structural permeability map showing the study areas across the projected maximum horizontal stress azimuths of the Australian Stress Map. Fractures 
identified within each study area are presented on stereoplots as poles to planes, with stereoplots coloured by the pore pressure (ΔP) required to create or reactivate 
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orientations in each basin shows that while there is some cor-
relation between the predicted orientations and those observed 
in image log and seismic attribute data, they do not explain 
all of the dominant fracture trends observed (Table 3; Fig. 16).

A major problem with using the Australian Stress Map alone 
to predict likely fracture orientations within a region is that it 
is designed to give an assessment of present-day stresses, and 
does not map palaeostresses (HIllis et al, 2008). As a result, 
accurate prediction of the orientations of more than a small 
percentage of natural fractures within a basin, if they are due 
to previous stress regimes, is unlikely. Analysis of fracture pat-
terns observed within Australian basins in this study highlights 
the importance of understanding the tectonic development of 
a basin to accurately understand fracture orientations while 
taking into account present-day stresses. 

This is well-demonstrated in the Northern Carnarvon Basin. 
This region features two dominant fracture orientation sets:
1. northeast–southwest to north-northeast–south-southwest 

striking fractures (the majority of which are electrically 
resistive); and,

2. approximately east to west striking fractures (the majority 
of which are electrically conductive).

Set 1 is dominant in the nearshore Exmouth and Barrow sub-
basins, while moving further offshore and towards the conti-
nental margin sees set 2 take-over as the dominant set in the 
Exmouth Plateau and Investigator Sub-basin (Fig. 16). 

Set 1 fractures are associated with the dominant northeast 
to southwest striking structural trend of the basin, and are seen 
in the seismic attribute analysis to be relatively limited in their 
extent to the neighbourhood of large faults at these orientations 
(Figs 13–15). Set 1 fractures are attributed to the two major rift 
stages of the basin: initial Late Carboniferous rifting and further 
Jurassic rifting, both with east–west to northwest–southeast ex-
tension. Compressive events during the Mid-Late Triassic and 
from the Cretaceous to Palaeogene resulted in many of the 
extensional structures being reactivated and inverted to ac-
commodate significant northwest to southeast compression 
(Williams et al, 1989; Hillis et al, 2008). Sibson (1995) shows 
that during basin inversion, such as that experienced in the 
Northern Carnarvon Basin, further sets of fractures with simi-
lar strike orientations are likely to be created, accompanying 
the reactivated faults, alongside horizontal tension fractures 
(which may not be detectable in image logs if bedding paral-
lel). The main loci of inversion are a series of large asymmetric 
antiforms, developed as fault-propagation folds over inverted 
normal faults, located between the Cape Range and Barrow Is-
land (Fig. 11; McWhae et al, 1956; Hocking, 1988; Hillis et al, 
2008; McPherson et al, 2013).

Set 2 fractures are predominately electrically conductive, 
with strikes paralleling the present in situ stress orientation of 
approximately 113°N (Neubauer et al, 2007; Bailey et al, in re-
view), and are observed in the seismic attribute analysis to be 
spread throughout the basin with little association with existing 
structures, particularly in the Bonaventure survey (Fig. 14). As 

such, it is considered that they are likely to have formed under 
present-day stress conditions. Additionally, the offshore areas 
of the Exmouth Plateau and Investigator Sub-basin, where set 2 
fractures are dominant, both show little to no evidence of inver-
sion in the datasets analysed in this study.

Depending on the scale at which fracture information is re-
quired, it can be important to understand not only regional 
structures as outlined previously, but also to understand local 
structure and any influence it exerts over local fracture popu-
lations. The Castle Cove Fault in the Victorian Otway Basin 
(Fig. 17) is a northeast to southwest striking normal fault that 
was inverted into a monoclinal structure during the Miocene 
(Edwards et al, 1996, Tassone et al, 2014). Fracture orienta-
tions at Castle Cove demonstrate a distinct orientation change 
when compared to fractures adjacent to the fault itself; north-
northwest to south-southeast fracture trends in outcrop >150 m 
from the fault give way to northeast to southwest trends as the 
fault is approached (Fig. 17). Given the northeast to southwest 
trend of the Castle Cove Fault, it is likely that fractures adjacent 
to the fault are directly related to either the initial formation of 
the fault or its reactivation, due to their similar orientations; 
however, given that the observed fractures do not have cross-
cut bedding it is also possible they formed during folding of the 
bedding. Changes in fracture density as the fault is approached 
suggest that these fractures may represent a fault damage 
zone that lessons with distance; fracture density changes from 
4.5 fractures per metre adjacent to the fault, to 3.7 fractures per 
metre away from the fault (Chester and Logan, 1986; Shipton 
and Cowie, 2003; Tamagawa and Pollard, 2008).

Are open fractures in image logs actually open 
to fluid flow?

Natural fractures interpreted on resistivity-based image 
logs are generally categorised as being either electrically re-
sistive (sealed with a resistive cement and, hence, closed to 
fluid flow), or electrically conductive (filled with conductive 
drilling muds and, hence, open to fluid flow; Fig. 2). This is 
reinforced through studies that have correlated electrically 
conductive natural fractures with hydraulic conductivity (e.g. 
Barton et al, 1995; Bratton et al, 2006; King et al, 2008). In both 
the Northern Perth Basin and Otway Basin, increased fluid 
flow has been observed in areas identified as hosting large 
numbers of electrically conductive fractures. In the Northern 
Perth Basin this is seen as fluid losses interpreted as drilling 
mud being conducted away from the wellbore by open natural 
fractures (King et al, 2008), and increased fracture densities 
have been demonstrated to correlate to increased gas flows 
in Otway Basin petroleum wells (Tassone et al, 2014). The 
assumption that electrical conductivity on resistivity-based 
image logs equates to hydraulic conductivity of fractures, 
however, may not always be correct. Electrical conductivity 
of fractures could also be explained through the presence of 
electrically conductive fracture fills such as siderite.

Basin Predicted tensile fracture 
strike (parallel–subparallel to)

Predicted shear fracture 
strikes (with strikes between)

Fracture strikes from image 
logs (striking at)

Northern Perth Basin 076 046–226 and 106–286
Conductive fractures at 165–345 

Resistive fractures at 150–330

Northern Carnarvon 
Basin

113 083–263 and 143–323
Conductive fractures at 185–285 

 Resistive fractures at 030–210

Otway Basin 127 097–277 and 157–337
Conductive fractures at 120–300 

Resistive fractures at 090–270

Table 3. Predicted fracture formation based on the diagnosed present-day in situ stress regime and Andersonian faulting theory (An-
derson, 1951), compared to the observed fracture strikes from interpretation of electrical resistivity based image logs.
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Siderite is an iron carbonate that often forms as a fracture-
filling cement in Australian basins, and which has been previ-
ously identified in the three basins presented herein (Zhang 
et al, 2000; Dewhurst and Jones, 2002; Olierook et al, 2014). 
Identifying the presence of siderite in fractures is, however, 
not as simple as looking for electrically conductive fractures 
that are not oriented for reactivation, as it is equally likely such 
fractures could be stress-insensitive fractures (Laubach et al, 
2004). Fractures inferred to be open to fluid flow are also pos-
sibly reactivated by high mud weights during well operations, 
and may not be representative of the fracture away from the 
wellbore. Directly inferring permeability from the interpreta-
tion of fractures on image logs alone is, therefore, not immedi-
ately applicable to far-field fractures.

Given the long and often complex development of most 
Australian basins, a detailed understanding of the influence 
of fracture fills is therefore essential. The SA Otway Basin pro-
vides an example of a setting where fracture fills provide a pri-
mary control over which fractures are able to reactivate under 
in situ stresses, with previous geomechanical studies of fault 
rock properties within the Penola Trough suggesting that some 
fracture fills can be significantly stronger than the surround-

ing host rock due to preferential cementation (Dewhurst et al, 
2002). Reactivation appears to be governed by the level of ce-
mentation that occurs on the fault or fracture plane (Byerlee, 
1978; Barton et al, 1995; Morris et al, 1996; Castillo et al, 2000; 
Wiprut and Zoback, 2000; Dewhurst et al, 2002). Fault strength 
can increase above that of the host lithology through significant 
cementation, resulting in the creation of new fractures within 
the host rock, rather than reactivation of existing fractures, 
due to deformation from reactivation being preferentially par-
titioned into the weaker host sediments (Dewhurst and Jones, 
2002; Dewhurst et al, 2002; Tenthorey et al, 2003; Tenthorey 
and Cox 2006). 

The likelihood that a fracture is reactivated under changing 
effective stresses, therefore, depends not only on the fracture’s 
orientation within the stress field, but also the nature of how 
that fracture is sealed. It is these strengthened fractures that 
are likely to be represented in fracture reactivation plots as 
optimally oriented resistive fractures (Fig. 16). Non-optimally 
aligned hydraulically conductive fractures, where they can be 
separated from those with a conductive mineral fill, constitute 
another example of fractures rendered stress insensitive (De-
whurst and Jones, 2002; Laubach et al, 2004; Bailey et al, 2014). 
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Figure 17. North facing photograph of the orthogonal fracture relationship to monoclinal folding of the Eumeralla Formation adjacent to the Castle Cove Fault in the Victo-
rian Otway Basin. Structural data measured at the site is presented as rose diagrams showing fracture strike and stereoplots showing dip and dip direction. On stereoplots, 
fractures are represented as both great circles and poles to planes; black dots represent closed fractures and unfilled black squares represent open fractures. Distal fractures 
are approximately 173 m from the fault, and fractures measured proximally are approximately 14 m from the fault. 
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Similar fractures have likely been observed in several previous 
studies, where electrically resistive fractures have been identi-
fied in orientations optimally aligned for reactivation and elec-
trically conductive fractures have been observed at orientations 
not optimally aligned (King et al, 2008; Bailey et al, 2012; 2014).

Siderite can be identified at reservoir depths through analy-
sis of available core (Fig. 8C), and potentially inferred through 
mapping of outcropping analogues (Fig. 18C). A possible cor-
relation is established in SA’s Penola Trough, where many frac-
tures that have been interpreted as electrically conductive plot 
in areas of low reactivation likelihood on calculated fracture 
reactivation potential plots (Fig. 16). Analysis of Otway Basin 
core illustrates that open fractures are rarer than image logs 
would suggest; only 20% of observed fractures were seen to be 
open in core, whereas on image logs 53% of fractures were in-
terpreted as being open (Table 1). This is inferred to be a result 
of the presence of numerous fractures in core that have been 
interpreted as containing siderite cements, resulting in an asso-
ciated increase in the occurrence of electrically conductive frac-
tures within image logs (Fig. 8C; Bailey et al, 2014). This is not 
wholly unexpected, as siderite has previously been observed 
in Penola Trough reservoir sands as concretions (Gregory et 
al, 1989; McKirdy and Chivas, 1992; Dewhurst and Jones, 2002; 
Watson et al, 2004), and as an authigenic fracture fill (Dewhurst 
and Jones, 2002). While this suggests that siderite is likely to 
be relatively common as a fracture fill throughout the Penola 
Trough, observation of analogous Otway Group sediments that 
outcrop in the Victorian Otway Basin suggest that it may be 
pervasive throughout much of the basin.

Natural fractures recorded in outcrop of the Otway Group 
identifies siderite as a common fracture fill; 28% of all identi-
fied fractures observed were sealed with a siderite cement, a 
larger proportion than was seen in core from the SA Otway Ba-
sin (Tables 1 and 4). Additionally, many fractures that appear to 
be open at the surface are heavily weathered and so may simply 
be misinterpreted (Fig. 18A), and many more feature hardened 
iron-rich alteration halos (Fig. 18C). It is inferred from these 
halos that the fractures must have once transported iron-rich 
fluids. While they appear open at the surface, they may in fact 
be sealed by iron-rich cements such as siderite at depth. In the 
Victorian Otway Basin, the majority of siderite filled fractures 
are optimally aligned for reactivation within the in situ stress 
field, although they remain closed to fluid flow (Fig. 16).

Northern Perth Basin fractures can also be identified in both 
image logs and core. Previously, large proportions of electrically 
conductive fractures have been identified as being potentially 
open to fluid flow (King et al, 2008; Bailey et al, 2012). Analy-
sis of available core gives similar clues as in the Otway Basin; 
recent studies of Perth Basin core demonstrate that many of 
the fractures identified are filled with siderite cements, and so 
are likely to be closed to fluid flow while remaining electrically 
conductive (Olierook et al, 2014). The Carnarvon Basin, though 
no core was analysed in this study, is also likely to host siderite 
as a fracture filling mineral. There is evidence of siderite as a 
reservoir cement (Zhang et al, 2000; Schulz-Rojahn et al, 2003; 
Dewhurst and Hennig, 2003; Tenthorey et al, 2009; Roche et al, 
2010), and it has been proposed that altered carbon isotope 
ratios seen in gas reservoirs are due to siderite precipitation, 
as gas fractionation pathways closely parallel known distilla-
tion curves for siderite (Tenthorey et al, 2009). Hence, siderite 
is likely as a fracture fill in the Carnarvon Basin, though the 
extent to which it affects the natural fractures interpreted in 
this study is unknown.

Given the extent of siderite cementation seen in the Otway 
Basin and the Northern Perth Basin, and the likelihood of sider-
ite forming as a fracture filling cement in the Carnarvon Basin, 
it is likely that a portion of the fractures identified on image 

logs as being electrically conductive, and which have previously 
been characterised as hydraulically conductive, are in fact not 
open to fluid flow despite being electrically conductive. Siderite 
cementation may result in the inaccurate description of many 
of these fractures, both for those which are optimally oriented 
for reactivation and those that are not as being hydraulically 
conductive. As evidenced by fluid losses observed in the North-
ern Perth Basin (King et al, 2008), gas shows in the Otway Basin 
(Tassone et al, 2014), and previous research (Barton et al, 1995), 
there, however, remains a strong correlation between hydraulic 
conductivity and electrical conductivity on electrical resistivity 
image logs. Thus, care must be taken when using image logs 
for fracture characterisation, as over-reliance on image logs 
alone for fracture characterisation and a related assumption 

Figure 18. Fractures observed in an outcrop of Otway Group sediments in the 
Victorian Otway Basin: (A) heavily weathered fractures that appear open at the 
surface and lack any visible evidence of fracture fills, but which may preserve 
fills below oceanic detritus; (B) hardened calcite filled fractures preferentially 
weathering; and, (C) hardened iron-rich halos surrounding both siderite filled 
and open fractures.
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of structural permeability may lead to misdiagnosis of fracture 
character. Electrical resistivity image logs on their own cannot 
be relied on to diagnose whether a fracture is likely to be open 
to fluid flow (Bailey et al, 2014). Such logs should be interpreted 
alongside either physical samples of fractures from core or out-
crop, or a detailed understanding of basin history and likely 
fracture fills. An assessment on the likelihood of siderite (or 
other electrically conductive cements) having formed as frac-
ture fills needs to be made before assuming hydraulic conduc-
tivity of natural fractures based on their electrical character in 
image logs.

CONCLUSIONS

In this paper the authors demonstrate that it is possible to 
map fracture patterns, fracture distributions and fracture net-
works, and that some of these potentially function as perme-
ability networks. This is achieved through an integrated geo-
logical and geophysical approach making use of wellbore image 
log data, 3D seismic attribute analysis, and observations of both 
core and outcrop. This, however, is not a process that results in 
a one-size-fits-all model. Each basin is seen to be different, with 
different controls on both the initial formation of fractures and 
which fractures are likely to be open to fluid flow at the pres-
ent day. Additionally, it is seen that fracture reactivation can 
become complex, with stimulation of existing fractures being 
unlikely due to fracture fills rendering existing fractures stress 
insensitive. Hence, it is important that each basin be considered 
in isolation using the data that is available to make an inde-
pendent assessment. The techniques outlined herein represent 
an effective method by which structural permeability can be 
assessed with various levels of data availability, from predomi-
nately using image logs supported by 3D seismic to performing 
a basin-wide assessment using image logs, 3D seismic, core 
and outcrop studies. 

Due to the number of variables involved in the formation 
of natural fractures, it is unlikely that their orientation can be 
mapped in as simple a manner as the Australian stress field, 
which is largely controlled by the first-order stresses exerted 
on the Indo-Australian plate in its interactions with surround-
ing tectonic plates (Fig. 16; Hillis and Reynolds, 2000). The 
formation, preservation and reactivation of natural fractures 
within Australian sedimentary basins appears to be subject 
to more than a single primary control depending on location, 
structural development, fracture fills, lithology and proximity 

to local structures. Fracture orientations are, therefore, not able 
to be represented in any detail on a continental scale, as these 
factors will change from basin to basin and, as demonstrated, 
even within basins.

A general overview of the dominant fracture orientations 
presented with respect to the in situ stress regime for each basin 
was presented in a simple form at a continental scale (Fig. 16), 
but should be considered as a guide only, with more detailed 
assessment of fracture sets based on the basin, or finer-scale 
data presented both in this paper and in the studies referenced 
herein (King et al, 2008; Bailey et al, 2012; 2014; in review).
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5 Conclusions 

The research, results and conclusions described within each paper in this thesis integrate 

facets of petroleum geology, geophysics, and geomechanics in order to provide a better 

understanding of secondary, structural permeability within the subsurface of several energy-

rich Australian basins. This is then integrated in the final paper, “Defining structural 

permeability in Australian sedimentary basins” into an initial attempt to draw inferences for 

fracture formation, reactivation, and potential contribution to fluid flow with regards to current 

understanding of in-situ stresses on a continental scale. Therefore, this thesis constitutes the 

first attempt at generating a database of fracture properties for Australian sedimentary basins. 

Studies undertaken in this thesis are primarily focussed on the Otway Basin of South Australia 

and the Carnarvon Basin of Western Australia’s North West Shelf, as these basins provide ideal 

natural laboratories for studying natural fractures, as they are relatively mature petroleum 

basins with well-understood geological development and good quality well and seismic data. 

Knowledge of the in-situ stress field is essential in petroleum basins, as it exerts a prime 

control over seal integrity, fracture stimulation, wellbore stability, and fluid flow. Importantly, 

in-situ stresses exert a prime control over the generation, reactivation, and propagation of 

natural fractures, and so must be well understand in order to properly characterise these 

features. Wellbore geophysical data collected during petroleum exploration has proven 

invaluable in constraining crustal stress orientations in continental regions, however, 

geomechanical analysis of this data does not always agree with neotectonic evidence and 

contemporary seismicity. Leak-off tests (LOT) performed during drilling operations have 

traditionally been assumed to be directly measuring the minimum principle stress magnitude 

(σ3), however, this assumption has recently been demonstrated to be incorrect. A new LOT 

interpretation method, where LOTs are assessed to be reactivating existing shear fractures in 

the wellbore wall rather than creating new tensile fractures (Couzens-Schultz and Chan, 2010), 

is applied to wells drilled in the Carnarvon Basin. When compared to traditional interpretations 

of LOT data, this produces two possible stress regimes. A comparison of these interpreted 

stress regimes to neotectonic evidence illustrates that the new LOT interpretation methods 

provide a stress regime interpretation that not only makes sense in light of neotectonic 

evidence, but which reconciles the geomechanical and geological datasets. This yields stress 

data that is likely to provide more accurate assessments of fracture reactivation. 
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 This thesis demonstrates that fracture patterns, fracture distributions and fracture 

networks can be accurately mapped using existing petroleum industry data, providing 

information on possible sub-surface permeability. This is achieved through an integrated 

geological and geophysical approach making use of wellbore image log data, 3D seismic 

attribute analysis, and observations of both core and outcrop. However, this thesis highlights 

that this approach is not a one-size-fits-all model, each basin analysed is seen to host fractures 

with differing controls over both the initial formation of fractures and which fractures are likely 

to be open to fluid flow at the present day.  

 Investigation of the studied basins addresses three significant scientific questions: 1) 

Can 3D seismic attributes be used to identify natural fractures in the subsurface beyond the 

wellbore? 2) What are the main factors controlling fracture reactivation in Australian basins? 

And, 3) Are electrically conductive fractures in image logs actually open to fluid flow? 

 Attributes applied to dip-steered, median filtered, 3D seismic data in the South 

Australian Otway, Northern Carnarvon, and Northern Perth basins identifies distinct natural 

fabrics that are likely to represent sub-seismic amplitude scale faults and fractures. These are 

generally well-represented as zones of discontinuity (similarity attribute), linear ridge features 

(ridge enhancement attribute), and as prominent curvature lineations (most positive and most 

negative curvature attributes) that are demonstrated to occur at the same orientations as natural 

fractures identified on image logs. Comparison of a seismic attribute pseudo-log of the 

Balnaves-1 wellbore in the Otway Basin shows a strong relationship between attribute 

identified features and interpreted natural fractures, predicting fracture orientations for image 

intervals where fracture interpretation is not possible. This correlation suggests that fabrics 

identified using seismic attributes can, therefore, be used as a guide to the extent and potential 

connectivity of natural fractures through a basin’s subsurface. 

 Natural fractures are formed, and reactivate, in response to factors including in-situ 

stress, rock strength and pore pressure. However, it is seen that fracture reactivation can 

become complex, and depend not only on the in-situ stress regime, but also fracture fills, as 

well as proximity to local and regional structures. The South Australian Otway Basin provides 

an example of a setting where fracture fills provide a primary control over which fractures are 

able to reactivate under in-situ stresses, with previous geomechanical studies of fault rock 

properties within the Penola Trough suggesting that some fracture fills can be significantly 

stronger than the surrounding host rock due to preferential cementation. Hence, deformation is 
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preferentially partitioned into the host rock, creating new fractures rather than reactivating 

existing flaws. Comparison of predicted fracture orientations from interpreted stress regimes 

with interpreted fracture orientations in each basin shows that while there is limited correlation, 

predictions do not explain all of the dominant fracture trends observed. Structural features 

present within the basin are demonstrated to exert distinct control over fracture orientations, 

with fractures forming parallel to structures such as the inversion features of the inboard 

Carnarvon Basin and aligning with local faults in the Rankin Platform as well as at Castle Cove 

in the Otway Basin. In areas devoid of such features, such as the outboard Carnarvon Basin, 

fractures occur parallel to sub-parallel to the maximum horizontal in-situ stress. Hence, it can 

be important to understand not only regional structures, but to also understand local structure 

and any influence it may exert over local fracture populations. 

Image log identified natural fractures interpreted as being electrically conductive are 

generally assumed to be open to fluid flow. However, Otway Basin core shows open fractures 

are rarer than image logs indicate. This is interpreted as being due to the presence of fracture 

filling siderite; an iron-carbonate mineral which may cause fractures to appear hydraulically 

conductive in image logs. Siderite has been identified in the three basins studied in this thesis, 

with evidence for it occurring as a fracture filling cement. In the South Australian Otway Basin, 

many fractures interpreted as being electrically conductive are predicted to have very low 

reactivation potential. This coupled with the reduced frequency of open fractures in studied 

core intervals, the presence of siderite fills in that core, and the observation of pervasive 

fracture filling siderite in the Victorian Otway Basin, implies that many image log interpreted 

fractures are likely to electrically conductive due to a siderite fill rather than by being open to 

fluid flow. However, correlations between electrically conductive fractures and hydraulic 

conductivity do exist. In order to conclusively demonstrate that an electrically conductive 

fracture is open to fluid flow, fluid losses should be observed at fracture depths. 

The techniques outlined herein represent an effective method by which structural 

permeability can be assessed with various levels of data availability. However, it is important 

that each basin be considered in isolation using available data to make an independent 

assessment, taking into account tectonic development, in-situ stress regime, and fracture fill 

history. Due to the number of variables involved in the formation of natural fractures, it is 

unlikely that their orientation can be mapped in as simple a manner as the Australian stress 

field, which is largely controlled by the first-order stresses exerted on the Indo-Australian plate 

in its interactions with surrounding tectonic plates. Formation, preservation and reactivation of 
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natural fractures within Australian sedimentary basins appears to be subject to more than a 

single primary control depending on location, structural development, fracture fills, lithology 

and proximity to local structures. A general overview of the dominant fracture orientations 

with respect to the in-situ stress regime for each basin is presented in a simple form at a 

continental scale.  
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ABSTRACT

Understanding natural fracture networks has increasingly 
been recognised as an important factor for the prospectivity 
of a geothermal play, as they commonly exert a prime con-
trol over permeability at depth. The onshore Northern Perth 
Basin provides a good example of how fracture stimulation, 
and subsequent enhancement of the structural permeability, 
during hydrocarbon production can enhance flow rate from 
original tight gas reservoirs. Low primary porosity and per-
meability values have been initially recorded in the Northern 
Perth Basin due to silica-rich groundwater infiltration and 
consequent quartz cementation.

Geothermal energy prospectivity in the region will there-
fore depend heavily on similar engineering techniques or 
on the presence of secondary permeability due to intercon-
nected natural fractures. The existence and extent of these 
natural fractures are verified in this study through an inte-
grated analysis of geophysical logs (including wellbore image 
logs), wells tests, and 3D seismic data.

Wellbore image logs from 11 petroleum wells in the North-
ern Perth Basin are used to identify borehole failure (such as 
borehole breakout and drilling-induced tensile fractures) to 
give a present-day maximum horizontal stress orientation 
of N076°E (with an s.d. of 13°). Density logs and leak off tests 
from 13 petroleum wells are used to constrain the present-
day stress magnitudes, giving a transitional strike-slip fault 
to reverse-fault stress regime in the Northern Perth Basin.

870 fractures are identified in image logs from 13 petroleum 
wells in the Northern Perth Basin, striking roughly north to 
south and northwest to northeast. Fractures aligned in the 
present-day stress field are optimally oriented for reactiva-
tion, and are hence likely to be open to fluid flow. Electrically 
resistive and conductive natural fractures are identified on 
the wellbore image logs. Resistive fractures are considered to 
be cemented with electrically resistive cement (such as quartz 
or calcite) and thus closed to fluid-flow. Conductive fractures 
are considered to be uncemented and open to fluid-flow, and 
are thus important to geothermal exploration. Fracture sus-
ceptibility diagrams constructed for the identified fractures il-
lustrate that the conductive fractures are optimally oriented for 
reactivation in the present-day strike-slip fault to reverse-fault 
stress regime, and so are likely to be open to fluid flow. This is 
reinforced by the correlation of drilling fluid loss and conduc-
tive natural fractures in three wells in the Northern Perth Basin.

To gain an understanding of the extent and intercon-
nectedness of these fractures, it is necessary to look at more 
regional data, such as 3D seismic surveys. It is, however, 
well-documented that fault and fracture networks like those 
generally observed in image logs lie well below seismic am-
plitude resolution, making them difficult to observe directly 
on amplitude data. Seismic attributes can be calculated to 
provide some information on sub-seismic scale structural 
and stratigraphic features. Using a 3D seismic cube acquired 
over the Dongara North gas field, attribute maps of complex 
multi-trace dip-steered coherency and most positive curva-
ture were used to document the presence of natural fractures 
and to best constrain the likely extent of the fracture network. 
The resulting fracture network model displays relatively 
good connectivity, which is likely to extend across much of 
the basin. These optimally oriented fractures are therefore 
likely to form a secondary permeability network throughout 
the cemented sediments of the Northern Perth Basin, offering 
potential deep fluid flow conduits, which may be exploited for 
the production of geothermal energy.

KEYWORDS

Australia, Northern Perth Basin, Perth Basin, geothermal, 
seismic attributes, curvature, image logs, fractures, natural 
fracture network.

INTRODUCTION

Declining conventional hydrocarbon reserves and an in-
crease in sustainability concerns have resulted in exploration 
efforts in Australian basins shifting from a purely conventional 
hydrocarbon focus to include unconventional energy sources. 
The Northern Perth Basin (NPB) (Fig. 1) is a prime example 
of this, with several companies actively exploring for suitable 
locations to site a geothermal facility.

Geothermal plays in the NPB are considered to be hot sedi-
mentary aquifer type, and so are reliant on subsurface perme-
ability. It is well documented that deep sediments of the Perth 
Basin feature low primary porosity and permeability due to 
silica-rich groundwater infiltration, leading to quartz cemen-
tation of the sedimentary matrix (Tupper et al, 1994; Cadman 
et al, 1994). Fluid flow is known to have occurred in the region, 
however, as hydrocarbon migration zones have been identi-
fied in the Irwin River Coal Measures and Dongara Sandstone 
intervals of several wells (Kempton et al, 2011). Therefore, per-
meability networks are likely to exist, most probably through 
secondary permeability in the form of hydraulically permeable 
faults and fractures (both new and reactivated). Identifying and 
locating these features becomes vital to subsequent production. 
A recent analysis by King et al (2008) has shown potentially 
hydraulically open fractures striking roughly north-northwest, 
about the same orientation as the large normal faults that de-
fine the basin’s dominant structural trend. 

This paper aims to further define the natural fracture net-
work in the NPB subsurface. This will be done by using an in-

INTEGRATION OF STRUCTURAL, STRESS, AND 
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NETWORKS THROUGH DEEP CEMENTED SEDIMENTS 

IN THE NORTHERN PERTH BASIN

Lead author
Adam
Bailey



456—APPEA Journal 2012

A.H.E. Bailey, R.C. King and G. Backé

PERTH
BASIN

N
R

A
G

LI
Y

N
O

T
A

R
C

Northampton
Complex

CONTINENTAL
OCEAN

BOUNDARY

Abrolhos

Sub-basin

CARNARVON
BASIN

ONSHORE
NORTHERN
PERTH BASIN

32°00’S

30°00’S

28°00’S

AUSTRALIA

A 113°00’E 115°00’E

113°00’E 115°00’E

29°30’S

29°10’S

29°20’S

115°00’E

M
ou

n
tain

 B
rid

g
e Fau

lt

B
eharra

Fau
lt

s
g

ni
r

p
S

Allanooka Fault

115°15’E

Corybas-1

Hakia-1

Senecio-1

Yardarino-6
Dongara-35

Lockyer-1

Beharra Springs South-1

Snottygobble-1

Agonis-1Apium-1Hovea-3

Eremia-2
Centella-1

Xyris-1
Xyris South-1

Well Location

Major Regional Fault

Local Fault

Area of 3D Seismic Dataset

150°C Isotherm Basement Intercept

150°C Isotherm at 3500 m Depth

0 10 km

N

C Location of Cross Section

Jurien Bay
B
eag

le

R
ID

G
E

TE
R
R
A
C
E

G
R
EEN

O
U
G
H

S
H
ELF

IR
W

IN

TER
R
A
C
E

YA
R
R
A
 YA

R
R
A

TE
R
R
A
C
E

N
O

T
R

E
B

R
A

B
E

C
A

R
R

E
T

ALLANOOKAHIGH

M
U
LLIN

G
A
R
R
A

IN
LIE

R

115°30'E115°00’E

30°00’S

30°30'S

29°30'S

116°00’E29°00’S

D
A
N
D

A
R
A
G

A
N
 

TR
O

U
G

H

C
A
D

D
A
 

T
E
R
R
A
C
E

?

?

?
?

?

INDIAN
OCEAN

TE
R
R
A
C
E

D
O

N
K
E
Y C

R
E
E
K

Transfer fault

B
EH

A
R
R
A
  S

PR
IN

G
S

20 km

Fault showing
downthrow direction

tl
ua

F 
ae

hc
u

M

Cervantes

Transfer

S
ystem

tl
ua

F

C
o
o
m

allo
 

Fau
lt

Transfer

Fau
lt

Fault

Fau
lt

M
ou

n
tainB

ridge

Abrolhos
Fau

lt

U
rella

Allanooka

D
arlin

g

B
E
A
G

LE

DONGARA 
TERRACE

C
O

O
M

A
LLO

         T
R
O

U
G

H
E
n
eab

b
a

tl
ua

F

STUDY
 AREA

B

X X’

PERTH
BASIN

N
R

A
G

LI
Y

N
O

T
A

R
C

Northampton
Complex

CONTINENTAL
OCEAN

BOUNDARY

Abrolhos

Sub-basin

CARNARVON
BASIN

ONSHORE
NORTHERN
PERTH BASIN

32°00’S

30°00’S

28°00’S

AUSTRALIA

A 113°00’E 115°00’E

113°00’E 115°00’E

29°30’S

29°10’S

29°20’S

115°00’E

M
ou

n
tain

 B
rid

g
e Fau

lt

B
eharra

Fau
lt

s
g

ni
r

p
S

Allanooka Fault

115°15’E

Corybas–1

Hakia–1

Senecio–1

Yardarino–6
Dongara–35

Lockyer–1

Beharra Springs South–1

Snottygobble–1

Agonis–1Apium–1Hovea–3

Eremia–2
Centella–1

Xyris–1
Xyris South–1

Well location

Major regional fault

Local fault

Area of 3D seismic dataset

150°C isotherm basement intercept

150°C isotherm at 3,500 m depth

0 10 km

N

C Location of cross section

Jurien Bay
B
eag

le

R
ID

G
E

TE
R
R
A
C
E

G
R
EEN

O
U
G
H

S
H
ELF

IR
W

IN

TER
R
A
C
E

YA
R
R
A
 YA

R
R
A

TE
R
R
A
C
E

N
O

T
R

E
B

R
A

B
E

C
A

R
R

E
T

ALLANOOKAHIGH

M
U
LLIN

G
A
R
R
A

IN
LIE

R

115°30'E115°00’E

30°00’S

30°30'S

29°30'S

116°00’E29°00’S

D
A
N
D

A
R
A
G

A
N
 

TR
O

U
G

H

C
A
D

D
A
 

T
E
R
R
A
C
E

?

?

?
?

?

INDIAN
OCEAN

TE
R
R
A
C
E

D
O

N
K
E
Y C

R
E
E
K

Transfer fault

B
EH

A
R
R
A
  S

PR
IN

G
S

20 km

Fault showing
downthrow direction

tl
ua

F 
ae

hc
u

M

Cervantes

Transfer

S
ystem

tl
ua

F

C
o
o
m

allo
 

Fau
lt

Transfer

Fau
lt

Fault

Fau
lt

M
ou

n
tainB

ridge

Abrolhos
Fau

lt

U
rella

Allanooka

D
arlin

g

B
E
A
G

LE

DONGARA 
TERRACE

C
O

O
M

A
LLO

         T
R
O

U
G

H
E
n
eab

b
a

tl
ua

F

STUDY
 AREA

B

X X’

Figure 1. (A) Regional map of the Perth Basin, showing position in Australia and in relation to the Yilgarn Craton and the Canarvon Basin, as well as the location of the NPB 
(map B). (B) The tectonic elements of the NPB as described by Mory and Iasky (1996), showing large-scale regional faults and the position of cross section X–X’, with the 
study area highlighted. (C) The NPB study area is located roughly in between the 150°C isotherm basement intercept and the 150°C isotherm at 3,500 m, as this is where 
temperatures are thought to be suitable for geothermal uses. The location of each well is illustrated in relation to local structural features and the location of the 3D seismic 
dataset. A and B adapted from Mory and Iasky (1996).
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tegrated process where image logs and other well data will be 
analysed to determine the in-situ stress field (both magnitude 
and orientation), and the extent and orientation of natural frac-
tures at depth. The propensity for pre-existing natural fractures 
to be open—and therefore, hydraulically conductive under con-
ditions prescribed by the in-situ stress field—will be assessed to 
determine the likelihood of natural fractures providing second-
ary permeability in deeper cemented sediments in the NPB. 
The existence and extent of these fracture networks will then be 
confirmed through an attribute-based analysis of a 3D seismic 
dataset of the Dongara North Gas Field.

GEOLOGICAL SETTING

The Perth Basin is an elongate north–south-trending rift 
basin covering ~172,000 km2 both onshore and offshore on the 
south coast of WA (Fig. 1A) (Cadman et al, 1994). It stretches 
~1,300 km from the Southern Carnarvon Basin in the north to 
the Bight Basin in the south (Fig. 1A) (Cadman et al, 1994; King 
et al, 2008). The eastern limit is defined by the north–south-
striking Darling Fault, and the basin extends west from there 
to its western limit at the continental shelf edge (Fig. 1A) (Cad-
man et al, 1994; Mory and Iasky, 1996). Of this area, the on-
shore Perth Basin occupies 45% and is composed of numerous 
troughs, ridges, terraces, and sub-basins (Fig. 1B) (Hall, 1989; 
Mory and Iasky, 1996).

The NPB is an arbitrary term that has been used in sever-
al studies in reference to the part of the basin that lies above 
30–31°S (Hall, 1989; Mory and Iasky, 1996; Song and Cawood, 
1999; King et al, 2008). This imaginary line is exactly that, and 
each study uses differing criteria for what is considered to be 
the southern limit of the NPB. For this study, however, it will 
simply be defined as the area of the Perth Basin north of the 
Cervantes Transfer Fault (Fig. 1B).

The Perth Basin represents a late Palaeozoic to Mesozoic 
intra-cratonic rift basin, situated between the West Australian 
Shield and Greater India, and is one of a series of basins (includ-
ing the Karoo Basin of South Africa and the Gondwana basins of 
India) thought to have been formed as a result of intraplate stress 
from convergence along the Panthalassa margin of Gondwana 
(Harris, 1994; Song and Cawood, 1999, 2000). Two main phases 
of rifting in the Permian and Jurassic have been recognised in 
onshore and offshore segments of the basin, and account for 
overall structural complexity. The younger event corresponds 
to the final rifting and break-up of Gondwana (e.g. Australia 
and Greater India) (Mory and Iasky, 1996; Quaife et al, 1994; 
Song and Cawood, 2000). The initial architecture of the basin 
was established under north to south extension between Greater 
India and west Australia in the Permo-Triassic, which resulted 
in the formation of east–west-striking normal faults (Figs 1B 
and 1C) (Iasky and Mory, 1993; Harris, 1994; Song andCawood, 
1999, 2000). A second rift stage occurred during the end Tri-
assic to Early Jurassic, producing dextral displacement with a 
large normal component on many northwest–southeast-striking 
structures, and normal displacement on north–south and north-
northwest to south-southwest-striking faults. This established 
the main structural architecture of the present-day basin (Figs 1C 
and 2) (Mory and Iasky, 1996). Extension in the basin culminated 
with the separation of Greater India in the Late Jurassic, and was 
followed by north to south compression during the Early Creta-
ceous. This resulted in the formation of large conjugate strike-
slip faults and minor thrusting (Fig. 1B) (Iasky and Mory, 1993; 
Cadman et al, 1994; Harris, 1994; Song and Cawood 1999, 2000).

Sedimentary rocks overlying the Archean and Proterozoic 
basement are Siluriun to Pleistocene in age (Iasky and Mory, 
1993; Crostello, 2001). The Permian rift sediments have been 
the target of extensive petroleum exploration, primarily target-

ing the Dongara Sandstone, Irwin River Coal Measures, Caryn-
ginia Formation, and the Kockatea Shale. The petroleum wells 
analysed in this paper are drilled into these Permian rift rocks.

DATA
The NPB has been a locus of petroleum exploration since 

the 1940s, with more than 200 exploration and production wells 
being drilled since then. Many of these wells feature full suites 
of image and geophysical logs, providing the data necessary 
to analyse not only stress regimes, but also natural fractures 
in the subsurface. Previous analysis by King et al (2008) took 
advantage of several of these wells, both onshore and offshore, 
and this study analyses another 13 wells featuring image logs 
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Figure 2. Regional cross section of the NPB (Crostella, 1995)



458—APPEA Journal 2012

A.H.E. Bailey, R.C. King and G. Backé

from the onshore NPB for stress and fracture interpretations. 
The Dongara North 3D seismic survey has been chosen due 
to its relatively good quality and its location in the basin. The 
survey covers one of a series of large north-northwest to south-
southeast-striking second stage rift faults (the Mountain Bridge 
Fault) and shows both the uplifted hangingwall sediments 
(which includes the Dongara Gas Field) and the downthrown 
sediments to the east of the fault, which are characteristic of 
much of the basin. Investigation of the natural fractures in this 
3D seismic cube should therefore bring representative con-
straints to the natural fracture network of the NPB.

PROCESS AND RESULTS

Stress

Image logs and conventional wireline logs are routinely 
acquired when drilling petroleum wells, as they provide data 
on subsurface conditions, including the local stress field (Bell, 
1990). There are various tools that record image logs available 
to logging companies, the most common being the Formation 
MicroScanner (FMS) and Formation MicroImager (FMI) (Chen 
et al, 1987; Donselaar et al, 2005, Schlumberger, 2011). Both 
FMI and FMS tools are electrical resistivity tools that are used 
with water-based drilling muds (Donselaar et al, 2005; Harker 
et al, 1990; Luthi, 2001; Serra, 1986). These tools function by 
monitoring the contact resistance of an array of electrodes 
pushed against the wellbore wall, and the data recorded can 
be processed to give a continuous vertical pseudo-image for 
the desired interval of wellbore wall. This makes it possible to 
obtain direct information on the distribution and orientation of 
fractures at depth, as well as allow the identification of wellbore 
failure—such as borehole breakout (BO) and drilling-induced 
tensile fractures (DITF) (Zoback, 2007).

The three principle stresses (s
1
, s

2
, and s

3
) can be resolved 

into one vertical stress (s
V
) and two horizontal stresses—a max-

imum (s
H

) and a minimum (s
h
) (Anderson, 1951). The stress 

tensor in a sedimentary basin is defined by the magnitude of 
the three stresses and the orientation of s

H
 (Bell, 1996a, 1996b; 

Zoback, 2007).
The s

H
 orientation can be deduced from wellbore failure 

observed on caliper logs or image logs. The stress magnitudes 
can be obtained either directly from well tests and log data (i.e. 
s

V
 and s

h
), or indirectly with proven mathematical relationships 

(i.e. s
H

) (Bell, 1996a, 1996b; Zoback, 2007; Gjonnes et al, 1998; 
King et al, 2008).

MAXIMUM HORIZONTAL STRESS ORIENTATION

Wellbore image logs were used to obtain the s
H

 orientation 
through interpretation of borehole failure observed on image 
logs, such as BOs and drilling DITFs (Bell, 1996a, 1996b). 

Borehole BOs are an elongation of the borehole. This elonga-
tion occurs when the maximum circumferential stress exceeds 
the compressive rock strength at the wellbore wall, causing con-
jugate shear fractures to form and two opposing (separated by 
180°) zones to spall into the wellbore (Fig. 3) (Kirsch, 1898; Bell, 
1996a, 1996b; Zheng, 1989). Circumferential stress is a func-
tion of the magnitudes and anisotropy of s

H
 and s

h
, and so the 

maximum circumferential stress occurs perpendicular to the 
orientation of in-situ s

H
 (Fig. 3) (Kirsch, 1898; Bell and Gough, 

1979; Zheng, 1989; Bell, 1996a, 1996b; Zoback, 2007). Thus, 
BOs occur parallel to s

H
. On image logs, BOs generally occur 

as broad, poorly-resolved, and highly conductive areas that are 
separated by 180° (Fig. 4C). 

DITFs are discontinuous vertical fractures that propagate in 
the tensile region of the borehole wall (Figs 3 and 4). They form 

when the minimum circumferential stress becomes negative 
(or tensile) and exceeds the tensile rock strength (Fig. 3) (Brudy 
and Zoback, 1999; Peśka and Zoback, 1995). A significant differ-
ence between the two horizontal stresses is required for DITFs 
to form in a well (Zoback, 2007). DITFs can only be observed in 
image logs as they are narrow features, unable to propagate any 
significant distance from the wellbore wall, and so accordingly 
have no measurable effect on drilling or caliper logs (Fig. 4B) 
(Zoback, 2007; Brudy and Zoback, 1999; Peśka and Zoback, 
1995). When observed in resistivity image logs, DITFs appear 
as pairs of vertically (or near vertical) dipping electrically con-
ductive fractures, distinguishable from natural fractures due to 
their discontinuous (non-sinusoidal) nature (Fig. 4B) (Barton et 
al, 1998). Additionally, DITFs are usually a much more jagged 
feature than natural fractures, often featuring numerous jogs 
and kinks along their length (Brudy and Zoback, 2007). It is 
possible for DITFs to form as one-winged features, where only 
one side of the wellbore exhibits a fracture (Barton et al, 1998).

Mean regional s
H

 orientations in the NPB have previously 
been reported as roughly east to west, with Reynolds and Hillis 
(2000) reporting a value of N108°E from HDT logs, and King et 
al (2008) reporting a value of N084°E from image log interpre-
tations.

In this study, 365 BOs and 81 DITFs were identified in 
13 image logs using the JRS Suite© software (JRS, 2011), and 
ranked using the World Stress Map Project (WSM) quality cri-
teria (Table 1) (Heidbach et al, 2010). The original WSM classifi-
cation scheme established in Zoback (1992) defines A–C quality 
indicators as providing reliable s

H 
orientations for plate-scale 

stress analysis, whereas D–E quality indicators are thought to be 
unreliable; however, recent studies have shown D quality indi-
cators can provide reliable estimates of s

H 
orientations for ba-

sin-scale investigations (Tingay et al, 2005; King et al, 2010). In 
the NPB, A–C quality indicators yield a s

H
 orientation of N075° 

while D quality indicators deliver a s
H

 orientation of N081°E. 
The similarity between the two s

H
 orientations obtained indi-

cates D quality stress indicators in the NPB are a reliable in-
dicator of s

H
 orientation. For the remainder of this paper, s

H
 

orientations will be inclusive of all A–D quality indicators.
In this study, five wells have B quality s

H
 orientations from 

BO interpretation, with five more being of C quality, one D qual-
ity, and the remaining two wells of E quality. One well has C 
quality s

H 
orientation identified from DITFs, six have D quality 

and the remaining six wells are E quality. The mean regional 

Figure 3. Schematic cross-sections of wellbore shape associated with BO and 
DITFs, identifying the circumferential stress state around the wellbore with respect 
to orientation of the maximum horizontal stress (sH). Minimum horizontal stress 
(sh) is also depicted. Source: Hillis and Reynolds, 2000.



APPEA Journal 2012—459

Integration of structural, stress, and seismic data to define secondary permeability networks through deep cemented sediments in the Northern Perth Basin

s
H 

orientation for all A–D wells interpreted herein is N075°E 
(with an s.d. of 16.8°) from BOs, and N081°E (with an s.d. of 
8.1°) from DITFs (Fig. 5). King et al (2008) provided a mean 
regional s

H
 orientation based on both interpreted BOs and 

DITFs of N084°E, and this is in close agreement with the mean 
s

H 
orientation of N076°E obtained from A–D quality indicators 

(including both BOs and DITFs) in this study. This similarity in 
orientations further confirms a roughly east–west-trending s

H
 

orientation in the NPB. Furthermore, the measurements being 
more consistent with King et al (2008) rather than Reynolds 
and Hillis’s (2000) results lends weight to the argument that 
image log derived measurements of s

H
 orientations are more 

consistent than those obtained from HDT logs. Although there 
was some variation in s

H
 orientations seen in several wells (e.g. 

Lockyer–1 and Hakia–1; see Table 1), no wells exhibited the 
north–south-trending s

H
 orientation that was reported for some 

locations in Hillis and Reynolds (2000).
In deviated wells, the azimuth of BOs and DITFs may not 

be aligned with the principle stresses (s
h
 and s

H
, respectively), 

and may instead only be apparent orientations (Mastin, 1988; 
Peśka and Zoback, 1995; Barton et al, 1998). The Kirsch equa-

tions can be applied to the interpreted stress field to produce a 
polar stereogram plot, which shows the expected variation in 
BO and DITF azimuth with well deviation from vertical (Figs 6A 
and 5B) (Kirsch, 1898; Peśka and Zoback, 1995). Wells in the 
NPB are deviated to a maximum of 26° from vertical (Table 2). 
Thus, no significant rotation of either BOs or DITFs is to be 
expected (Figs 6A and 5B), and stress orientations derived from 
the identified borehole failure in this study do not require cor-
rection for wellbore deviation. This is consistent with the lack 
of any observable systematic variation in BO or DITF azimuth, 
as wellbores deviate from vertical.

VERTICAL STRESS MAGNITUDE

The magnitude of s
V
 is defined as the stress applied by the 

mass of overburden above a specific depth, and can be cal-
culated simply through an integration of rock densities to the 
depth of interest (Bell, 1996a, 1996b; Zoback, 2007). Thus, s

V
 

is expressed as:
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Figure 4. Interpreted borehole failure on Formation Micro-Imager images in the NPB. (A) Both borehole BO and DITFs in Xyris South–1. Borehole BOs (highlighted in red) are 
seen to be separated by 90° from DITFs (highlighted in blue). Borehole BOs indicate the regions of wellbore wall experiencing compressive stresses, and DITFs indicate the 
region experiencing tensile stresses (Fig. 7) (Bell, 1996a, 1996b). (B) DITFs in Xyris–1. (C) Borehole BO in Hovea–3. Note the calliper enlargement associated with the BO zone. 

VERTICAL STRESS MAGNITUDE: 

The magnitude of V is defined as the stress applied by the mass of overburden above a specific depth, and can be 

calculated simply through an integration of rock densities to the depth of interest (Bell, 1996a, 1996b; Zoback, 2007). Thus, 

V is expressed as: 

               
           Equation 1 

where ρ(z) is the density of the overburden (and water column if present) at depth z, and g is acceleration due to 

gravity (Bell, 1996a, 1996b). 

Density logs are regularly acquired in petroleum wells, making it relatively simple to create a vertical stress profile 

for those wells where density is recorded to surface (Bell, 1996a, 1996b). Not all wells have a density log that is run to the 

surface, and in these wells a ‘top-of-log’ stress value can be calculated from checkshot surveys using the Gardner Relation, 

allowing for the construction of a vertical stress profile over the interval covered by density logs (Gardner et al, 1974; 

Ludwig et al, 1970; Zoback, 2007). 

When V magnitudes are not calculated, it is common practice to assume a stress gradient of 1.0 psi/ft; or 22.6 

MPa/km (Dickinson, 1953; Tingay et al., 2003). Tingay et al. (2003) have shown that this assumption is not always correct 

and can lead to incorrect description of the in-situ stress regime. In the NPB, King et al. (2008) have previously established a 

vertical stress magnitude of 21.1 MPa to 22.8 MPa at 1 km, and of 69.1 MPa to 69.6 MPa at 3 km, showing that there is 

variation from the assumed value of 22.6 MPa/km. 

In this study density logs from eleven wells were used to calculate V. Of these wells, seven had density logged to 

the surface, and the remainder contained density logs that began below surface and so were calibrated on checkshot data. 

Density logs were filtered for erroneous values; being those that reflected null readings, values less than 1.5 g/cc, and values 

greater than 2.6 g/cc. Vertical stress profiles were created for each well from the density data and Equation 1 and the 

resultant profile can be seen in Figure 7. 

Insert Figure 7 Hereabouts 

The NPB has a vertical stress profile which ranges from 20.9 MPa to 22.7 MPa at 1 km and from 65.1 MPa to 80.7 

MPa at 3 km (Figure 7). This results in an average V of 22.3 MPa at 1 km (with an s.d. of 1.2 MPa), and 70.9 MPa at 3 km 

(with an s.d. of 4.35 MPa). These results correlate well with those from King et al (2008), suggesting that V is likely to be 

quite uniform across the NPB.  

MINIMUM HORIZONTAL STRESS MAGNITUDE: 
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where ρ(z) is the density of the overburden (and water col-
umn, if present) at depth z, and g is acceleration due to gravity 
(Bell, 1996a, 1996b).

Density logs are regularly acquired in petroleum wells, mak-
ing it relatively simple to create a vertical stress profile for those 
wells where density is recorded to surface (Bell, 1996a, 1996b). 
Not all wells have a density log that is run to the surface, and 
in these wells a top-of-log stress value can be calculated from 
checkshot surveys using the Gardner Relation. This allows for 
the construction of a vertical stress profile over the interval cov-
ered by density logs (Gardner et al, 1974; Ludwig et al, 1970; 
Zoback, 2007).

When s
V
 magnitudes are not calculated, it is common prac-

tice to assume a stress gradient of 1.0 psi/ft, or 22.6 MPa/km 
(Dickinson, 1953; Tingay et al, 2003). Tingay et al (2003) have 
shown this assumption is not always correct and can lead to 
incorrect description of the in-situ stress regime. In the NPB, 
King et al (2008) have previously established a vertical stress 
magnitude of 21.1 MPa to 22.8 MPa at 1 km, and of 69.1 MPa to 
69.6 MPa at 3 km, showing there is variation from the assumed 
value of 22.6 MPa/km.

In this study, density logs from eleven wells were used to 
calculate s

V
. Of these wells, seven had density logged to the 

surface, and the remainder contained density logs that began 
below surface and so were calibrated on checkshot data. Den-

sity logs were filtered for erroneous values; that is, those that re-
flected null readings, values less than 1.5 g/cc, or values greater 
than 2.6 g/cc. Vertical stress profiles were created for each well 
from the density data and Equation 1, and the resultant profile 
can be seen in Figure 7.

The NPB has a vertical stress profile that ranges from 
20.9 MPa to 22.7 MPa at 1 km, and from 65.1 MPa to 80.7 MPa 
at 3 km (Fig. 7). This results in an average s

V
 of 22.3 MPa at 

1 km (with an s.d. of 1.2 MPa), and 70.9 MPa at 3 km (with an 
s.d. of 4.35 MPa). These results correlate well with those from 
King et al (2008), suggesting s

V
 is likely to be quite uniform 

across the NPB. 

MINIMUM HORIZONTAL STRESS MAGNITUDE

The magnitude of s
h
 can be deduced from fracture closure 

pressures and leak-off pressures obtained through hydraulic 
fracturing experiments, such as leak-off tests (LOT) and ex-
tended leak-off tests (Bell, 1996a, 1996b). These are tests that 
are carried out during the drilling process, and involve sealing 
off a section of wellbore (<3 m) and increasing the hydraulic 
pressure until a fracture is formed (Dickey, 1986; Bell, 1996a, 
1996b). The fracture formed will strike in the direction of s

2
 (s

H
 

in a normal and strike-slip fault regime, and s
h
 in a reverse-fault 

regime) and opens against s
3
 (s

h
 in a normal or strike-slip fault 

Well Log interval 
(m) Indicator type σH orientation Number of 

indicators
Total 

cumulative 
length (m)

Standard 
deviation in 
orientation

Measurement 
quality

Agonis–1 2,270.4–2,926.54
BO N098°E 24 30 11° C

DITF N089°E 7 5.1 11.5° D

Centella–1 2,445.8–3,062.3
BO N081°E 64 45.7 12.7° B

DITF N081°E 36 24.6 8.1° C

Corybas–1 2,425–2,624
BO N062°E 40 44.1 9.6° B

DITF - - - - E

Eremia–2 2,134–2,236
BO - - - - E

DITF - - - - E

Hakia–1 1,869–2,751.9
BO N064°E 35 33.5 10.9° C

DITF N044°E 2 1.2 11.8° D

Hovea–3 658–1,984
BO N055°E 15 24.4 17.2° C

DITF N063°E 1 0.8 - E

Hovea–3 ST1 1,444–2,121.5
BO - - - - E

DITF - - - - E

Lockyer–1 3,150.1–3,332.7
BO N053°E 13 27.6 5.6° C

DITF - - - - E

Senecio–1 2,390.4–2,921.8
BO N067°E 25 33.7 8.5° C

DITF N057°E 5 6.3 7.2° D

Snottygobble–1 601–3,134.1
BO N078°E 8 6.7 7.3° D

DITF N103°E 5 3.8 11.2° D

Xyris South–1 2,400.3–2,938.3
BO N087°E 38 70 9° B

DITF N090°E 14 11.1 12.4° D

Xyris–1 746.3–2,639.6
BO N083°E 60 64.2 15.5° B

DITF N079°E 11 10.7 16° D

Yardarino–6 2,093.6–2,697.6
BO N074°E 43 57.5 10.6° B

DITF - 1 0.5 - E

Table 1: Summary of maximum horizontal stress (sH) orientations from borehole BO and DITFs across the thirteen wells featuring well-
bore resistivity image logs in the NPB. Quality ranking according the WSM (Heidbach et al, 2010).
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regime, and s
V
 in a reverse-fault regime) (Fig. 8A) (Dickey, 1986; 

Bell, 1996a, 1996b). Magnitudes acquired this way are ranked 
based on the method they were obtained by, with fracture clo-
sure pressures giving the most reliable estimate and formation 
integrity tests giving the least reliable estimate (Fig. 8). King 
et al (2008) define an A–E quality ranking based on Addis et al 
(1998) and White et al (2002), which is used to rank hydraulic 
testing-derived estimates of s

h
 magnitude (Fig. 8).

Previous studies show that s
h 

in the NPB ranges from 
7.4 MPa at 0.4 km to 21.0 MPa at 0.82 km (Fig. 9), and this was 
obtained from eight LOTs undertaken in wells across the basin 
(King et al, 2008). Unfortunately, only three D quality LOTs were 
available for use; however, one of these is considered to be er-
roneous due to excessively high values reported. Eight E qual-

ity s
h
 magnitudes were available, which—while unreliable as 

magnitude estimates—can provide a lower boundary for s
h
. A 

resultant s
h
 was obtained from LOP that ranged from 18.6 MPa 

at 1.2 km to 38.4 MPa at 2.1 km (15.5 to 18 MPa/km), and was 
supported by the range of values obtained in FITs (Fig. 7). This 
data can be seen to closely parallel that previously reported 
(Fig. 9) (King et al, 2008).

MAXIMUM HORIZONTAL STRESS MAGNITUDE

No method of direct measurement of the s
H 

is available; 
thus, it must be estimated from known relationships with the 
minimum horizontal stress (Bell, 1996a, 1996b; Zoback, 2007). 
Hubbert and Willis (1957) state:

Figure 5. Rose diagrams of the mean regional east–west maximum horizontal 
stress orientation derived for the NPB, from both borehole BOs and DITFs.
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Figure 6. Polar representation of wellbore azimuth and deviation marked with the orientation of DITF formation (A) and borehole BO formation (B). A vertical well would 
plot in the centre of the diagram and a horizontal well at the perimeter. The orientation of the ticks does not change within the 30°circle. Wells in this study were deviated 
less than this, so no correction was necessary.

Well Maximum deviation 
from vertical Deviation direction

Agonis–1 24° 144°

Centella–1 28° 91°

Corybas–1 4° 149°

Eremia–2  NR NR

Hakia–1 3° 160°

Hovea–3  NR NR

Hovea–3 ST1  NR NR

Lockyer–1 4° NR

Senecio–1 21° 190°

Snottygobble–1 26° 183°

Xyris South–1 20 151

Xyris–1 17 121

Yardarino–6  NR NR

Table 2: Deviation of wells used in the study. NR = data not 
recorded, assumed vertical.
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σ
H

 = 3σ
h
 — P

b
 — P

p
 — T (2)

where P
b
 is the breakdown pressure, P

p
 is the pore pressure 

and T is the tensile rock strength. This relationship is appli-
cable for data gathered during the initial opening and closing 
of a hydraulic fracture, and can be applied to wells that feature 
LOTs (Bell, 1996a, 1990). Rock strength data is often not ob-
tained when drilling wells (as is the case for NPB wells); thus, 
no value for T can be obtained. Fortunately, the relationship 
can be further simplified to;

σ
H

 = 3σ
h
 — P

b
 — P

p 
(3)

where the tensile strength can be assumed to be zero in wells 
where DITFs have been identified (Brudy and Zoback, 1999). 
There are several assumptions involved in applying this model 
to LOT data, and these are outlined by Bell (1996). This method 
of estimation is able to provide a valid estimate of s

H
 magni-

tude (Brudy and Zoback, 1999; Bell, 1990; King et al, 2008). In 

instances where no pore pressure is recorded (no drill stem 
testing, or testing at inappropriate depths) hydrostatic pore 
pressure may be used, although generally results in an overes-
timation of s

H
 (Brudy and Zoback, 1999; Zoback, 2007).

King et al (2008) have previously characterised s
H

 magni-
tudes in the NPB using leak-off tests from eight wells in the 
NPB (Table 3). As the majority of the wells in the study area are 
production wells in an established field, few contain LOT data; 
thus, LOTs from two further wells not previously analysed by 
King et al (2008) were used to better constrain s

H
. 

The s
H 

magnitude in the NPB ranges from 25.4 MPa at 
1.2 km to 51.5 MPa at 2.1 km. The data forms a consistent trend 
of about 25 MPa/km (Fig. 7). 

STRESS REGIME

Stress magnitudes in the NPB broadly define a strike-slip 
fault stress regime (s

H 
> s

V 
> s

h
) (Fig. 7); however, it has previ-

ously been described as being under a transitional strike-slip 
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Figure 7. The three principle stress magnitudes as defined in this study. Density logs from 11 wells in the NPB were used to construct vertical stress profiles, and hence, 
define the vertical stress magnitude in the NPB (Equation 1). Leak-off tests and formation integrity tests from eight wells in the NPB were used to constrain the minimum 
horizontal stress magnitude. Known relationships between minimum and maximum horizontal stresses, as well as circumferential stress, were used to calculate the maxi-
mum horizontal stress magnitude from leak-off tests recorded in three wells in the NPB (Equations 2 and 3). These three stress magnitudes define a transitional strike-slip 
faulting to reverse-faulting stress regime in the NPB.
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faulting to reverse-faulting stress regime, because in some in-
stances s

h 
and s

V 
are about equal (s

H 
> s

h 
≥ s

V
) (Fig. 9) (King et 

al, 2008). Neotectonic evidence is also significant as a reverse-
faulting stress regime is indicated by numerous north–south-
striking fault scarps in the basin—most of which display a sense 
of reverse movement along the underlying fault (Clark, 2005; 
Hillis et al, 2008). The reverse movement has been confirmed 
to have occurred in the relatively recent past, with ages of fault 

motion varying from thousands to tens of thousands of years. 
Furthermore, the roughly east–west s

H
 orientation, which was 

confirmed in this study, is consistent with present-day reverse 
movement along these north–south-striking faults.

While the magnitudes obtained for the principle stresses 
in this study define a strike-slip regime

 
(Fig. 7), neotectonic 

evidence as well as previous studies suggest a reverse stress 
regime is also represented (Hillis and Reynolds, 2000; Reyn-

Figure 8. (A) An example time/pressure record of an hydraulic fracture test involving two pressurisation cycles, and showing the points of interest stress data can be 
gained from (Bell, 1996a, 1996b). (B) Schematic diagram showing a hydraulic fracture test in a normal or strike-slip fault stress regime. Hydraulically induced fractures 
will propagate parallel to the largest principle stress (here the maximum horizontal stress, σH) and open against the smallest principle stress (here the minimum horizontal 
stress, σh). The fracture will then close at the magnitude of the minimum horizontal stress (Bell, 1996a, 1996b). 

0

500

1000

1500

2000

2500

3000

0 10 20 30 40 50 60 70 80 90

D
ep

th
 (m

)

Stress (MPa)

Summary of stresses calculated in the Northern Perth Basin by King et al (2008)

B quality minimum horizontal stress

C quality minimum horizontal stress

D quality minimum horizontal stress

Maximum horizontal stress magnitude

Average vertical stress magnitude

Minimum horizontal stress (lower bound)

Minimum horizontal stress (upper bound)

Hydrostatic pore pressure

Figure 9. The three principle stress magnitudes as defined by King et al (2008) in the NPB.



464—APPEA Journal 2012

A.H.E. Bailey, R.C. King and G. Backé Integration of structural, stress, and seismic data to define secondary permeability networks through deep cemented sediments in the Northern Perth Basin
D

ep
th

 (
m

)

2600

2700

2800

0   10  20  30  40  50  60 70  80  90
Dip (deg.)

0 30

0

45

90

135

180

225

270

315

0 30

0

45

90

135

180

225

270

315

Resistive

Conductive

D
ep

th
 (

m
)

2600

2700

2800

0   10  20  30  40  50 60  70  80  90
Dip (deg.)

2500

2900

0 30

0

45

90

135

180

225

270

315

0 30

0

45

90

135

180

225

270

315

Resistive

Conductive

Centella–1Agonis–1

D
ep

th
 (

m
)

2550

2600

0   10  20  30  40  50 60  70  80  90
Dip (deg.)

2500

0 30

0

45

90

135

180

225

270

315

0 30

0

45

90

135

180

225

270

315

Resistive

Conductive

Corybas–1

D
ep

th
 (

m
)

2160

2180

2200

0   10  20  30  40  50 60  70  80  90
Dip (deg.)

2140

2220

0 30

0

45

90

135

180

225

270

315

0 30

0

45

90

135

180

225

270

315

Resistive

Conductive

Eremia–1

D
ep

th
 (

m
)

2200

2400

0   10  20  30  40  50 60  70  80  90
Dip (deg.)

2000

2600

0 30

0

45

90

135

180

225

270

315

0 30

0

45

90

135

180

225

270

315

Resistive

Conductive

Hakia–1

D
ep

th
 (

m
)

1000

1200

1400

0   10  20  30  40  50 60  70  80  90
Dip (deg.)

1600

1800

0 30

0

45

90

135

180

225

270

315

0 30

0

45

90

135

180

225

270

315

Resistive

Conductive

Hovea–3

D
ep

th
 (

m
)

2800

2900

3000

0   10  20  30  40  50 60  70  80  90
Dip (deg.)

3100

D
ep

th
 (

m
)

2400

2500

2600

0   10  20  30  40  50 60  70  80  90
Dip (deg.)

2700

2800

D
ep

th
 (

m
)

1000

1500

2000

0   10  20  30  40  50 60  70  80  90
Dip (deg.)

2500

D
ep

th
 (

m
)

1850

1900

0   10  20  30  40  50 60  70  80  90
Dip (deg.)

1950

2000

1800
Hovea–3ST1

D
ep

th
 (

m
)

3200

3220

0   10  20  30  40  50 60  70  80  90
Dip (deg.)

3240

3260

3180

3280

Lockyer–1

2600

2700

0   10  20  30  40  50 60  70  80  90
Dip (deg.)

2800

2900

2500

2400

Senecio–1

D
ep

th
 (

m
)

2400

2500

2600

0   10  20  30  40  50 60  70  80  90
Dip (deg.)

2300

2200

Snottygobble–1 Xyris South–1 Xyris–1

Yardarino–6

D
ep

th
 (

m
)

0 30

0

45

90

135

180

225

270

315

Conductive 0 30

0

45

90

135

180

225

270

315

Conductive 0 30

0

45

90

135

180

225

270

315

Conductive 0 30

0

45

90

135

180

225

270

315

Conductive 0 30

0

45

90

135

180

225

270

315

Conductive0 30

0

45

90

135

180

225

270

315

Conductive

0 30

0

45

90

135

180

225

270

315

Conductive

0 30

0

45

90

135

180

225

270

315

Resistive 0 30

0

45

90

135

180

225

270

315

Resistive 0 30

0

45

90

135

180

225

270

315

Resistive0 30

0

45

90

135

180

225

270

315

Resistive 0 30

0

45

90

135

180

225

270

315

Resistive 0 30

0

45

90

135

180

225

270

315

Resistive

0 30

0

45

90

135

180

225

270

315

Resistive

LEGEND
Resistive fractures

Conductive fractures

Strike

Dip (x-axis scale)

Grey—resistive fractures

Black—conductive fractures

Figure 11. Rose diagrams of the strike of conductive (black) and resistive (grey) fractures for each well. Diagrams illustrate the depth vs dip and dip direction of fractures for each well.
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trend was observed, with resistive fractures oriented at about 
020°–200°, or north-northeast to south-southwest (Fig. 11). 

The dominant north-northwest to south-southeast strike ob-
served is similar to that seen of larger (kilometre scale) faults, 
which make up the dominant structural trend of the basin. 
These faults are associated with the second phase of rifting, 
attributed to the Gondwana breakup. It is likely, therefore, that 
the observed resistive fractures were created during this period 
of the basin’s evolution. The north-northeast to south-south-
west strike observed in Hovea–3 is conjugate to this and so can 
also be attributed to this event.

CONDUCTIVE FRACTURES

Electrically conductive fractures interpreted in the 13 wells 
lacked any association with particular lithologies or formations, 
and were interpreted at all depths in the basin, though became 
proportionally more common with depth (Table 4). A total of 

olds and Hillis, 2000; Clark, 2005; King et al, 2008). Therefore, 
it is likely the NPB hosts a transitional strike-slip faulting to 
reverse-faulting stress regime, and this will form the basis of 
following discussion.

Natural fractures

Fractures and faults often play an important role in control-
ling the hydraulic properties of rocks by providing permeable 
conduits for fluids, when open and hydraulically conductive. 
To determine which fractures are likely to be open and pro-
vide permeability, it is important to know the orientation and 
distribution of fractures with respect to the in-situ stress field 
(Mildren et al, 2002; King et al, 2008).

Natural fractures appear as sinusoids on resistivity images 
(the amplitude of the sinusoid depends on fracture dip), with 
high-amplitude sinusoids synonymous with steeply dipping 
fractures and low-amplitude sinusoids synonymous with shal-
lowly dipping fractures. The crest and trough of the sinusoid il-
lustrate the up-dip and down-dip, respectively, directions of the 
fracture. It is important to distinguish syn-tectonic features—
such as fractures—from syn-deposition features—such as bed-
ding—as these can have similar characteristics on image logs.

Natural fractures were distinguished based on their char-
acter in the static FMI or FMS image (as static images provide 
absolute values of resistivity, rather than relative resistivity as 
depicted in dynamic image logs) as being either electrically re-
sistive or conductive. Resistive fractures are considered to be 
closed or cemented, and conductive are considered to be open 
and filled with conductive drilling mud, giving them a dark, 
conductive appearance on FMI and FMS logs.

RESISTIVE FRACTURES

Electrically resistive fractures are a common feature on in-
terpreted wellbore image logs, and were observed at all depths 
throughout the basin and lack any association with particular 
lithologies or formations. In the 13 interpreted wells, there were 
a total of 499 resistive fractures identified—ranging from sub-
horizontal to sub-vertical in dip and showing no restrictions or 
clustering in this range. A mean azimuth of about 155°–335°, 
or roughly north-northwest to south-southeast, is observed 
(Fig. 10). This is a similar orientation to that reported for re-
sistive fractures in King et al (2008); however, less variation of 
strike directions in individual wells is observed in this study. 
Hovea–3 is the only well where a significant deviation from this 

Well Quality LOT depth (m) Frictional limits (MPa) Fracture relation (MPa) (Eq. 3)

This study
Beharra Springs South–1 D 1,198 33 25.4

Hovea–3 ST1 D 2,125 66.4 51.5

King et al (2008)
Mentelle–1 B 430 23 13.4

Twin Lions–1 C 1,053 46.4 23.31

Hovea–2 C 822 65.7  

Jingemia–2 C 505 35.4  

Cliff Head–1 C 397 28.3  

Cliffhead–4 C 527 23.2 10.6

Dongara–23 D 860 38.1  

Dongara–28 D 800 40.9  

Table 3: Values obtained for the maximum horizontal stress magnitude, as deduced from leak-off tests from each well.
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Figure 10. All fractures observed in the NPB subsurface on wellbore image logs, 
plotted as both a tadpole plot showing variation with depth, and as rose diagrams 
illustrating the strike orientations seen for each fracture type.
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has been employed on the Dongara North 3D seismic cube 
(Fig. 1C) to map regional faults and fracture networks in the 
NPB. These regional fault and fracture networks have subse-
quently been correlated to faults and fracture sets interpreted 
on image logs and with the in-situ stress regime.

CURVATURE

The interpretation of geological structures, stratigraphy, and 
rock properties has been greatly enhanced through the increas-
ing use of seismic attribute analysis. There are now numerous 
distinct attributes that can be calculated from seismic data and 
applied to enhance the information retrievable from any given 
seismic dataset (Chopra and Marfurt, 2005). Of these attributes, 
several have been successful in mapping faults and fractures in 
a 3D seismic dataset, and the most popular of these in recent 
years have been curvature attributes (Backe et al, 2011). This 
is due to the established correlation between curvature and 
fractures (Lisle, 1994; Backe et al, 2011; Roberts, 2001).

Curvature is a 3D property of a quadratic surface that quanti-
fies the degree to which the surface deviates from being planar 
(Chopra and Marfurt, 2005). 

An infinite number of normal curvatures exist, and of these 
the most positive and most negative are of most interest. The 
most positive curvature defines the curvature that has the 
greatest positive amplitude value, and this will show antifor-
mal structures as well as up-thrown fault blocks; whereas most 
negative curvature defines the curvature that has the greatest 
negative amplitude value, and will show synformal structures 
and down-thrown fault blocks. These attributes result in a data 
display that highlights more effectively than standard ampli-
tude data. The definition of fault trends are enhanced for a 
much clearer and more well-defined view of structures. These 
curvature attributes are capable of enhancing features present 
in the seismic amplitude dataset, but are not visible as isolated 
features in the amplitude data. Faults and fractures show up as 
distinct lineations on the attribute draped surfaces (Roberts, 
2001; Chopra and Marfurt, 2005, 2007; Backe et al, 2011).

Curvature can be very effective at delimiting fractures, faults, 
and their geometries at scales below seismic amplitude resolu-
tion (Roberts, 2001). Roberts (2001) details how most positive 
and most negative curvature can be used in conjunction with 
similarity and coherency attributes to best visualise structural 
features in 3D seismic data.

ATTRIBUTE ANALYSIS PROCESS

Backe et al (2011) outline a three-step process using the 
OpendTect software, by which a dip-steered seismic cube is 
created, then filtered, and finally attributes are calculated using 
the filtered dip-steered cube. This is the overall approach taken 
in this study and is briefly outlined.

A background fast steering algorithm was used to create a 
steering cube of the dip of seismic events in both the inline and 
crossline directions. This cube forms the base for the seismic 
filtering, enhancing attributes and curvature attribute genera-
tion. Attributes calculated from this volume are guided along 

371 conductive fractures were identified, and these were also 
seen over a range of dips, from sub-horizontal to sub-vertical, 
with no obvious exclusions or clusters in this range. While on 
a basin scale, conductive fractures are predominately oriented 
with an azimuth of about 160°–340° (Fig. 10), there was sig-
nificant variation in this with several observed subsets of con-
ductive fractures in individual wells (Fig. 11). This variation is 
likely due to the presence of several sets of fractures formed 
by tectonic events in the basin’s past. Some of these are likely 
to be newly formed fracture sets, while others are likely to be 
reactivated due to their orientation in the in-situ stress field. 
Similarity in orientation of fractures to larger scale structures 
may imply relationship between the features, and a shared 
origin. Additionally, fractures may be part of a fault’s damage 
zone, which can extend for many kilometres from the fault 
plane itself.

The presence of conductive natural fractures at depth can be 
correlated with fluid loss in those wells in which it was logged, 
namely Snottygobble–1, Senecio–1, and Hovea–3. It is likely at 
these depths of correlation, drilling fluid is escaping through 
open fractures; hence, confirming electrically conductive frac-
tures are open to fluid flow in the NPB subsurface.

Although the overall trend of conductive fractures largely 
conforms to the dominant north-northwest to south-southeast 
trend established during the second stage of rifting during the 
Gondwana Breakup, it is likely this is not the only cause of these 
fractures due to the presence of several distinctly oriented sub-
sets. It is also possible these north-northwest to south-south-
east fractures may have formed under in-situ stress conditions. 
It is likely the north-northeast to south-southwest to north-
east–southwest-trending fracture set is a conjugate set to the 
north-northwest to south-southeast set and formed under the 
same conditions; the faults comprising the basin-wide north-
northwest trend, which formed during the second rift stage, do 
exhibit a similar conjugate set of faults on a basin-scale. The 
east–west-striking fracture set is thought to be the oldest set of 
fractures and a result of the initial rift stage, as regional east–
west-striking normal faults are thought to be associated with 
this initial north to south extension.

Seismic attribute analysis

Seismic surveys are the main tool used to study the sub-
surface in the petroleum industry, and this tool is of equal 
importance in the emerging geothermal industry. It has been 
well established that faults and fractures are often very poorly 
expressed on seismic amplitude data because the majority of 
faults and fractures lie below seismic amplitude resolution 
(Backe et al, 2011). This can pose a challenge when interpreting 
seismic data, particularly when regional information on small 
scale features is desired.

Techniques are available that can be used to improve the de-
tection of sub-seismic resolution faults and fractures from both 
2D and 3D seismic data. One effective geophysical method, 
which has been increasing in popularity and usage, is seismic 
attribute calculation and analysis (Bahorich and Farmer, 1995; 
Chopra and Marfurt, 2005). Herein, seismic attribute analysis 

Depth (m) Total number of fractures Percentage of conductive natural 
fractures

Percentage of resistive natural 
fractures

0–1,000 23 0.043 0.957

1,000–2,000 260 0.312 0.688

2,000–3,000 554 0.495 0.505

3,000+ 33 0.455 0.545

Table 4: Number and type of observed natural fracture with depth.
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Lineations observed can be correlated with, and approxi-
mate, the strike of the natural fractures observed in wellbore 
image logs (Fig. 15). It is strongly suggested these lineations 
represent true natural fracture orientations in the NPB subsur-
face, and are part of the same fracture sets represented at a 
different scale. As this fabric is thought to be quite regionally 
extensive, it is likely they could be identified throughout much 
of the basin’s subsurface if 3D seismic coverage were to allow 
it. The fractures identified on image logs that the lineations are 
correlated with are observed throughout all wells used in this 
study; this further supports the supposition of these fracture 
populations being regionally extensive.

FRACTURE SUSCEPTIBILITY

Rock failure is controlled by rock properties and the in-situ 
stress field (Twiss and Moores, 2007; Zang and Stephansson, 
2010). Failure is a function of the frictional properties and rock 
strength of a plane, and the shear and normal stresses acting 
upon it (Sibson, 1996; Twiss and Moores, 2007; Zang and Stepha-
nsson, 2010). A transitional strike-slip faulting to reverse-faulting 
stress regime is interpreted for the NPB based on estimated stress 
magnitudes (both previous work and this study) and neotectonic 
evidence (Clarke, 2005), and the natural fracture sets observed 
in the NPB are discussed below based on fracture type (resistive 
vs conductive) and in fracture susceptibility terms.

Reactivation potential plots use the same principals as Mohr 
circles to assess fracture orientations that are likely to be criti-
cally stressed and therefore, likely to reactivate. Warm areas 
(in red) illustrate fault orientations (plotted as poles to planes) 
that are optimally oriented for reactivation. Cold colours (blues) 
represent orientations that are least likely to reactivate.

Resistive fractures

The majority of natural fractures identified in the NPB are 
electronically resistive, and are assumed to be cemented or 
closed to fluid flow; thus, they are not hydraulically conduc-
tive. The resistive fractures plot in all regions of the structural 
permeability plot but are loosely constrained to the east and 
west, indicative of fractures striking ~north–south and dipping 
between 020° and 080° (Fig. 16).

Many of the resistive fractures plot in areas of low likelihood 
of reactivation (blues) (Fig. 16); however, the majority of the 
resistive fractures can be seen to plot in the areas of high re-
activation likelihood to the east and west (Fig. 16). Fractures 
that plot in the zones of low likelihood of reactivation will not 
reactivate because they are not optimally oriented in the in-situ 
stress field of the NPB.

The fractures that sit in zones of high likelihood of reactiva-
tion are still considered to be inactive and closed to fluid flow 
because they are likely to be cemented, and thus, relatively stress 
insensitive (Laubach et al, 2004). Cementation may also increase 
the effective rock strength, increasing the ΔP

P 
value required to 

reactivate these resistive fractures (Laubach et al, 2004).

Conductive fractures

Conductive natural fractures identified from wellbore image 
logs in the NPB demonstrate a range of dip and strike values. 
Three clusters of data are observed, consistent with:
1. northwest–southeast-striking fractures dipping between 

20°–80° to the northeast; 
2. northwest–southeast-striking fractures dipping between 

30°–80° to the southwest; and,
3. northeast–southwest-striking fractures dipping between 

40°–90° to the northwest (Fig. 17).

planes in the 3D space, where seismic phase is roughly equal. 
Through the use of dip/azimuth data stored in the cube with 
median filtering, the data is effectively filtered from the noise. 
This enhances laterally continuous seismic events. Median fil-
tering is an edge-preserving process, where a central amplitude 
is replaced by the median amplitude, resulting in a smoothing 
of seismic data. 

The calculation of seismic attributes relies on the methodol-
ogy outlined in Al-Dossary and Marfurt (2006), with curvature 
being computed from every point in a 3D volume in multiple 
wavelengths. Large-scale fractures coincide with long wave-
lengths and localised fractures with short wavelengths.

Due to the low quality of the seismic data used in this study, 
several filtered dip-steered cubes were created to assess which 
sampling method provided the best enhancement of the dataset 
(Fig. 12). A small-scale sampling for the dip-steering cube pro-
vided the clearest result, as any larger scale sampling resulted 
in noise, heavily disrupting the produced data (e.g. Figs 11E and 
11F). A broad initial vertical filter followed by a broad horizon-
tal filter provided the clearest enhancement (Fig. 12B) and was 
thus used as the basis for attribute calculation. For comparison, 
a broad horizontal range filter followed by a vertical filter was 
calculated to visualise the resolution difference (Fig. 12D).

Attributes used were defined using the built-in algorithms 
of the OpendTect software, and were applied to the dip-steer-
ing cube. Each attribute was displayed using the colour scale 
that best exhibited the variations in the data. Noise in the data 
tended to come out as very high values with the actual data be-
ing slightly less than this. Hence, discriminating between the 
two is important.

Timeslices were taken through the approximate depth of two 
formations: the Irwin River Coal Measures—as it is a target of 
geothermal exploration yet is represented in the seismic and 
image log data—and the Dongara Sandstone—as it is well rep-
resented in both seismic and image log data and is regionally 
extensive (although too shallow to be of interest for geothermal 
exploration, but is a key petroleum reservoir).

ATTRIBUTE MAP INTERPRETATION

Seismic attributes were mapped on two timeslices though 
the 3D seismic dataset, enhancing sub-seismic amplitude reso-
lution features. These attributes were: dip-steered similarity, 
dip-steered maximum positive curvature, and dip-steered max-
imum negative curvature (Fig. 13). Lineations present on the 
curvature displays, thought to be indicative of natural fractures, 
were identified (Fig. 14) (and checked against all attributes to 
confirm that variation in the data was real, and not an artefact). 
Fault and fracture orientations were then taken to be consistent 
with these lineations.

There is significant noise recorded in the attribute-mapped 
surfaces, and this is particularly prominent in the curvature 
data where it can be seen as a cross-hatch of peaks closely par-
alleling the inline and crossline directions (Fig. 14). Similarity 
attributes also show this noise as a static of similarity values. 
Areas dominated by this noise have been ignored for structural 
interpretation.

A fabric is evident in the most positive curvature attribute, 
and while mostly invisible on the amplitude data, can be seen 
to match some very small-scale, fault-like features, and likely 
represents even smaller features, which are not preserved in 
the amplitude display.

A fabric consisting of lineations of various lengths and over 
a range of orientations is observed, primarily striking north-
west–southeast (Fig. 15). These lineations are observed to be 
consistent over areas of good-quality data, and so are likely to 
be pervasive in the sediments of the NPB.
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A) B)

C)

E)

D)

F)

Figure 12. Timeslices of various dip-steering cubes calculated using OpendTect to best visualise the data. A) The seismic amplitude data from which each dip steered cube 
was calculated. B) The final cube used for all attribute calculations (a [1,1,1] steering with a [0,0,5][5,5,0] median filter). C) The same cube (in B) with a much finer scale 
horizontal and no vertical filtering. D) The same cube (in B) with a large horizontal filter followed by a large vertical filter. E) A broad dip-steering cube [3,3,3] with only 
vertical filtering. F) A broad-dip steering cube [3,3,3] with only horizontal filtering.
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A) B)

F)E)

D)C)

Figure 13. Attributes applied to select timeslices. A) Approximate Dongara Sandstone Formation (1,370 ms), showing similarity. B) Approximate Dongara Sandstone Forma-
tion (1,370 ms), showing maximum positive curvature. C) Approximate Dongara Sandstone Formation (1,370 ms), showing maximum negative curvature. D) Approximate 
Irwin River Coal Measures (1,490 ms), showing similarity. E) Approximate Irwin River Coal Measures (1,490 ms), showing maximum positive curvature. F) Approximate 
Irwin River Coal Measures (1,490 ms), showing maximum negative curvature.
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estimated herein. Palaeo-migration pathways do not necessar-
ily indicate present-day fluid migration pathways, as fluid flow 
is strongly affected by the in-situ stress field, which is likely to 
have changed since the late-Jurassic (Bell, 1996a, 1996b; Heffer 
and Lean, 1993).

Interpretation of natural fractures in the NPB through both 
image log interpretation and seismic attribute analysis, and the 
application of the in-situ stress field, has allowed for the esti-
mation of a secondary permeability network in the NPB. The 
majority of conductive natural fractures observed in the study 
area are optimally oriented for reactivation under the in-situ 
stress field. Thus, conductive natural fractures are most likely 
to be hydraulically conductive and therefore open to fluid flow. 

A fracture network must be interconnected to provide res-
ervoir permeability. Conductive natural fractures occur at all 

The majority of the conductive natural fractures plot in red ar-
eas, and so are likely to reactivate under the in-situ stress regime. 
As they are optimally oriented, electrically conductive, and can 
be associated with fluid loss, they are likely open to fluid flow.

Conductive fractures that plot in blue zones are not optimally 
oriented, yet are electrically conductive and presumed open for 
fluid flow (Fig. 17). These have likely formed under a palaeo-
stress regime, and possibly remain open due to bridging miner-
alisation along the fracture plane, allowing them to remain open 
and partially hydraulically conductive (Laubach et al, 2004). 

GEOTHERMAL IMPLICATIONS

Possible late-Jurassic fluid flow has been identified in the 
NPB in the form of hydrocarbon migration zones thought to 
be present in intervals of the Irwin River Coal Measures and 
the Dongara Sandstone (Kempton et al, 2011); however, these 
are palaeo-migration pathways formed under a palaeo-stress 
regime. This study is only concerned with the potential for 
present-day migration, as only the present-day stress tensor is 

Figure 14. The timeslice intersecting the Irwin River Coal Measures, showing the maximum-positive curvature attribute. Lineations (which are presumed to represent 
fractures and faults) are marked in blue and define an E–W to NW–SE-striking fabric.
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Figure 15. Rose diagrams showing the strike orientation of fractures identified in 
the Dongara Sandstone and the Irwin River Coal Measures, from both image logs 
and seismic attribute analysis. Figure 16. Fracture susceptibility plot showing resistive fractures in the transi-

tional strike-slip faulting to reverse-faulting stress regime defined for the NPB. 
Fractures plot as poles to planes. ΔP represents the distance a fracture plots from 
the Griffith-Coloumb failure envelope in pore pressure. Low values, in red, represent 
high likelihood of reactivation. High values, in blue, represent low likelihood of 
reactivation. Plot is for 1 km depth and 0.6 coefficient of friction.
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fractures may contribute significantly to subsurface structural 
permeability in the NPB.

CONCLUSIONS

The mean regional maximum horizontal stress orientation 
in the NPB is interpreted as roughly E–W at N076°E from bore-
hole failure identified on wellbore image logs, and confirms 
approximate east to west orientations that have been previ-
ously reported, while conforming to stress field modelling of 
the Indo-Australian plate (Hillis and Reynolds, 2000, 2003; Hillis 
et al, 2008).

A transitional strike-slip faulting to reverse-faulting stress 
regime is confirmed for the NPB, with calculated stress mag-
nitudes defining a broad strike-slip faulting regime and previ-
ous calculations, alongside neotectonics, suggesting a reverse-
faulting stress regime.

Natural fractures were identified in wellbore image logs, with 
resistive fractures considered to be cemented with an electri-
cally resistive cement, and thus, closed to fluid flow. Conductive 
fractures are considered to be uncemented and open to fluid 
flow; this was confirmed through analysis of drilling fluid loss 
in three NPB wells. Natural fractures, both resistive and con-
ductive, are interpreted as striking roughly north to south and 
northwest to southeast, reflecting the basin-forming palaeo-
stress regime and the in-situ stress regime.

Fracture susceptibility diagrams constructed for the in-situ 
stress regime show conductive fractures are optimally oriented 
for reactivation in the present-day transitional strike-slip fault-
ing to reverse-faulting stress regime, and so are likely to be open 
to fluid flow and thus contribute to subsurface permeability. 
Resistive fractures are also optimally oriented for reactivation, 
but are considered to be relatively stress insensitive due to ce-
mentation along the fracture plane.

Three-dimensional seismic data was analysed at a sub-seis-
mic scale through the use of seismic attribute analysis. Attribute 
maps were used to document the presence of natural fractures 
striking roughly northwest to southeast, and at similar orienta-
tions to those observed in wellbore image logs. Hence, they are 
thought to represent a true fracture network in the subsurface 
of the NPB. The resulting fracture network displays relatively 
good connectivity and is likely to extend over much of the basin.

The NPB is therefore thought to host a relatively extensive 
secondary permeability network capable of providing for fluid 
flow through the NPB subsurface. This interpretation, however, 
is curtailed by limited coverage of 3D seismic data. Hence, only 
a small area of the basin was analysed and interpreted as rep-
resentative of the basin. Furthermore, wells analysed do not 
exceed 3,500 m in total depth. Further investigation of more ex-
tensive seismic datasets throughout the basin—as they become 
available—alongside further well log interpretation—as more 
wells become open file—is warranted to further map second-
ary permeability in the NPB. Though not in the scope of this 
study, core data from adjacent wells could potentially be used 
to qualify the resistive versus conductive nature of fractures on 
image logs (with respect to the potential occurrence of resistive 
and conductive cements), and provide further information on 
fracture density, distribution, and orientations.
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depths investigated in the NPB; however, frequency of con-
ductive natural fractures increases with depth to 3,500 m. It is 
not known whether this trend continues past this depth. The 
conductive natural fractures do not appear to be confined to 
specific lithologies or formations. Conductive natural fractures 
were seen frequently intersecting wellbores, and so a relatively 
high density is interpreted. This allows for the potential exis-
tence of many fractures at all depths in the NPB.

Seismic attribute analysis affirms the existence of natural 
fractures over varied depths, and shows they are likely to be 
laterally extensive and pervasive over much of the study area. 
Therefore, it is probable they form a relatively well-connected 
network of fractures, which may contribute significantly to per-
meability of the sediments in the NPB.

Natural fractures primarily occur with east–west and north-
northwest to south-southeast strikes, and are interpreted as be-
ing related to the palaeo-stresses experienced in the basin dur-
ing two stages of rifting. East–west-striking fractures are related 
to the initial stage with north to south extension, and north-
northwest to south-southeast-striking fractures and their con-
jugates are related to the second stage with east–west extension.

In-situ stresses are thought to be consistent across the ba-
sin, and palaeo stresses are also thought to have been consis-
tent due to neotectonic evidence (Hillis and Reynolds, 2000, 
2003; Reynolds and Hillis, 2000; Clarke, 2005; Hillis et al, 2008). 
Hence, it is likely that natural fractures striking east to west and 
north-northwest to south-southeast—which are thought to 
have formed as a result of palaeo-stress regimes—will be pres-
ent over the greater NPB. It is also likely that faults and frac-
tures with orientations that have been interpreted as optimally 
oriented under the in-situ stress regime will be hydraulically 
conductive over much of the basin.

Resistive fractures are the dominant fracture type observed 
in wellbore image logs. They are proportionally more common 
at shallower levels in the NPB, but are still seen in large num-
bers at depth. These fractures are likely to act as barriers to 
fluid flow because they are interpreted not to be hydraulically 
conductive in the in-situ stress regime; however, most of these 
fractures appear to be optimally oriented for reactivation. Thus, 
it is inferred that mineralisation/cementation is providing ad-
ditional strength. If this strength were to be overcome using 
engineering methods such as fracture stimulation, then these 
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Figure 17. Fracture susceptibility plot showing conductive fractures in the tran-
sitional strike-slip faulting to reverse-faulting stress regime defined for the NPB. 
Fractures plot as poles to planes. ΔP represents the distance a fracture plots from 
the Griffith-Coloumb failure envelope in pore pressure. Low values, in red, represent 
high likelihood of reactivation. High values, in blue, represent low likelihood of 
reactivation. Plot is for 1 km depth and 0.6 coefficient of friction.
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