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Abstract 

This thesis is comprised of six topics, each of which complements the knowledge of 

exploration challenges and applicable seismic AVO inversion techniques for Cooper Basin 

unconventional reservoirs. The first topic discusses unexpected fracture stimulation treatment 

behaviors that may relate to the Cooper Basin’s high tectonic stress and overpressure. This 

study analyzes the Cooper Basin in-situ stress, rock strength and pore pressure, which are 

compared with image logs interpretation of natural fractures and borehole breakouts. 

Topic two presents a sensitivity analysis of three-term AVO inversion and provides 

knowledge on the reliability of the inversion results. This analysis uses stochastic forward 

modelling of random noise and various source-receiver offsets followed by AVO inversion. 

Bayesian probability is used to quantify how increases in signal-to-noise ratio and far offset 

distances influence the reliability of inversion results. This example used a single set of rock 

properties, where measurements of seismic signal have been ‘normalized’ in attempts to 

make these results applicable to all reservoirs. This analysis presents some limitations with 

performing AVO inversion that are helpful for deciding suitable inversion types for the 

available data set.   

A major challenge in the Cooper Basin is mapping thin fluvial tight gas sand bodies 

that are difficult to interpret on seismic data due to strong reflections from adjacent Permian 

coals. This is not the common AVO problem of distinguishing between coal and gas sand, 

but a more difficult class-I AVO problem of mapping fluvial sands beneath a sheet coal that 

varies in thickness. Topic three provides a solution of using Poisson’s ratio attribute 

calculated from extended elastic impedance (EEI) technique and a rotation of near and far 
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partial stacks. Noise sensitivity and tuning analyses on these techniques also show advantages 

and disadvantages associated with each technique.  

Seismic data from the Cooper Basin exhibits azimuthal anisotropy in both AVO and 

HTI interval velocity (derived from migration velocity analysis). Topic four investigates if 

anisotropy is caused by fractures or by the Cooper Basin’s large difference between 

minimum and maximum horizontal stress. This study compares both migration velocity 

anisotropy and AVO anisotropy extracted from a high-quality 3D survey to a ‘ground truth’ 

of dipole sonic logs, borehole breakout and fractures interpreted from image logs. The results 

suggest that stress is the dominant cause of the HTI anisotropy observed in the seismic data.  

Topic five evaluates alternative (non-AVO) techniques for mapping natural fractures; 

diffraction imaging and common seismic attributes such as incoherence and curvature. These 

techniques are applied to a Cooper Basin data set and the results are analyzed on their ability 

in detecting subtle features (small faults, fractures and channel-edges) and their resolution 

(vertical and spatial). 

The final topic in this thesis investigates the ability of rock properties to detect the 

presence of overpressure, a topic that adds further complexity to advances in shale gas 

exploration in the Cooper basin. Results show that while overpressure can and does impact 

rock properties in the Cooper Basin, variations in gas saturation have a similar and stronger 

impact.  Separation of the overpressure signature and the saturation signature is problematic.  
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1. Contextual Statement 

The Cooper Basin is the largest onshore oil and gas producing basin in Australia. 

Much like other basins, it has decades of hydrocarbon production from conventional plays. 

The basin also has three unconventional plays that consist of a shale gas play in the 

Roseneath-Epsilon-Murteree (REM) formations, a tight gas play in the Toolachee and 

Patchawarra sands, and a deep coal (Greenstreet and Dello, 2015). One major difference 

between the Cooper basin and most other petroleum basins is that it has higher tectonic 

stress (Reynolds et al., 2006). Furthermore, recent drilling results from several wells have 

also confirmed the presence of overpressure in the basin (Reynolds et al., 2006; Trembath, 

Elliot, and Pitkin, 2012).  

To date, the application of seismic amplitude versus offset (AVO) on the Cooper 

Basin has not been well documented. The use of seismic in the basin has been mainly focused 

on post-stack data for structural interpretation of faults and possible natural fractures (Backé 

et al., 2011; Abul Khair, Cooke, and Hand, 2012). Exploration in these low permeability 

reservoirs (Toolachee, Patchawarra and REM formations), however, requires a thorough 

understanding of reservoir characterization regarding lithology, pore fluid, natural fracture 

density, in-situ stress and geomechanical knowledge that seismic AVO inversion can provide.  

Major exploration problems in the basin consist of difficulty in mapping the 

Toolachee and Patchawarra sands in the presence of coal and unexpected behavior during 

fracture stimulation treatment that may relate to the high tectonic stress and overpressure. 

Another known issue is related to finding areas of high fracture density that might be crucial 

for well placement and assisting with fracture treatment design. This thesis intends to address 

these issues through various seismic AVO inversions and seismic attributes analyses that 



Chapter 1.  Contextual Statement 

 

 

- 10 - 

  

incorporate evidence from wells, image logs and core plug data. These analyses focus on the 

tight gas play and shale gas play exploration, which consist of investigation on: 

 Issues with fractures treatment in the Cooper Basin and finding the responsible cause 

for the observed behaviours (Topic 1) 

 The reliability of performing three-term AVO inversion under conditions of varying 

random noise and incident angle (Topic 2) 

 A suitable AVO technique that will be able to solve the issue with detecting tight gas 

sands adjacent to the numerous coals in the Cooper Basin (Topic 3) 

 The major factor responsible for seismic anisotropy in the Cooper Basin (Topic 4) 

 How incoherence and curvature attributes compared to diffraction imaging in their 

ability to map faults and fractures (Topic 5) 

 The relative impact of pore pressure and fluid saturation in the shale gas play of the 

Cooper Basin (Topic 6) 

Each of the above six topics are a separate sub-chapter under Thesis Body of chapter 

4.  Additionally, these topics are summarized immediately in order to introduce and link these 

topics.  

1.1  Fractures stimulation challenges in the high-stress Cooper Basin 

 Much of the industry’s experience with fracture stimulation comes from basins with 

low stress and normal fault regimes. The Cooper Basin has high differential stress. It is in a 

strike-slip fault regime for shallower reservoir levels and a reverse-fault regime for the deeper 

reservoirs of a new basin-centered gas play. This difference in stress leads to a difference in 

fracture-stimulation results. Presented here are data on Cooper tectonic stress, rock strength, 

pore pressure, natural fractures, and borehole breakouts all of which impact fracture-
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stimulation treatments. Some unexpected behaviors of Cooper fracture stimulations then are 

discussed, and some mitigation suggested.  

The first paper discusses several issues related to fracture stimulation treatment in the 

Cooper Basin, which may be caused by high differential stress and overpressure. The use of 

seismic AVO for high differential stress prediction is discussed in topic four while topic six 

provides an alternative method for pore pressure prediction.   

1.2  Sensitivity analysis of seismic AVO three-term inversion  

This topic explores the reliability of three-term AVO inversion under conditions of 

varying random noise and varying far offset source-receiver reflection angle. A stochastic 

forward modelling of noise is performed followed by AVO inversion, which allows 

calculation of Bayesian probabilities for AVO ‘true positives’. The results quantify how 

increases in the fold - or signal to noise compared to increases in source-receiver offset and 

can be used to guide seismic acquisition design. This example used a single set of rock 

properties, where measurements of seismic signal have been ‘normalized’ in attempts to 

make these results applicable to all reservoirs. 

This conference proceeding provides analysis of the appropriate signal-to-noise (S/N) 

and incident angle required for achieving a stable three-term AVO inversion, which is 

fundamentally linked to topic three, four, five and six. Although this research does not 

emphasise exclusively on performing three-term AVO inversion, the findings of this topic 

deliver pre-assessment before doing AVO inversion and give a general expectation of the 

inversion results. 
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1.3 Comparison of seismic AVO techniques for the Cooper Basin tight gas sand 

exploration  

This topic discusses a tight gas amplitude variation with offset (AVO) case history 

from the Cooper Basin of Australia that addressed the exploration problem of mapping thin 

fluvial tight gas sand bodies. In the Cooper Basin, Permian Toolachee and Patchawarra sands 

are difficult to interpret on seismic data due to strong reflections from adjacent Permian 

coals. This is not the common AVO problem of distinguishing between coal and gas sand, 

but a more difficult class-I AVO problem of mapping fluvial sands beneath a sheet coal that 

varies in thickness. Review on local rock properties concluded that Poisson’s ratio is 

probably the most appropriate rock property to solve the above exploration problem. Various 

seismic attributes made using the extended elastic impedance (EEI) technique and a rotation 

of near and far partial stacks were compared. In a synthetic modelling study that included 

random noise and tuning, the noise discrimination abilities of three competing AVO cross 

plot techniques and “rotated” the attributes made from them were compared. These three 

cross plots were as follows: intercept versus gradient (I-G), full-stack versus far-minus-near 

(Full-FmN), and near-stack versus far-stack (N-F). Previous papers on this subject have 

found that (I-G) cross plots had a spurious correlation in the presence of noise that did not 

occur with the (Full-FmN) and (N-F) cross plots. The results show that for class-I AVO case, 

(1) the advantage of the (Full-FmN) and (N-F) cross plots disappeared in the presence of 

tuning, (2) if tuning was present, the optimal rotation angle was determined by the “tuning 

angle”, not by the noise angle or some desired EEI angle, and (3) if the three different cross 

plots were rotated by their respective “tuning” angles, the results were identical.  

The findings of this topic give a solution to one major problem in the Cooper Basin 

and the technique used is applicable throughout the basin.  
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1.4  HTI anisotropy analysis in the Cooper Basin  

Theoretically, both vertical fractures and stress can create HTI anisotropy on 3D 

seismic data. Determining if stress or fractures as the factor causing seismic HTI anisotropy 

can be important for mapping and understanding reservoir quality, especially in 

unconventional reservoirs. The Cooper Basin has unusual high tectonic stress with most 

reservoirs in a strike-slip stress regime, but the deepest reservoirs are interpreted to be 

currently in a reverse fault stress regime.  

The seismic data from the Cooper Basin exhibit anisotropy. The main objective is to 

determine if the seismic anisotropy is stress induced or fracture induced. Both migration 

velocity anisotropy and AVO anisotropy extracted from a high-quality 3D survey are 

compared to a ‘ground truth’ of dipole sonic logs, borehole breakout, core plug tests and 

fractures interpreted from image logs. The conclusion is that the seismic anisotropy observed 

in the study area is likely to be stress induced. 

Topic four analyse anisotropic AVO studies of the Cooper Basin. The outcome of this 

study is important for an unconventional reservoir of the Cooper Basin regarding reservoir 

quality prediction (fracture density) and wellbore stability analysis of horizontal well 

planning (differential stress). 

1.5  Alternative (non-AVO) techniques for mapping natural fractures  

Detecting small subsurface features such as faults, fracture swarms, steep reef edges 

and channel edges are routine tasks in seismic interpretation. Common seismic attributes used 

for these tasks such as curvature and incoherence are derived from conventional images 

containing both reflections and diffractions. An emerging alternative approach is to interpret 

these edge features using the diffraction imaging technique, which images diffracted energy 
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separately. A diffraction imaging volume is generated by separating specular reflections from 

diffractions in an unmigrated volume followed by migration of those diffractions.  There are 

different methods that can be used to separate diffractions from reflections on unmigrated 

data.  In this case history, they are separated by plane-wave destruction (PWD)  

The objective of this topic is to evaluate diffraction imaging performance applied to a 

3D seismic dataset from the Cooper Basin of Australia. Diffraction imaging horizon maps are 

compared to corresponding maps made from incoherence and curvature volumes. 

Comparison encompasses several factors such as the resolution and ability to detect faults, 

fractures and channel edge features.  The results show diffraction imaging provides superior 

vertical and spatial resolution over conventional incoherence and curvature attributes for 

mapping faults and stratigraphy. 

This topic presents alternatives to AVO anisotropic inversion to detect the Cooper 

Basin reservoir quality (fracture network and faults) and assist with horizontal well placement 

such that it crosses many natural fractures. Natural fractures if present, can greatly enhance 

the well flow rate from low permeability reservoir.  

1.6  Rock physics analysis of pore pressure and fluid saturation impacts on the Cooper 

Basin Murteree Shale 

Understanding the effect of overpressure and fluid saturation on elastic properties is 

quite helpful to determine well locations and ensure safe well design. Overpressure and gas 

saturation may cause a similar decrease in P-wave velocity. Some authors suggest using other 

elastic properties such as Poisson’s ratio, MuRho and LambdaRho to resolve this ambiguity.   

The objective of this study is to compare the impact of pore pressure to fluid 

saturation on various elastic properties. This study focusses on the Permian Murteree shale 
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gas play in the Cooper basin where recent drilling results have confirmed the presence of gas 

accumulation and variable overpressure. To address the above mentioned ambiguity issue 

pore pressure data from DST and mud weights are compared with analyses of well logs and 

several rock physics models. 

Results show the effect of pore pressure is minor compared to fluid saturation. 

Poisson’s ratio and MuRho show a significant increase with increasing pore pressure while P-

wave velocity change is negligible. 

The last topic discusses if Cooper Basin pore pressure variation is enough to cause 

significant change on elastic parameters such as Poisson’s ratio, P-wave velocity, 

LambdaRho-MuRho, etc. This topic also discusses possible overpressure mechanisms in the 

Nappamerri Trough. Expected results may give an insight on how reliable these elastic 

attributes are for overpressure detection. 
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2. Literature Review 

The following literature review provides an overview of the Cooper Basin and various 

seismic exploration technologies. The literature review starts with the geological background 

of the Cooper Basin and petroleum system of both the tight gas sand and the shale gas plays. 

A discussion on in-situ stress and overpressure are included to understand the difficulties and 

risks associated with exploration on these low permeability reservoir. 

The second part of this literature review explains the fundamentals of seismic AVO 

inversion and examines various AVO technologies application around the world. This 

essential background will provide the reader with global context with not only how seismic 

AVO can be applied for the Cooper Basin exploration but also possible limitations that may 

be faced. This part of the review will set the stage of the thesis as seismic AVO application in 

the Cooper Basin has not been well documented. 

The last part of the review discusses commonly used seismic attributes for mapping of 

faults and subtle fractures network. This review provides an understanding on competing 

techniques to AVO anisotropy analysis in predicting fractures location. 

2.1 Geology background   

Cooper Basin is a sedimentary basin formed during Late Carboniferous to Middle 

Triassic period, which lies unconformably between Warburton Basin and Eromanga Basin 

(Gravestock and Jensen-Schmidt, 2011). This basin sits on the border of northeast South 

Australia and southwest where the study areas are mainly on the Nappamerri through and 

northeast part of the basin as indicated by red stars in Figure 1. 
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Figure 1. Modified map of the Cooper Basin (outlined by black lines) (Radke, 2009). Colour bar 

corresponds to depth based on top Permian Toolachee Formation. Background surface Study areas are 

concentrated in the Nappamerri Trough and northeastern part of the basin as indicated by the red stars.   

The structural history of the Cooper Basin consists of widespread compressional 

folding, subsidence, regional uplift and erosion, from the Neoproterozoic until the present 

day (Gravestock and Jensen-Schmidt, 2011). NE-trending faults and troughs that were 

created by NW tectonic extension during the Neoproterozoic dominate the basin structural 

network and accommodation space (Gravestock and Jensen-Schmidt, 2011). Conventional 

four-way dip closure provided by anticlines and faulted anticlinal traps are proven 

exploration targets. However recent drilling results from the Nappamerri Trough wells have 

shown evidence for the presence of a basin-centred gas trapped beyond the limit of 

conventional structural traps (Panagopoulos, 2014).   
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2.1.1 Stratigraphy and petroleum system 

Most Permian sediment in Cooper Basin were deposited in a fluvial environment, 

which then transformed into peat swamps and lacustrine environments during the Triassic 

(Gravestock et al., 2011) (Figure 2). This research focuses on the Patchawarra and Toolachee 

formations for the tight gas play and Epsilon, Roseneath Shale and Murteree Shale 

formations for the shale gas play. The review below explains details of the depositional 

environment and petroleum system. 

The Patchawarra Formation contains the thickest tight gas sand reservoirs, which is 

the primary target in the basin (Gravestock, Hibburt, and Drexel, 1998). The reservoir 

configuration comprises of a multistory channel system, point bar and crevasse splay that are 

compartmentalised by shales in both lateral and vertical direction (Gravestock et al., 2011). 

Within the formation, thick coaly carbonaceous shales act as the principal source rock in the 

basin and contribute the highest gas-condensate (Gravestock, Hibburt, and Drexel, 1998). 

The coaly shale rock can reach up to 100m thick at the deepest part of the Nappamerri 

Trough (Hall et al., 2015). Hall et al. (2015) reported that these source rocks contains Type 

II/III kerogen (good gas to oil-prone) with total organic carbon (TOC) ranges between 2 – 

80% (coals have TOC greater than 50%). The average hydrogen index (HI) is greater than 

250 mg/gC where coals have the highest HI.  

The second sandstone reservoir unit is the Toolachee Formation, which is interpreted 

as stacked point bars and abandoned channel system that evolved to crevasse splay deposits 

(Gravestock et al., 2011). Other minor gas sand reservoir units are the fluviodeltaic Epsilon 

Fm, Daralingie Fm and in the  Callamura member of the Nappamerri Group (Gravestock et 

al., 2011). 
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Figure 2. Stratigraphy of Cooper Basin (DMITRE, 2011). This study focusses on the Permian section 

highlighted in blue. 

Looking at the shale gas formations, the Roseneath Shale and the Murteree Shale 

were deposited in a large, freshwater lacustrine during a phase of continued subsidence 

(Radke, 2009). An updated rock evaluation data by Hall et al. (2015) show that these 

formations contain Total Organic Carbon (TOC) of about 2-12% and Type III/IV kerogen 

(Hydrogen Index of less than 200mg/gC), which suggest a dry gas-prone source.  

The Cooper basin is believed to possess both regional and intra-formational seals. The 

organically poor Triassic Arrabury Formation overlies coal measures and tight gas sand 

reservoir of the Toolachee Formation, thus acting as the regional seal of all the Permian 

formations (Gravestock, Hibburt, and Drexel, 1998). Likewise, the Roseneath Shale and 

Murteree Shale, where present, act as competent, basin-wide lacustrine seals to the Epsilon 

and Patchawarra Formation (Gravestock, Hibburt, and Drexel, 1998). A study by Gravestock, 

Hibburt, and Drexel (1998) suggests at prospect scale, intra-formational seals provide the 

most effective Permian seals to the reservoir units of the Toolachee, Patchawarra and Epsilon 

Formation. All of these sandstone reservoirs are typically overlain by an impermeable 

succession of 3 – 20m thick carbonaceous siltstone and shale beds with thin coal seams, or 

thick 10-20m coal seams with thin shale (Gravestock, Hibburt, and Drexel, 1998). These 

fine-grained successions correspondingly offer effective seal to the sandstone reservoirs 

(Gravestock, Hibburt, and Drexel, 1998). 

Heat flow model by Deighton and Hill (1998) suggests Cooper Basin sediments 

reached oil and gas maturity windows early due to increased heat flow during the Permian 

(Figure 3 and Figure 4). Most hydrocarbons were generated from the Patchawarra and 

Toolachee Formations during the mid-Cretaceous while minor expulsion occurred during the 

Permian Deighton and Hill (1998) (Figure 5). Shales within the Patchawarra Formation 
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emitted oil in the Late Permian and a large amount of gas in the mid-Cretaceous. Patchawarra 

Formation coals generated much fewer hydrocarbons in comparison. Conversely, the organic-

rich coal layers within the Toolachee Formation are responsible for abundant of gas and waxy 

oil during the mid-Cretaceous. 

 

Figure 3. A modified Deighton and Hill (1998) thermal and burial history of the Cooper Basin from 

DMITRE petroleum history of South Australia. 
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Figure 4. Burial and maturity model by Deighton and Hill (1998) based on Burley-2 well that is 

located in the Nappamerri Trough. 
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Figure 5. Deighton and Hill (1998) hydrocarbons generation and expulsion model based on Burley-2 

well. Most of the hydrocarbons expulsion from the Patchawarra and Toolachee Formations happened 

during mid-Cretaceous. Minor hydrocarbons expulsion in the Permian mostly originates from the 

Patchawarra Formation. 
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2.1.2 In-situ stress, pore pressure and natural fractures 

Cooper Basin in situ stress is strike-slip at shallow depth (about 1km) and transitions 

into reverse fault at depth (about 3km) (Reynolds et al., 2005; King et al., 2011). The 

principal maximum horizontal stress (SH) direction is consistent at approximately N100°E 

(Reynolds et al., 2005; King et al., 2011) (Figure 6). Compared to most other basins the 

Cooper basin experiences higher differential stress that does not vary significantly in 

orientation. The target Permian tight gas sand and shale gas sand are at a depth of about 2.2 – 

3.3km depth. Unlike in North America’s normal fault regime cases, our target formations are 

under transitional strike-slip and reverses fault regimes. Vertical fractures, when they exist, 

will align conjugate to SH direction that is N100°E. 

 

Figure 6. A modified map of SH orientation for the Nappamerri Trough of the Cooper basin, after 

Reynolds et al. (2005). Based on hundreds interpreted borehole breakouts and DITFs, the SH direction 

is reported to be approximately N100°E.  
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Figure 7. Figure adapted from Wikel (2011) showing Anderson (1951) fault classification system.  

The effect of Cooper Basin high differential stress on stimulated fractures is still 

uncertain. There are many unknowns about the geometry of induced fractures and not a lot of 

data to resolve those unknowns. Pitkin et al. (2012) show unexpected fracture orientations 

interpreted from tiltmeter data. Waldron and Camac (2016) provide some details about two 

successful Cooper Basin microseismic experiments and about some other microseismic 

experiments that did not lead to recordable microseismic events.  

Recent drilling results from several Cooper Basin wells have confirmed the presence 

of overpressure in the Nappamerri Trough (Reynolds et al., 2006; Trembath, Elliot, and 

Pitkin, 2012). Osborne and Swarbrick (1997) suggest overpressure can be caused by 1) 

decrease in the pore volume due to disequilibrium compaction and tectonic compression, 2) 
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fluid volume change due to kerogen maturation and 3) fluid movement due to density 

differences between fluids and gases. Possible scenarios are associated with the decrease in 

pore volume from disequilibrium compaction and tectonic compression. Burial process and 

tectonic compression cause shales to compact (destroying porosity) and expels fluid (Tingay 

et al., 2009). If the rate of fluid expulsion is less than the rate of compressive stress from 

burial and tectonic event, overpressure develops, and pore fluid now supports the 

compressive load (Osborne and Swarbrick, 1997). Fast burial process, the basin intraplate 

stress history and abnormally high differential stress may result in high pore pressure within 

the Cooper Basin.   

Another scenario for the Cooper Basin overpressure is probably related to two major 

heat flow events reported by Deighton and Hill (1998) (Figure 3). As discussed by Deighton 

and Hill (1998), the first heat event at mid-Cretaceous generated a significant expulsion of oil 

and gas (i.e., pore pressure) from the Patchawarra and Toolachee Formations. The second 

heat event at 2-5Ma may trigger the conversion of Permian coals to CO2 and methane, which 

can cause a second pore pressure event.  

Tectonic stress and pore pressure have a great impact not only on the seismic 

amplitude and velocity variation but also in the creation of natural fractures and fracture 

stimulation outcomes. Zoback (2007) defines effective stress as the difference between 

external stresses acting on a rock and pore pressure. The role of both stress and pore pressure 

in creating fractures is best illustrated using Mohr’s diagrams as in Figure 8. An uncoupled 

model assumes the total normal stress is independent of the changes in pore pressure (Hillis, 

2000). A semicircle between the minimum and maximum effective stresses represents the 

stresses acting on a rock.  
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Figure 8. Idealized Mohr’s circle is showing two failure scenarios based on an uncoupled model. σ′h 

and σ′H are minimum and maximum compressive stress for the original stress state (blue). Increased 

pore pressure causes Mohr’s circle to slide to the left (red) while an increase between σ′h and σ′H 

(differential stress) makes the Mohr’s circle larger (green). Either change moves a rock’s Mohr’s 

circle closer to the failure envelope (orange). 

In summary, there are three important points highlighted in this subchapter, which 

are;  

1) Under Cooper Basin strike-slip and reverse fault regimes, natural vertical fractures, when 

they exist, will align conjugate to SH direction that is N100°E. 

2) Cooper Basin fracture-stimulation treatments are unlikely to behave similar to treatments 

in the normal fault regime common in North America. 

3) Overpressure exists, and it may be associated with two major heat flow events. Under the 

uncoupled model, this increase in pore pressure may result in the creation of natural 

fractures. 

2.2 Seismic inversion 

Seismic inversion is a process of turning seismic reflectivity data into rock properties. 

The next sub-chapter discusses various seismic AVO relationships that are essentially the 

basis of seismic inversion. The output data depend on the type of inversion involved; post-
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stack inversion solves for acoustic impedance (AI) while pre-stack inversion solves for AI 

and Poisson ratio or Goodway (2001) Lambda-Rho and Mu-Rho.  

Seismic data has a narrow frequency bandwidth (e.g., 10-60Hz) (Chopra and 

Castagna, 2014). Filtering effects of the earth and instrument limitations result in the narrow 

frequency bandwidth (Chopra and Castagna, 2014). Chopra and Castagna (2014) further 

suggest that seismic processing to remove low and high-frequency noise also limits the 

output bandwidth of seismic data. To extend the frequency band, seismic inversion requires 

well logs data to provide the low-frequency content (Chopra and Castagna, 2014). This band-

limited nature of seismic data means the results derived from inversion are only relative. 

There are many types of seismic inversion and some of them are known as colored 

inversion (Lindseth, 1979; Lancaster and Whitcombe, 2000), model-based inversion (Cooke 

and Schneider, 1983) and linear AVO inversion (Shuey, 1985; Fatti et al., 1994). All of these 

types of inversion are applicable both post-stack and pre-stack data. This thesis is going to 

explore the application of all these types of inversions using Cooper Basin seismic data.   

Coloured inversion is fast and inexpensive.  It phase rotates the seismic data by 90° 

and adds low frequencies to the inverted data (Lancaster and Whitcombe, 2000). The 90° 

phase rotation changes seismic data from reflectivity to relative AI (Lancaster and 

Whitcombe, 2000). The added low frequencies is designed to match the inverted seismic data 

to the observed AI (Lancaster and Whitcombe, 2000). This process is a straightforward 

transform of the seismic data, where it assumes the input seismic data is zero-phase and 

consists of the earth’s reflectivity and seismic wavelet (Lancaster and Whitcombe, 2000).   

Model-based inversion is a non-linear process and more computationally expensive 

that coloured inversion. One common model-based inversion technique is called generalized 
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linear inversion (GLI) (Cooke and Schneider, 1983). Figure 9 shows the algorithm of GLI 

inversion from Cooke and Schneider (1983). One pre-requisite of using a model-based 

inversions technique is the user must provide an initial guess of the impedance solution. The 

GLI technique works by first subtracting the observed seismic trace with the synthetic 

forward model. It then solves the inversion equation and updates the forward model. This 

process is performed for a number of iterations to minimize error. Some advantages of using 

model-based inversion are it removes the source wavelet, extends the bandpass and its 

applicability in using any forward model (Cooke and Schneider, 1983). However, this 

inversion algorithm will output the first acceptable solution is finds and does not output any 

information about non-unique solutions.  Problems with non-unique solutions can be 

significant at frequencies outside seismic bandwidth.  

 

Figure 9. GLI workflow from Cooke and Schneider (1983). 
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Linear AVO inversion technique is based on seismic amplitude change with offset. 

This type of inversion solves different types of elastic parameters depending on the chosen 

AVO algorithm. The next sub-chapter discusses various types of AVO algorithms and their 

inversion output.  

2.3 Seismic amplitude variation with offset (AVO) 

Seismic AVO describes how seismic amplitude changes with the distance between the 

transmitter and the receiver (Ostrander, 1982; Ostrander, 1984). Geophysicists often relate 

high seismic amplitude anomalies or ‘bright spots’ with gas discoveries. However, large 

impedance contrast from lithology change can also cause high amplitude anomalies. In the 

Cooper Basin, large impedance contrasts are commonly related to coal layers within the 

Toolachee, Epsilon and Patchawarra formations.  

Seismic AVO method is an approach to provide rock and fluid properties that are 

necessary for effective well placement. In the past several authors have published AVO 

algorithms for hydrocarbon detection (Ostrander, 1984; Rutherford and Williams, 1989)  and 

lithology and porosity prediction (Avseth et al., 2000). Furthermore, AVO can also be used as 

pore pressure estimation that is very crucial in preventing catastrophic events related to 

overpressure (Christensen, 1984). 

Several factors such as tuning, noise and limited bandwidth that limit the AVO 

practice as a quantitative elastic properties estimation. Widess (1973) revealed that seismic 

reflection amplitude of a sub-tuning bed (below 1/8 of a wavelet) is dependent upon the 

impedance and thickness of that bed. Hendrickson (1999) and Herrmann and Cambois (2001) 

modelled the impact of random noise on AVO by adding different stochastic simulations of 

random noise to a single geologic model with fixed reservoir thickness. Drufuca and Mazzotti 
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(1995) showed there are many solutions that fit the observed AVO response, especially in the 

absence of well control and high noise. To minimize these issues, careful seismic data 

preconditioning is required. Furthermore, well log information needs to be incorporated into 

the interpretation. The five sub-chapters below review various AVO algorithms and methods 

found in the literature. 

2.2.1 Zoeppritz Equations 

A normally P-wave incidence results in reflected and transmitted P-wave (Mavko, 

Mukerji, and Dvorkin, 2009). The ratio of velocity and density between overlying and 

underlying mediums determined the amplitude of the P-wave reflectivity.  

 

Figure 10. Diagram adapted from (Mavko, Mukerji, and Dvorkin, 2009) showing non-normal 

incidence P-wave and its reflected and transmitted rays.  

For non-normal incidence (Figure 10), an incident P-wave produces both reflected 

and transmitted P- and S-waves where the Zoeppritz (1919) equations show the exact 

relationship of the corresponding reflective and transmitted amplitudes of the P-waves, S-

waves and converted waves. Aki and Richards (1980) and Mavko, Mukerji, and Dvorkin 

(2009) put the Zoeppritz equations in the matrix form shown below: 
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(

↓↑ 𝑃𝑃 ↓↑ 𝑆𝑃
↓↑ 𝑃𝑆 ↓↑ 𝑆𝑆

     
↑↑ 𝑃𝑃 ↑↑ 𝑆𝑃
↑↑ 𝑃𝑆 ↑↑ 𝑆𝑆

↓↓ 𝑃𝑃 ↓↓ 𝑆𝑃
↓↓ 𝑃𝑆 ↓↓ 𝑆𝑆

     
↑↓ 𝑃𝑃 ↑↓ 𝑆𝑃
↑↓ 𝑃𝑆 ↑↓ 𝑆𝑆

) = 𝑀−1𝑁 (1)  

𝑴 =

[
 
 
 

−𝑠𝑖𝑛𝜃1                         −𝑐𝑜𝑠𝜃𝑆1

𝑐𝑜𝑠𝜃1                       −𝑠𝑖𝑛𝜃𝑆1

𝑠𝑖𝑛𝜃2                          𝑐𝑜𝑠𝜃𝑆2

𝑐𝑜𝑠𝜃2                       −𝑠𝑖𝑛𝜃𝑆2

2𝜌1𝑉𝑆1𝑠𝑖𝑛𝜃𝑆1𝑐𝑜𝑠𝜃1 𝜌1𝑉𝑆1(1 − 2𝑠𝑖𝑛2𝜃𝑆1)

−𝜌1𝑉𝑃1(1 − 2𝑠𝑖𝑛2𝜃𝑆1) 𝜌1𝑉𝑆1𝑠𝑖𝑛2𝜃𝑆1

2𝜌2𝑉𝑆2𝑠𝑖𝑛𝜃𝑆2𝑐𝑜𝑠𝜃2 𝜌2𝑉𝑆2(1 − 2𝑠𝑖𝑛2𝜃𝑆2)

𝜌2𝑉𝑃2(1 − 2𝑠𝑖𝑛2𝜃𝑆2) −𝜌2𝑉𝑆2𝑠𝑖𝑛2𝜃𝑆2 ]
 
 
 

 

𝑵 =

[
 
 
 

𝑠𝑖𝑛𝜃1                         𝑐𝑜𝑠𝜃𝑆1

𝑐𝑜𝑠𝜃1                       −𝑠𝑖𝑛𝜃𝑆1

−𝑠𝑖𝑛𝜃2                        −𝑐𝑜𝑠𝜃𝑆2

𝑐𝑜𝑠𝜃2                       −𝑠𝑖𝑛𝜃𝑆2

2𝜌1𝑉𝑆1𝑠𝑖𝑛𝜃𝑆1𝑐𝑜𝑠𝜃1 𝜌1𝑉𝑆1(1 − 2𝑠𝑖𝑛2𝜃𝑆1)

𝜌1𝑉𝑃1(1 − 2𝑠𝑖𝑛2𝜃𝑆1) −𝜌1𝑉𝑆1𝑠𝑖𝑛2𝜃𝑆1

2𝜌2𝑉𝑆2𝑠𝑖𝑛𝜃𝑆2𝑐𝑜𝑠𝜃2 𝜌2𝑉𝑆2(1 − 2𝑠𝑖𝑛2𝜃𝑆2)

−𝜌2𝑉𝑃2(1 − 2𝑠𝑖𝑛2𝜃𝑆2) 𝜌2𝑉𝑆2𝑠𝑖𝑛2𝜃𝑆2 ]
 
 
 

 

The P-wave velocity, S-wave velocity and density of the two mediums are 

represented by 𝑉𝑃,𝑉𝑆 and 𝜌. The numbers 1 and 2 correspond to the overlying and underlying 

mediums. Each matrix element represents a reflection or transmission coefficient. The first 

letter represents the type of incident wave while the second letter represents the type of 

reflected or transmitted wave. The arrows represent downward (↓) and upward (↑) 

propagation, where (↓↑) means reflection coefficient and ↓↓ means transmission coefficient. 

This thesis focuses only on the P-wave reflection (𝑅𝑃𝑃) represented by ↓↑ 𝑃𝑃.  

2.2.2 Linear Approximations 

Due to the nature of Zoeppritz equation that is somewhat complicated and does not 

provide an insightful understanding between reflection amplitude to the elastic rock 

properties, several authors have developed approximations to the Zoeppritz equations. Aki 

and Richards (1980) developed linearized Zoeppritz equations. Aki and Richards (1980) 𝑅𝑃𝑃 

approximation, which assumes a small layer contrasts is shown by (2),  

𝑅𝑃𝑃(𝜃) ≈  
1

2
(1 − 4𝑝2�̅�𝑆

2)
∆𝜌

�̅�
+ 

1

2𝑐𝑜𝑠2𝜃

∆𝑉𝑝

�̅�𝑝

− 4𝑝2�̅�𝑆
2
∆𝑉𝑆

�̅�𝑆

 
(2)  
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where  

𝑝 =  
𝑠𝑖𝑛𝜃1

𝑉𝑃1
= 

𝑠𝑖𝑛𝜃𝑆1

𝑉𝑆1
                𝜃 = ( 𝜃2 +  𝜃1)/2 

∆𝜌 =  𝜌2 − 𝜌1            �̅� = (𝜌2 + 𝜌1)/2  

∆𝑉𝑃 = 𝑉𝑃2 − 𝑉𝑃1                 �̅�𝑃 = (𝑉𝑃2 + 𝑉𝑃2)/2 

∆𝑉𝑆 = 𝑉𝑆2 − 𝑉𝑆1                  �̅�𝑆 = (𝑉𝑆2 + 𝑉𝑆2)/2 

In 1985, Shuey presented a three-term (A, B, C) approximation that relates different 

angle ranges to different rock properties (3). The first term AVO intercept (A) corresponds to 

reflection amplitude at zero offset (𝜃 = 0°) (Shuey, 1985). AVO gradient (B) defines 

amplitude variation at intermediate offset (0° < 𝜃 < 30°), which is shown as a function of 

Poisson ratio (𝜎)(Mavko, Mukerji, and Dvorkin, 2009). The third term C only controls 

reflection amplitude at large offset (𝜃 > 30°) and is related to changes in velocity. 

 

𝑅𝑃𝑃(𝜃) ≈  𝑅0 + [𝐴0𝑅0 + 
𝜎2 − 𝜎1

(1 − 𝜎)2
] 𝑠𝑖𝑛2𝜃 + 

1

2

∆𝑉𝑝

𝑉𝑝
(𝑡𝑎𝑛2𝜃 − 𝑠𝑖𝑛2𝜃) 

(3)  

𝑅0 ≈
1

2
(
∆𝑉𝑝

�̅�𝑝

+ 
∆𝜌

�̅�
)                                𝜎 = (𝜎2 + 𝜎1)/2 

(4)  

𝐴0 =  𝐸 –  2(1 +  𝐸) 
(1 − 2𝜎)

(1 −  𝜎)
           𝐸 =  

∆𝑉𝑝 �̅�𝑝⁄

∆𝑉𝑝 �̅�𝑝⁄  + ∆𝜌 �̅�⁄  
 

(5)  

Smith and Gidlow (1987) presented a further generalization of Aki and Richards 

(1980) by removing the density term (6). Density is assumed to be a function of velocity 

using Gardner equation (7). 𝛼 is a constant that changes with lithology.  

B C A

n

t

e

r
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n
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𝑅𝑃𝑃(𝜃) ≈ (
5

8
−

1

2

�̅̅�𝑆
2

�̅�𝑃
2 𝑠𝑖𝑛2𝜃 +

1

2
𝑡𝑎𝑛2𝜃)

∆𝑉𝑃

�̅�𝑃

 +  (−4
�̅̅�𝑆

2

�̅�𝑃
2 𝑠𝑖𝑛2𝜃)

∆𝑉𝑆

�̅�𝑆

 
(6)  

𝜌 ∝  𝛼𝑉𝑃

1
4 

(7)  

Hilterman (1989) suggested a two-term simplification dominated by Poisson ratio (8) while 

Fatti et al. (1994) developed an approximation that describes amplitudes as a function of P-

impedance (𝐼𝑃) and S-impedance (𝐼𝑆) (9). 

𝑅𝑃𝑃(𝜃) ≈  𝑅0𝑐𝑜𝑠2𝜃 + 
𝜎2 − 𝜎1

(1 − 𝜎)2
𝑠𝑖𝑛2𝜃 

(8)  

𝑅𝑃𝑃(𝜃) ≈  
1

2

∆𝐼𝑃
𝐼𝑃

(1 + 𝑡𝑎𝑛2𝜃) − 8 (
𝑉𝑆

𝑉𝑃
)
2

𝑠𝑖𝑛2𝜃
∆𝐼𝑆
𝐼𝑆

− [
1

2
𝑡𝑎𝑛2𝜃 − 2 (

𝑉𝑆

𝑉𝑃
)
2

𝑠𝑖𝑛2𝜃]
∆𝜌

�̅�
 

(9)  

Out of all of these approximations, Aki and Richards (1980) and Shuey (1985) have 

become the most widely used equations to describe seismic reflection amplitude of a simple 

isotropic rock layer model. 

2.2.3 AVO intercept and gradient cross plot 

Rutherford and Williams (1989) recognized that both pore fluid and sand ‘quality’ 

determines AVO response and they defined Class I, Class II and Class III AVO gas sand 

signatures. Castagna, Swan, and Foster (1998) suggest cross plotting of AVO intercept (A) 

and gradient (B) to simplify the AVO response. Smith and Gidlow (1987) developed fluid 

factor and lithology factor concepts that explain the location of preStack seismic data on the 

A-B cross-plot.  Hilterman (2001) presented an efficient way to recognize these AVO classes 

and associated fluid factor on similar A-B cross-plots. Goodway (2001) showed that these 

fluid and lithology concepts could be understood and even optimized regarding associated log 

∆𝐼𝑃
𝐼𝑃

≈ (
∆𝑉𝑝

�̅�𝑝

+ 
∆𝜌

�̅�
)                   

∆𝐼𝑆
𝐼𝑆

≈ (
∆𝑉𝑆

�̅�𝑆

+ 
∆𝜌

�̅�
) 

(10)  
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curves. He showed that estimates of Lambda-Rho (𝜆𝜌) and Mu-Rho (𝜇𝜌) can be extracted 

from AVO A and B. The optimal fluid indicator is represented by 𝜆𝜌 while 𝜇𝜌 is the optimal 

lithology indicator. 𝜆 and 𝜇 are Lame’s elastics parameters while 𝜌 is density. 

2.2.4 Extended Elastic Impedance (EEI) 

Whitcombe et al. (2002) introduced the Extended Elastic Impedance (EEI) method, 

which is a generalization of weighted stacks that can produce any elastic attribute such as 

Lambda-Rho, Mu-Rho, PR or even estimates of gamma ray depending upon a user supplied 

chi (𝜒) (11). Whitcombe et al. (2002) also highlighted the application of EEI method for 

optimal fluid and lithology identification. The EEI method can also be viewed as coordinate 

rotation of the A-B cross-plot about the horizontal axis through the angle 𝜒 (12), where new 

rotated intercept and gradient are denoted by 𝐴𝑟 and 𝐵𝑟. Table 1 lists χ angles that deliver 

different elastic attributes from Connolly (2010). 

𝐸𝐸𝐼(𝜒) = 𝐴𝑐𝑜𝑠(𝜒) + 𝐵𝑠𝑖𝑛(𝜒) (11)  

[
𝐴𝑟

𝐺𝑟
] = [

cos(𝜒) sin (𝜒)

− sin(𝜒) cos (𝜒)
 ] [

𝐴
𝐵
] 

(12)  
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Elastic attribute Chi (𝜒) Correlation Coefficient 

Acoustic Impedance  0 1.000 

Gradient  90 1.000 

Shear Impedance 31.3 1.000 

Poisson Ratio 51 0.958 

Vp/Vs 57 0.999 

Bulk Modulus 13 0.985 

Lambda (Lame Parameter) 22 0.975 

Shear Modulus 302 0.988 

Table 1. Set of χ values defined by Connolly (2010) on various elastic attributes. 

2.2.5 AVO Anisotropy 

Anisotropy or velocity variation between two media is found to not only vary with 

incidence angle but also with an azimuthal angle (Rüger, 1997, 1998; Thomsen, 2002). 

Thomsen (1986) pointed out that ‘in the case of weak anisotropy, describing anisotropy can 

be greatly simplified’. The most common forms of anisotropy are vertical transverse isotropy 

(VTI) (Figure 11) and horizontal transverse isotropy (HTI) (Figure 12). Thin layering and 

lattice preferred orientation are responsible for VTI (Valcke et al., 2006) while by stress (Nur 

and Simmons, 1969) and aligned vertical fractures (Schoenberg and Sayers, 1995; Sayers and 

Rickett, 1997) can cause HTI anisotropy. Figure 13 from Nur and Simmons (1969) shows a 

good example of anisotropic stress and velocity where compressional waves travel faster in 

the direction of applied stress. Sayers and Rickett (1997) show how aligned vertical fractures 

affect azimuthal seismic amplitude from a gas-sandstone while Schoenberg and Sayers 

(1995) present seismic modelling of fractured media. 
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Figure 11. VTI anisotropy model by Rüger (1997). Seismic AVO only varies with incident angle.  

 

Figure 12. VTI anisotropy model by (Rüger, 1998). Seismic AVO varies with the incident and 

azimuthal angle. 

HTI velocity anisotropy can be measured on 3D seismic data by two different 

methods:  1) anisotropic migration velocities (Taylor et al., 2013) and 2) azimuthal AVO 

(Gray and Head, 2000; Downton and Roure, 2010). Other authors have discussed theoretical 

means to determine if velocity anisotropy is stress or fracture induced (Nur, 1971; 

Schoenberg and Sayers, 1995). Franco et al. (2006) used dipole shear sonic logs to estimate 

the magnitude and azimuth of anisotropy induced by stress,  intrinsic anisotropy (preferred 

crystal orientations in shales) and extrinsic anisotropy (fractures) by measuring the shear 

wave splitting, shear wave travel time and analysing flexural wave dispersion curves. With 

my research, instead of a theoretical approach, seismic-derived anisotropy is going to be 
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compared to a ‘ground truth’ from dipole sonic logs, borehole breakout and fractures 

interpreted from image logs to determine if the seismic anisotropy is stress or fracture 

induced. 

Thomsen (1986) simplified the description of anisotropy by developing three 

anisotropy parameters 𝜖, 𝛾 and 𝛿 to describe elastic media. The term 𝜖 or usually called the 

“P-wave anisotropy” describes the difference between the P-wave velocities in the vertical 

and horizontal direction (Mavko, Mukerji, and Dvorkin, 2009). The variation between the 

SH-wave velocities in the parallel and orthogonal to the symmetry axis is described by term 

𝛾(Mavko, Mukerji, and Dvorkin, 2009). The term 𝛿 is rather difficult to interpret, however it 

is an important parameter to quantify the anisotropy effects on non-hyperbolic moveout and 

P-wave time-processing steps (Tsvankin, 2001; Mavko, Mukerji, and Dvorkin, 2009).  

 

Figure 13. Nur and Simmons (1969) show 𝑉𝑝 relationship with stress (σ) and direction of applied 

stress. θ represents angles between applied stress and direction of 𝑉𝑝 Propagation. P-waves travel the 

fastest when it is parallel to the applied stress direction. At σ = 300 bars, the velocity parallel with 

stress direction (θ = 0°) increased by approximately 20%, while only 5% increase is observed in the 

perpendicular direction (θ = 90°). 

Rüger modeled the effect of VTI (1997) and HTI (1998) anisotropy on prestack 

reflection amplitudes. Rüger’s seismic AVO equation for VTI anisotropy media is shown by 

(13). In this model, seismic AVO response at a known incidence angle (𝜃) is not affected by 
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the change in azimuth (𝜙). Rüger (1997) showed that Thomsen’s δ has strong influence at 

small incidence vertical angle (< 30°) while Thomsen’s ε is dominant at far offset.  
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(14)  

 𝑍 = 𝜌𝑉𝑝                             𝐺 =  𝜌𝑉𝑆
2 (15)  

Rüger (1998) seismic AVO equation (14) for HTI media varies with azimuth (𝜙) for a 

given incidence angle. With this equation, all three anisotropic parameters are now 

responsible for the variation in reflection amplitude. ∆δV and ∆ϵV in (14) are the same 

Thomsen anisotropic parameter as in VTI media (equation 13), defined with respect to 

vertical pathway (Rüger, 1998). 

2.4 Seismic attributes 

One paper included in this thesis focuses on the application of seismic attributes for 

structural interpretation.  Common seismic attributes used for detecting small subsurface 

features such as faults, fracture swarms, steep reef edges and channel edges are incoherence 

and curvature. The incoherence attribute measures trace-to-trace similarity, which will show 

faults and other stratigraphic irregularities on time and horizon slices (Chopra, 2002). Similar 

seismic traces will be represented with a high coherence value while low coherence values 

represent discontinuity. Weaknesses of the incoherence attribute include its tendency to 

‘smear’ the faults, fractures and stratigraphic discontinuities signatures in time and its 

susceptibility to noise and acquisition footprints (Chopra, 2002; Chopra and Marfurt, 2007).  
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The curvature attribute describes how bent a curve is at a specific point on the curve 

(Roberts, 2001). Previous studies have used curvature related attributes to detect fracture 

density over mapped structures (Lisle and Robinson, 1995; Stewart and Podolski, 1998).  

This attribute provides different geological information depending on the input spatial radius 

(Chopra and Marfurt, 2010). Tight spatial radius highlights details of highly localized fracture 

networks while broad radii enhance larger structures associated with fracture zones (Chopra 

and Marfurt, 2010). Similar to the incoherence attribute, the curvature attribute also tends to 

intensify subtle effects such as acquisition footprints and velocity pull-up/push-down 

(Marfurt and Alves, 2015). These effects are commonly seen on low-fold data in the shallow 

time slices (Marfurt and Alves, 2015). 

2.5 Summary 

This literature review provides a link to uncover the potential of Cooper Basin 

unconventional reservoirs through seismic AVO inversion. Knowledge of in-situ stress, pore 

pressure and natural fractures provides some constraint on the rock physics model derived 

from AVO and seismic attributes. Various types of isotropic AVO analysis are useful for 

extracting information on elastic rock properties, lithology, pore fluids and pore pressure. 

AVO anisotropic analysis delivers information on stress and fractures. Alternatively, seismic 

attribute analysis offers a competing method for mapping faults and possible fracture 

network. By using these AVO inversion techniques and seismic attributes, we can extract 

knowledge of the Cooper Basin.  
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ABSTRACT 

Theoretically, both vertical fractures and stress can create HTI anisotropy on 3D 

seismic data.  Determining if seismic HTI anisotropy is caused by stress or fractures can be 

important for mapping and understanding reservoir quality, especially in unconventional 

reservoirs. Our study area is the Cooper Basin of Australia.  The Cooper Basin is Australia’s 

largest onshore oil and gas producing basin that consists of shale gas, basin-centred tight gas 

and deep coal play.  The Cooper Basin has unusually high tectonic stress with most reservoirs 

in a strike-slip stress regime, but the deepest reservoirs are interpreted to be currently in a 

reverse fault stress regime. The seismic data from the Cooper Basin exhibits HTI anisotropy. 

Our main objective is to determine if the HTI anisotropy is stress induced or fracture induced. 

We compare both migration velocity anisotropy and AVO anisotropy extracted from a high-

quality 3D survey to a ‘ground truth’ of dipole sonic logs, borehole breakout and fractures 

interpreted from image logs. Our conclusion is that the HTI seismic anisotropy in our study 

area is likely to be stress induced. 

INTRODUCTION 

Understanding and mapping stress and natural fractures can be very important for 

unconventional reservoirs.  Many authors have discussed how information about stress and 

fractures can be extracted from azimuthal anisotropy observed in 3D seismic data (Perez and 

Gibson Jr, 1996; Sayers and Rickett, 1997; Sarkar, Bakulin, and Kranz, 2003). However, it is 

very difficult to define if anisotropy, in any case, is associated with stress or fractures.  The 

main objective of this research is to find out if stress or fractures cause seismic anisotropy in 

the Cooper Basin. We extract anisotropy from 3D seismic data, which is then followed by a 

comparison of that anisotropy with dipole sonic logs, image log, cores and core plugs.  
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Our study area and data set may have some advantages over other basins in resolving 

the question:  is seismic anisotropy caused by stress or fractures?  Those advantages are: 1) 

many North American basins with unconventional reservoirs are in a normal stress regime 

where faults and fractures tend to be aligned with the maximum horizontal stress. The Cooper 

Basin is in a strike-slip regime, which leads to faults and fractures that are not aligned with 

maximum horizontal stress. 2) the high differential horizontal stress of the Cooper Basin 

leads to a maximum stress direction that does not vary significantly in orientation, 3) the 

Cooper Basin has numerous good quality ‘open-file’ image logs and 4) there is excellent fully 

azimuthal 3D seismic available.  

Geology and in situ stress 

There are currently three different active unconventional plays in the Cooper Basin of 

Australia: a shale gas play, a deep coal play and a basin-centered tight gas sand play 

(Greenstreet and Dello, 2015).  This paper focuses on the Permian tight gas sand play in the 

Nappamerri Trough of the Cooper basin.  

Cooper Basin in situ stress is strike-slip at shallow depth and transitions into reverse 

fault regime at depth (about 3km) while the principal maximum horizontal stress (SH) 

direction is consistent at approximately N100°E (Reynolds et al., 2005; King et al., 2011) 

(Figure 1). In our study area, the target Permian tight gas sand is at a depth of about 2.2 – 

2.4km depth. Since these sands are expected to be in a strike-slip regime, we are expecting to 

see fractures oriented conjugate to the SH direction as in Figure 2. 

Compared to most other basins, the Cooper Basin experiences higher differential 

stress that does not vary significantly in orientation. High differential stress can be beneficial 

regarding having more interconnecting fractures during hydraulic fracturing treatment 
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(Blanton, 1986) but it can result in wellbore instabilities such as high volume caving and hole 

enlargement parallel to SH direction (Zhang et al., 1999). 

Velocity Anisotropy 

Stress and fractures cannot be directly measured on seismic data, but velocities 

extracted from seismic data are a function of stress and fractures.  Mavko, Mukerji, and 

Godfrey (1995) show the effect of isotropic stress on ultrasonic P-wave velocity (𝑉𝑝) and S-

wave velocity (𝑉𝑠) on a dry granite sample (see Figure 3). 

Before the emergence of unconventional reservoirs, geoscientists largely ignored 

anisotropy primarily because describing anisotropy was very cumbersome, and transverse 

isotropy (most common type of anisotropy) masquerades as isotropy in near-offset reflections 

(0-30°). Thomsen (1986) pointed out that ‘in the case of weak anisotropy, describing 

anisotropy can be greatly simplified’. Geoscientists now routinely recognize vertical 

transverse isotropy (VTI) and horizontal transverse isotropy (HTI) in seismic data processing 

(Grechka and Tsvankin, 1999; Treadgold et al., 2008; Jenner, 2011).  Thin layering and 

lattice preferred orientation are responsible for VTI (Valcke et al., 2006) while HTI can be 

caused by stress (Nur and Simmons, 1969) and aligned vertical fractures (Schoenberg and 

Sayers, 1995; Sayers and Rickett, 1997). Figure 4 from Nur and Simmons (1969) shows a 

good example of anisotropic stress and velocity where compressional waves travel fastest in 

the direction of applied stress. Sayers and Rickett (1997) show how aligned vertical fractures 

affect azimuthal seismic amplitude from a gas-sandstone while Schoenberg and Sayers 

(1995) present seismic modelling of fractured media. 

For the purpose of understanding and calibrating the relationship between our 3D 

seismic velocities and stress, we use data from triaxial tests on Cooper Basin core plugs 
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shown in Figure 5.  This plug dataset does not measure velocities in multiple directions (all 

lines in Figure 4). Instead, it measures velocity in the direction of maximum stress over a 

range of differential stress (the first line of Figure 4, θ = 0°). The static measurements made 

on the core plugs include density, Poisson’s ratio and Young’s modulus as a function of 

stress. Young’s modulus was determined as the tangential slope of differential stress vs. 

average axial strain curve while the Poisson’s ratio was the tangential slope of radial strain 

vs. axial strain curve. From these static elastic parameters, 𝑉𝑝 was computed that was then 

converted to dynamic, well logging velocity using an average scale factor of 1.4. Three of the 

core samples were measured at effective stress states comparable to those in the Cooper 

Basin. The 1.4 scale factor was derived by comparing these three samples to well log values 

for 𝑉𝑝. Fluid substitution was not part of this rescaling as the two different pore fluids were 

air (in the lab) and natural gas (in our target reservoirs). Due to insufficient number of 

samples, we were unable to develop scaling factors for different lithologies. These core plugs 

were tested unsaturated with the pore system drained to the atmosphere. XRD data on these 

core plugs tell us the percentage of quartz and clay minerals in each sample. Only mature 

clays are present (illite and kaolinite) and, ratios between clays does not vary significantly 

between samples. Detailed information on core petrology, 𝑉𝑝 and mean effective stress is 

summarised in Table 1. Unfortunately, not a single sample or lithology is exposed to a full 

range of stresses, but a trend like that in Figure 3 is established using measurements from 

multiple core plugs. The data are noisy, but Figure 5 hints that core plugs with higher quartz 

percentage have higher velocities. 

AVO and anisotropy 

Rüger (1997) modeled how VTI velocity anisotropy impacts prestack reflection 

amplitudes and Rüger (2001) developed an expression for prestack reflection amplitudes 
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from  HTI media. Figure 6 shows an example of AVO variation with azimuth on the real 

data. To use Rüger’s equation (equation 1), we measure reflection amplitudes as a function of 

angle of incidence (θ) and source-receiver azimuth angle (𝜙). The output parameters include 

intercept (Aiso), isotropic gradient (Biso), anisotropic gradient (Bani) and azimuth of isotropy 

plane (𝜙iso) at every time sample of every CDP (equation 1). These parameters may tell us 

about fractures if we assume 1) a model of an isotropic layer overlying an HTI medium 

(Rüger, 1998) , 2) the HTI anisotropy is caused by one dominant set of vertical fractures with 

strike direction parallel to 𝜙iso and 3) Bani represents the fracture density. Downton 

(2011)develops a theoretical relationship between HTI anisotropy and fractures by starting 

with the assumption that the fractures are penny-shaped (Hudson, 1981). Downton (2011) 

also points out that it is not possible to know if anisotropic gradient is positive or negative, 

thus introducing 90° ambiguity to 𝜙iso. 

 R(𝜃, 𝜙) = 𝐴𝑖𝑠𝑜 + [𝐵𝑖𝑠𝑜 + 𝐵𝑎𝑛𝑖𝑠𝑖𝑛
2(𝜙 − 𝜙𝑖𝑠𝑜)]𝑠𝑖𝑛

2𝜃 (1)  

 Shaw and Sen (2006) came up with another equation to model azimuthal reflectivity 

as Fourier Coefficients (F.C.) series (equation 2), using the parameters 𝑟0, 𝑟2, 𝑟4, incidence 

angle (𝜃) and source-receiver azimuth angle (𝜙). Here 𝜙sym is the azimuth of symmetry axis, 

which is perpendicular to 𝜙iso.  𝑟0 is an equivalent to the isotropic three-term AVO equation 

while Bani information is a scaled 𝑟2 term (Downton, 2011). Both  𝑟2 and 𝑟4 terms contain 

information on tangential and normal fracture weaknesses (Downton, 2011). These fracture 

weaknesses describe how much strain of the fractured rock system is taken up by the 

fractures (Downton, 2011; Delbecq, Downton, and Letizia, 2013).  

 𝑅𝑝𝑝(𝜙, 𝜃) =  𝑟0 +  𝑟2 cos (2(𝜙 −  𝜙𝑠𝑦𝑚)) + 𝑟4𝑐𝑜𝑠 (4(𝜙 −  𝜙𝑠𝑦𝑚)) (2)  
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HTI velocity anisotropy can be measured on 3D seismic data by two different 

methods:  1) anisotropic migration velocities (Taylor et al., 2013) and 2) azimuthal AVO 

(Gray and Head, 2000; Downton and Roure, 2010).  We report results from both methods 

below. Our interval velocities are from a time migration and Dix inversion. A case study 

from 3D land survey in New Zealand reported high differential horizontal stress has resulted 

in significant velocity anisotropy of about 5% to 10% (Taylor et al., 2013).  

Other authors have discussed theoretical means to determine if velocity anisotropy is 

stress or fractures induced (Nur, 1971; Schoenberg and Sayers, 1995). Franco et al. (2006) 

used dipole shear sonic logs to estimate the magnitude and azimuth of anisotropy induced by 

stress,  intrinsic (preferred crystal orientations in shales) and extrinsic anisotropy (fractures) 

by measuring the shear wave splitting, shear wave travel time and analyzing flexural-wave 

dispersion curves. With this paper, instead of a theoretical approach, we compare seismic-

derived anisotropy to a ‘ground truth’ from dipole sonic logs, borehole breakout and fractures 

interpreted from image logs to determine if the seismic anisotropy is stress or fracture 

induced. 

RESULTS AND DISCUSSION 

Fracture and breakout interpretation on image logs 

Out of three image logs available within the 3D seismic survey, only one has adequate 

resolution for fracture interpretation. The well in this study is a vertical well with borehole 

deviation less than 1°. Fracture and stress interpretation was done over the Patchawarra 

Formation.  From 57 borehole breakouts (BO) observed on sand intervals, mean current SH 

direction was found to be N100°E (Figure 7 and Figure 8). In contrast, no drilling-induced 

tensile fractures (DITF) were observed. Fracture interpretation results indicate many 
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shallowly dipping (<50°) fractures (similar to beds) while the occurrence of steeply dipping 

(>50°) fractures are scarce (<10 over 300m interval) (Figure 9). Most of these fractures are 

oriented SE-NW orientation, which is about 30° conjugate to current SH. This orientation is 

expected under the current Cooper basin strike-slip stress regime (Anderson, 1951; Healy, 

Jones, and Holdsworth, 2006; King et al., 2011).  

The horizontal or near horizontal fractures cannot cause seismic anisotropy (both 

AVO anisotropy and HTI velocity anisotropy). The scarcity of steeply dipping fractures in 

these image logs suggests that fractures are not the cause of the observed seismic anisotropy. 

Image log data over the shale intervals show neither fractures nor BOs. The 

conventional wisdom of wellbore failure suggests that BOs occur in weak shales rather than 

stiffer sandstones. However, in the Cooper basin and some other basins in Australia, BOs are 

more common in sandstones (Nelson, Hillis, and Mildren, 2006; King et al., 2011). This can 

be explained by Nelson, Hillis, and Mildren (2006) stress-partitioning model that reveal 

sandstones act as a stress-bearing unit when subjected to high horizontal stresses. It predicts 

high-stress concentrations at the wellbore wall in the sandstones relative to shales, hence the 

presence of BOs and DITFs (Nelson, Hillis, and Mildren, 2006). The combination of low-

stress concentration and the absence of fractures and BOs, shales are predicted to have a low 

potential for HTI anisotropy. Coal intervals were difficult to interpret due to many borehole 

washouts (borehole enlargement) that distorted image log resolution. 

Dipole shear log and core analysis 

Dipole sonic logs from nearby wells show high anisotropy in shear velocity (𝑉𝑠) in 

sands and coals. The sand anisotropy was 10-16% while anisotropy in coal varied between 1 

to 10% (Figure 10). Both sand and coal dipole anisotropy were aligned with current day SH. 
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Shale has less than 1% anisotropy with no specific orientation. The high stress concentration 

on sand and cleats or choncoidal fractures in coal may be responsible for the high anisotropy. 

Low anisotropy in shales suggests little or no fractures. Furthermore, stress-partitioning 

model mentioned earlier mean that shale does not experience high differential stress, hence 

low anisotropy.  

Dipole shear wave anisotropy measurement provides a reliable estimation for stress 

and fractures orientation and should not be affected by formation wellbore failure such as 

BOs (Brie et al., 1998). Figure 10 shows the high anisotropy in sand and coals are 

consistently oriented around N100°E, which matched with interpreted present-day SH 

orientation from earlier BOs analysis (Figure 8). We thus interpret stress as the cause of the 

shear velocity anisotropy. 

 To investigate the possible causes of anisotropy seen on dipole shear log, we 

inspected the core for fractures and cleats. Core data over sand intervals reveals minimal 

vertical fractures but abundant horizontal ‘disking’ (similar to fractures), spaced a few mm 

apart and often seen cross-cutting each other. It is unclear if this disking occurs in the 

subsurface or is an artifact of the coring process. Even if disking does occur in the subsurface, 

it is unlikely to show up on the dipole sonic log as the disking has no vertical component.  

Coal intervals display many conchoidal fractures (vertical and horizontal) with no 

preferred orientation. However, the dipole sonic indicates N102°E as preferred fast shear 

direction. We speculate that this anisotropy is supported by current day SH, which has kept 

the E-W vertical fractures in coal open.  

Shale intervals are homogenous with no visible fractures. The combination of low-

stress concentration predicted earlier, and the absence of fractures correspond well with the 
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low shear anisotropy signature in shales. Horizontal shale fractures seen in Figure 11 are 

likely from stress relief and drying and assumed not to happen in the subsurface. 

Stress or fracture mapping using azimuthal AVO analysis 

Input data are fully azimuthal gathers with a maximum offset of 6.8km. Gathers were 

migrated using a proprietary VTI-HTI time migration algorithm that does not use the 

conventional vector-offset tile approach. The workflow consists of velocity model building 

by first scanning simultaneously on average velocity and eta that is then followed by a scan 

on HTI velocity parameters. The output velocity field quantifies HTI anisotropy as Vfast 

azimuth (direction of anisotropy) and the Ellipticity Factor (magnitude of anisotropy).  

Analysis of the migrated gathers discovered poor signal to noise ratio at far offset 

(beyond  45°), and an outer angle mute was applied to remove those angles. A trim static was 

applied to correct residual normal move-out and static errors. To improve S/N ratio, super 

gathers that are sorted primarily by offset and secondarily by azimuth, was formed over 5x5 

CMPs. A parabolic Radon filter was applied to suppress long period multiples and preserve 

the amplitude at the far offset. A relative inversion was performed (phase rotation by 90°) on 

real seismic data. The AVO attribute maps shown here (Figure 12 and Figure 13) were 

extracted from the horizon picked on relative inverted data. To stabilize the inversion results, 

we used AVO constraints created from 𝑉𝑝, 𝑉𝑠  and density log. 

We performed azimuthal AVO inversion with lithologic constraints using both Rüger 

(2001) approximation (equation 1) and Fourier Coefficients (equation 2) and compare the 

relative anisotropy magnitude (Bani – Rüger and 𝑟2– F.C)  and azimuth (𝜙iso) (Figure 12 and 

Figure 13). Results show agreement on the location of high anisotropy. Major anisotropy 

orientation is oriented approximately N95°E, which is aligned with SH. 
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Migration velocity analysis 

 Like the above AVA analysis, the magnitude and azimuth of the migration velocities 

were extracted over an interval of 100ms surrounding the Toolachee sand. The ratio of the 

difference between fast and slow shear interval velocities to fast shear velocity was used as a 

measure of anisotropy. The highest velocity anisotropy magnitude was clustered around the 

edges of the 3D seismic survey and is likely an artifact of the low fold at those edges. After 

muting out the data at survey edges, we found that most of the fast shear data are oriented 

approximately N100°E, which is aligned with current SH. 

SUMMARY AND CONCLUSION 

Seismic data from the Cooper Basin exhibits azimuthal anisotropy in both AVO and 

HTI interval velocity (derived from migration velocity analysis). We wish to determine if that 

anisotropy is caused by fractures or by the Cooper Basin’s large difference between 

minimum and maximum horizontal stress. The magnitude and orientation of seismic AVO 

anisotropy are estimated using two different methods that give very similar results. Those 

methods are from Rüger (2001) and the Fourier Coefficients method of Downton (2011). 

Anisotropic AVO attribute maps over the Toolachee sand show anisotropy is aligned with 

N100°E. Similar anisotropy orientation is observed on the HTI interval velocity. The Cooper 

Basin’s stress field (SH) has this same orientation as shown in a regional analysis by previous 

workers (Reynolds et al., 2005; King et al., 2011),  and in image logs and dipole sonic data 

done in our local study area. 

Image logs show borehole breakout is common in the sands, but not in shales. Based 

on stress-partitioning concept explained earlier, sands are experiencing greater stress than 

shales leading to breakouts. Dipole sonic logs show sands have higher shear anisotropy 
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whereas shale is low. Both breakout orientation and shear anisotropy observed on dipole 

sonic logs align with SH. 

Our work suggests that stress is the dominant cause of the HTI anisotropy observed in 

the seismic data. Lending credence to the argument that stress causes this HTI seismic 

anisotropy is the knowledge that the Cooper Basin is currently in a strike-slip stress 

environment with a very large difference between minimum and maximum horizontal 

stresses. Theory predicts that natural fractures created by such a stress regime will be oriented  

~30 degrees from SH, which is what we observe on image logs in our area. We do not observe 

any fractures aligned with SH.  The fact that the seismic anisotropy is aligned with SH and not 

aligned with the observed fractures suggests that anisotropy observed on Cooper seismic data 

is caused by differential stresses rather than fractures. 
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LIST OF FIGURES 

 

Figure 1. A modified map of SH orientation for the Nappamerri trough of the Cooper 

basin, after Reynolds et al. (2005). Based on hundreds interpreted borehole breakouts and 

drilling induced tensile fractures (DITF), the SH direction is reported to be approximately 

N100°E. Black star at the centre of the figure shows the location of the well from which 

dipole sonic, image logs and core plug data are used in this study. The exact location of the 

other wells and the 3D survey used in this paper cannot be revealed at this time but they too 

are in the Nappamerri trough.  
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Figure 2. Figure adapted from Wikel (2011) showing Anderson (1951) fault 

classification system. Unlike in North America’s normal fault regime cases, our target 

formation is under transitional strike-slip and reverses fault regimes. Vertical fractures, if 

exist, will align conjugate to SH direction that is N100°E.  
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Figure 3. Graph from Mavko, Mukerji, and Godfrey (1995) showing the relationship 

between isotropic hydrostatic stress and velocities  (𝑉𝑝 and 𝑉𝑠). This graph shows the general 

trend of velocities increase with isotropic stress.  
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Figure 4. Nur and Simmons (1969) show 𝑉𝑝 relationship with stress (σ) and direction 

of applied stress. θ represents angles between applied stress and direction of 𝑉𝑝 Propagation. 

P-waves travel the fastest when it is parallel to the applied stress direction. At σ = 300 bars, 

the velocity parallel with stress direction (θ = 0°) increased by approximately 20%, while 

only 5% increase is observed in the perpendicular direction (θ = 90°).  
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Figure 5. Dynamic 𝑉𝑝 versus mean effective stress analysis over six unsaturated core 

plugs with varying quartz percentage (Table 1). Velocity gradually increases with mean 

stress. Quartz content appears to have a secondary but noisy influence on 𝑉𝑝.  

 

 

 

 

 



Chapter 4.4 Thesis Body 

 

- 100 - 

  

 

Figure 6. The figure on the left shows common offset gathers with variable azimuth 

within each offset. Sinusoids represent AVO amplitude variation with azimuth based on the 

real data. Color bar corresponds to incidence angle. The effect of azimuthal anisotropy is 

more apparent at high incidence angle (blue and purple). This analysis is based on Rüger 

(2001) equation.  
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Figure 7. Acoustic image log and tadpoles from a vertical well within the 3D survey 

that shows interpreted BOs in sand (red tadpoles), shallow dip fractures (cyan tadpoles) and 

beddings (green tadpoles). BOs appear as pairs of vertical dark zones separated by 180°. 

These BOs are oriented approximately N010-190°E and indicate that the present day SH is 

oriented approximately N100°E.  
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Figure 8. Rose diagram of the interpreted BOs (red) and the present day SH (black) 

that matched with the mean SH direction of the Cooper Basin reported by King et al. (2011). 

Dip and azimuth plots show BOs dip and orientation.   
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Figure 9. Image log fracture dips interpretation from the same well. Shallowly dipping 

fractures (red) are abundant while steeply dipping fractures (blue) are scarce.  
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Figure 10. Well log showing gamma ray (GR), density (RHOB), 𝑉𝑝, fast shear, slow 

shear, anisotropy and fast shear azimuth. The difference between fast and slow 𝑉𝑠 provides an 

estimate of anisotropy magnitude. High anisotropy occurs in sand and coal not shale.   
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Figure 11. Core images from well located on Figure 1 displaying a) sand with 

abundant horizontal fractures, b) choncoidal fractures in coal and c) homogenous shale.  
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Figure 12. Inverted Toolachee sand map of Rüger anisotropic gradient (Bani). 

Rectangular plate size, colour and direction represent the magnitude of Bani and orientation of 

isotropy plane (𝜙iso). Colour bar represents both the background surface and the rectangular 

plates. A rose plot on the bottom left corner shows 𝜙iso orientation, which is parallel to stress 

orientation. 
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Figure 13. Inverted Toolachee sand map of Fourier Coefficient scaled anisotropic 

gradient (𝑟2). Rectangular plate size, colour and direction represent the magnitude of 𝑟2 and 

orientation of isotropy plane (𝜙iso). Colour bar represents both the background surface and 

the rectangular plates. High anisotropy area agrees with area shown in Figure 12. The 𝜙iso 

orientation shown on rose diagram at the bottom left is more varied than Rüger 𝜙iso  

orientation. 
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Figure 14. Migration velocity anisotropy (1-Vslow/Vfast) over inverted Toolachee 

sand horizon. This figure shows high interval velocity anisotropy (cluster of red and light 

blue features around the edges) is likely due to low fold number at the survey edges and is not 

included in the rose diagram of HTI velocity in Figure 15. High anisotropy zones identified in 

Figure 12 and Figure 13 only correspond to low HTI interval velocity anisotropy.  
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Figure 15. Inverted Toolachee sand map of migration velocity anisotropy (1-

Vslow/Vfast) after muting data around the edges. The rectangular plate size, colour and 

direction represent the magnitude and orientation of velocity anisotropy. Colour bar 

represents both the background surface and the rectangular plates. Rose diagram shows that 

azimuth of HTI velocity anisotropy is aligned with current SH direction. 
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LIST OF TABLES 

 

Quartz 
(%) 

Muscovite 
(%) 

Kaolinite 
(%) 

Illite 
(%) 

Mean eff. 
stress (MPa) 

Vp 
(km/s) 

28% 33% 12% 9% 

7.9 2.4 

12.2 2.7 

15.3 2.8 

31.5 3.8 

30% 35% 13% 11% 

8.9 2.8 

13.3 3.4 

16.7 3.6 

30.0 3.3 

36% 33% 12% 11% 

4.7 3.3 

19.7 4.2 

25.9 4.7 

38.4 4.9 

47% 30% 2% 14% 

8.0 3.3 

36.5 3.6 

46.5 4.2 

68.3 4.6 

55% 25% 6% 4% 

34.1 4.8 

46.3 4.6 

55.1 4.5 

66.6 4.9 

68% 19% 2% 4% 

54.1 4.3 

68.7 4.7 

81.7 4.8 

109.7 5.0 

Table 1. Summary of 𝑉𝑝 and mean effective stress from six different core plugs with 

varying quartz and clay minerals. The percentage of other minerals such as Siderite, Siderite 

(Mg), Rutile and Anatase are not listed on the table. Core petrology data are taken from 

quantitative XRD analyses that are normalised to 100%. These core plugs were acquired over 

tight gas sandstone with porosity ranging between 8% to 10%.  
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4.6 Topic 6 

Tyiasning, S., and D. Cooke, 2016, (will be submitted to Interpretation) Impact of pore 

pressure versus fluid saturation on elastic properties in Murteree Shale of the Cooper 

Basin 
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ABSTRACT 

Understanding the effect of overpressure and fluid saturation on elastic properties is 

quite helpful to determine well locations and ensure safe well design. Overpressure and gas 

saturation may cause a similar decrease in P-wave velocity (𝑉𝑝). Some authors suggest other 

elastic properties such as Poisson’s ratio (𝜎), MuRho (𝜇ρ), and Lambda-Rho (𝜆ρ) can resolve 

this ambiguity. 𝜎, 𝜆ρ and 𝜇ρ may have an advantage over 𝑉𝑝 in that overpressure has an 

opposite effect to gas saturation.  

The objective of this study is to compare the impact of pore pressure to fluid 

saturation on various elastic properties. This study focusses on the Permian Murteree shale 

gas play in the Cooper basin where recent drilling results have confirmed the presence of gas 

accumulation and variable overpressure. To address the ambiguity mentioned above pore 

pressure data from DST and mud weights are compared with analyses of well logs and 

several rock physics models. 

Results show the effect of pore pressure is minor compared to fluid saturation. 𝜎 and 

𝜇ρ show a significant increase in increasing pore pressure while 𝑉𝑝 change is negligible. 

INTRODUCTION 

Rock properties such as 𝑉𝑝 and 𝜎 are frequently used as a tool to predict overpressure 

and fluid saturations. However, there is a need to address the ambiguity between overpressure 

and increasing gas saturation on these rock properties. Eberhart-Phillips, Zoback, and Han 

(1989); Prasad (2002); Sayers, Woodward, and Bartman (2002) showed that both gas 

saturation and overpressure cause similar slowing down effect in 𝑉𝑝. Avseth, Mukerji, and 

Mavko (2005) further suggest that changes in lithology, porosity and rock texture can have 
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similar effect on 𝑉𝑝 as pore pressure. Christensen (1984); Mukerji et al. (2002); Prasad (2002) 

suggest 𝜎 has the advantage over 𝑉𝑝 in that overpressure causes an increase in 𝜎 while 

increasing gas saturation decreases 𝜎. Perez et al. (2011) suggests 𝜆ρ and 𝜇ρ are superior for 

distinguishing overpressure from gas saturated formation in unconventional shale gas play. 

Perez et al. (2011) used 𝜆ρ and 𝜇ρ to model the effect of overpressure and gas saturation. In 

light of the above references, we are interested in measuring the impact of fluid saturation 

and pore pressure on 𝜎, 𝑉𝑝, 𝜆ρ and 𝜇ρ for the Murteree Shale of the Cooper Basin. 

The practical uses of a reliable overpressure prediction are numerous. Osborne and 

Swarbrick (1997) show that overpressure inhibits compaction process and preserves porosity 

if we assume cementation process is insignificant. However, having high pore pressure may 

result in drilling hazards if undetected (Sayers, Woodward, and Bartman, 2002; Tingay et al., 

2009). Appropriate mud weight and casing points need to be carefully selected to prevent 

unwanted hazards such as blowouts (Sayers, Woodward, and Bartman, 2002; Tingay et al., 

2009). 

This study focusses on shale gas play on Murteree Shale of the Cooper Basin where 

recent drilling results have confirmed the presence of gas and variable overpressure. Our 

methodology consists of building rock physics models and comparing results using acoustic 

impedance (AI), 𝜎, 𝑉𝑝 and 𝜆ρ - 𝜇ρ. Results are calibrated with well logs, well completion 

reports, mud weight data, and DSTs. Expected results are insight on the reliability of these 

elastic attributes for overpressure detection. 

BACKGROUND 

𝑽𝒑 as a function of pore pressure and gas saturation  
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Velocities are a function of bulk modulus (𝐾), shear modulus (𝜇) and density (𝜌) 

(Avseth, Mukerji, and Mavko, 2005), as shown by equation (1) and (2) below:  

𝑉𝑝 = √
𝐾 + 

4
3 𝜇

𝜌
    ∝     𝑃𝑒

1
6 

(1)  

𝑉𝑠 = √
𝜇

𝜌
      ∝     𝑃𝑒

1
6 (2)  

𝑃𝑒 = 𝑃𝑇𝑜𝑡𝑎𝑙 − 𝑃𝑃 (3)  

where 𝑉𝑠 is the S-wave velocity, 𝑃𝑒 is the effective pressure, 𝑃𝑃 is the pore pressure and 

𝑃𝑇𝑜𝑡𝑎𝑙 is the external pressure acting on a rock. These equations also show the relationship 

between 𝑉𝑝, 𝑉𝑠 and pore pressure as a function of 𝑃𝑒 . Figure 1 from Tyiasning and Cooke (in-

press) shows an example using Cooper Basin core plugs where 𝑉𝑝 increases with 𝑃𝑒. Zoback 

(2007) defines effective pressure as the difference between 𝑃𝑇𝑜𝑡𝑎𝑙 and 𝑃𝑃 (Equation (3)). 

High pore pressure causes the opening of micro cracks that soften rock mineral frame 

(decrease in 𝜇 and 𝐾) and results in decreased velocities (Castagna and Backus, 1993; 

Hermanrud et al., 1998). Avseth, Mukerji, and Mavko (2005) also suggests the decrease in 

velocity with increasing pore pressure is more apparent in dry samples compared to water 

saturated sample. In solid materials and rocks without cracks, the change in velocity with 

pressure is almost negligible (Castagna and Backus, 1993). Furthermore, the effect of pore 

pressures on velocities diminishes with depth as porosity becomes extremely low 

(Christensen, 1984). 

Other than pore pressure, the presence of gas alone can also decrease 𝑉𝑝 (Prasad, 

2002; Avseth, Mukerji, and Mavko, 2005). Compared to 𝑉𝑠, 𝑉𝑝 is more sensitive to pore fluid 

type (Mavko, Mukerji, and Dvorkin, 2009). Gassmann predicts that the presence of gas will 
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decrease the rock’s bulk modulus significantly, but not the shear modulus (Avseth, Mukerji, 

and Mavko, 2005).  

Poisson’s ratio as a function of pore pressure and gas saturation 

To begin with, the relationship between 𝜎 and 𝑉𝑃 𝑉𝑆⁄  ratio is shown by equation (4) 

below: 

𝑉𝑃

𝑉𝑆
= √

2𝜎 − 2

2𝜎 − 1
 (4)  

For most sedimentary rocks, 𝜎 is proportional to 𝑉𝑃 𝑉𝑆⁄  ratio (Figure 2) and we can use these 

two parameters interchangeably. In contrast to the 𝑉𝑝 sensitivity problem above, increasing 

pore pressure and increasing gas saturation will result in opposite 𝜎 signatures. Increasing 𝜎 

with pore pressure has been documented by several authors (Christensen, 1984; Prasad, 

2002). Lee (2010) shows an example using sand from the Gulf of Mexico, where 𝑉𝑃 𝑉𝑆⁄  ratio 

can change from 8.75 (equivalent 𝜎 of 0.49) at very high pore pressure condition to 2.7 

(equivalent 𝜎 of 0.42) at 10MPa (Figure 3). This figure shows 𝑉𝑠 reduce more with effective 

pressure compared to 𝑉𝑝 that leads to 𝑉𝑃 𝑉𝑆⁄  and 𝜎 increase.  

As mentioned earlier, 𝑉𝑠 is not as sensitive to gas saturation as 𝑉𝑝. The change of 

water to gas reduces 𝑉𝑝 more than 𝑉𝑠 and hence results in 𝑉𝑃 𝑉𝑆⁄  ratio and 𝜎 decrease (Avseth, 

Mukerji, and Mavko, 2005).  

Lambda-Rho and Mu-Rho as a function of pore pressure and gas saturation 

Goodway (2001) 𝜆ρ - 𝜇ρ or LMR was introduced as an alternative cross plot for fluid 

detection and rock properties analysis over conventional 𝑉𝑝 - 𝑉𝑠 based evaluation (Figure 4). 
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Goodway (2001) suggests incompressibility 𝜆 and 𝜆ρ is sensitive to fluid saturation while 

shear modulus 𝜇 shows lithology variation independent to fluid effect. Goodway et al. (2010) 

developed the use of 𝜆ρ - 𝜇ρ to understand the mechanical characteristics of shale gas 

unconventional reservoir. Perez and Gibson Jr (1996) and (Perez et al., 2011) show that gas 

saturation is decreasing both 𝜆ρ and 𝜇ρ while overpressure only reduces 𝜆ρ, shown by 

distinctive horizontal shift on the 𝜆ρ domain (Figure 4).  

Cooper Basin overpressure mechanism 

This study focusses on Permian Murteree Shale gas play in the Cooper Basin 

Nappamerri Trough area. Recent drilling results from 24 wells in the Nappamerri Trough 

confirm that basin-centred gas play and overpressure exist (Figure 5) (Trembath, Elliot, and 

Pitkin, 2012; Greenstreet and Dello, 2015). The cause, distribution and ‘scale’ of Cooper 

Basin overpressure are still unknown. The answer will not be known without more wells and 

DSTs. We speculate that the overpressure is dynamic; the rate of current day gas generation 

exceeds the rate of gas escape from the low permeability shales and results in overpressure.  

Unlike previous pore pressure studies on sands (Eberhart-Phillips, Zoback, and Han, 

1989; Lee, 2010) and chalk (Bowers, 1995), our focus is detecting pore pressure on shales. 

The very low permeability restrains it from delivering large volumes of fluid to well bore, 

hence results in difficulty with getting DST or RFT data from shales (Huffman and Bowers, 

2002). The reason there is a need to get pore pressure prediction in shales is overpressured 

shales are found above overpressure sands (Tingay et al., 2009). Other basins may have 

normally-pressured sand below overpressured shales (Surdam, Jiao, and Martinsen, 1994), 

but the most dangerous case is an isolated sand encased in overpressured shales.  
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Hydrostatic pressure in this context refers to the pressure exerted by a column of 

water within rock pore spaces while lithostatic pressure is the compressive pressure inflicted 

by the weight of overlying rocks. Overpressure occurs when pore pressure is well above the 

hydrostatic pressure. Osborne and Swarbrick (1997) suggest overpressure can be caused by 

1) decrease in the pore volume due to disequilibrium compaction and tectonic compression, 

2) fluid volume change due to kerogen maturation and 3) fluid movement due to density 

differences between fluids and gases. Overpressure will slowly dissipate through time from 

slow vertical fluid migration or lateral fluid migration through interbedded formations with 

higher permeability (Osborne and Swarbrick, 1997). Likewise, the presence of natural 

fractures also allows drop in pressure as fractures have a very high permeability (Osborne and 

Swarbrick, 1997).  

We proposed three models to explain Cooper Basin overpressure;  

Disequilibrium compaction model 

Burial process causes shales to compact (destroying porosity) and expels fluid 

(Tingay et al., 2009). If the rate of fluid expulsion is less than the rate of compressive stress 

from burial, overpressure develops, and pore fluid now supports the compressive load 

(Osborne and Swarbrick, 1997). Shale compaction and fluid expulsion are affected by 

thickness. The rate of pressure leaks off is inversely proportional to the shale thickness 

(Osborne and Swarbrick, 1997). This scenario suggests thicker shale has higher pore pressure 

than thin shale.  

The Murteree Shale was deposited in a large, freshwater lacustrine during a phase of 

continued subsidence (Radke, 2009). Overpressure exists around the centre of the 

Nappamerri Trough where the Murteree Shale is known to be very thick, reaching up to 90m 
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(Figure 3). Well completion reports of the wells used in this study show that the thickness of 

Murteree Shale is 80m at the overpressured well compared to 48m at the normally pressured 

well.  

The above compaction model assumes the overpressured shales 1) are under-

compacted and un-dewatered, 2) have higher porosity than normally pressured shale, 3) have 

high 𝑆𝑤 and 4) there is no fluid volume change due to kerogen maturation.  

Tectonic compression model 

Tectonic compression model is rather similar to disequilibrium compaction model 

earlier such that limited fluid expulsion and reduce in pore spaces generate overpressure. 

However, instead of burial process, compaction is caused by large-scale tectonic stress 

changes over short periods of time (Zoback, 2007). Several studies show higher pore 

pressures are linked with areas of induced compression while induced extension causes lower 

pore pressure (Berry, 1973; Finkbeiner et al., 2001; Grollimund et al., 2001).  Berry (1973) 

showed a case study from northern California where high pore pressure is generated by 

tectonic compression of granitic Sierran-Klamath and Salinas blocks. Grollimund et al. 

(2001) showed another example from the North Sea where compression due to lithospheric 

flexure resulting deglaciation causes pore pressures events. 

Structural history of the Cooper Basin consists of widespread compressional folding, 

subsidence, regional uplift, and erosion, from the Neoproterozoic until the present day 

(Gravestock and Jensen-Schmidt, 2011). Compared to most other basins the Cooper basin 

experiences higher differential stress that does not vary significantly in orientation (Reynolds 

et al., 2005; King et al., 2011). The basin intraplate stress history and the abnormally high 

differential stress may result in high pore pressure within the basin.  
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Due to similarity with earlier disequilibrium compaction model, this model also 

assumes the shales have high 𝑆𝑤, has relatively higher porosity and there is no fluid volume 

change due to hydrocarbon generation. 

Kerogen maturation model 

Hydrocarbon generation may also lead up to overpressure, depending on kerogen 

type, total organic carbon (TOC), thermal history and permeability (Osborne and Swarbrick, 

1997). Meissner (1978) suggests that a volume expansion accompanies hydrocarbon 

generation that under a closed system, may lead up to overpressure. However, as most 

hydrocarbons are more compressible than water, the amount of overpressure from 

hydrocarbon generation is comparatively smaller than compaction model (Daines, 1982; 

Osborne and Swarbrick, 1997). Furthermore, Price and Wenger (1992) and Osborne and 

Swarbrick (1997) suggest the pressure buildup from hydrocarbons generation will constrain 

endothermic reactions and slow down organic maturation process. To generate basin-wide 

overpressure, this model requires a thick and extensive mature source rock with high TOC.   

Figure 6 illustrates the Murteree Shale distribution and relative thickness that show 

the Murteree shales may reach up to 90m thick in the study area. Cooper Basin’s thermal 

history by Deighton and Hill (1998) is shown in Figure 7, which demonstrates two major heat 

events that occurred in mid-Cretaceous and current daytime. This figure is based on heat flow 

history at six Cooper Basin wells compiled from apatite fission track analysis and vitrinite 

reflectance data. As discussed by Deighton and Hill (1998), the first heat event at 95Ma 

generated a significant expulsion of oil and natural gas (i.e., pore pressure) mainly from the 

shales of Patchawarra and Toolachee Formation. In contrast, the shales in the Roseneath 

Shale-Epsilon-Murteree Shale (REM) formations only produced minor hydrocarbons during 

this period (Deighton and Hill, 1998; Hall et al., 2015). Present day source richness maps by 
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Hall et al., 2015 showed that the Murteree Shale has good source potential (TOC > 2%) with 

type III/IV kerogen (Figure 8). Hall et al., 2015 also presented a maturity model that showed 

current dry gas generation from the Murteree Shale and some areas of the Patchawarra 

Formation (Figure 9). We speculate that the second heat event at 2-5Ma is currently 

producing a second pore pressure event from dry gas generation and also by conversion of 

abundant Permian anthracite coal to CO2 and bituminous coal to methane. 

RESULTS 

Well log data from an overpressured well and a normally pressured well 

This study analyses two wells with varying pore pressure. Mudweight and well 

completion provide information on pore pressure, fluid saturation and mineralogy of the 

Murteree Shale in these two wells. In the absence of direct pressure measurements, mud 

weight can give reasonable estimates for pore pressure (Yassir and Bell, 1994; Sayers, 

Woodward, and Bartman, 2002; Tingay et al., 2009). Figure 5 shows that the mud weight of 

the first well is exceedingly above the hydrostatic pressure at the Murteree Shale. Well 

completion report describes the Murteree Shale as overpressured with water saturation (Sw) 

of 0.79. The second well used in this study is normally pressured as documented by 

numerous wells in the vicinity. The well completion report describes the Murteree Shale at 

the second well is saturated with gas (average gas saturation is 0.41). Figure 10 shows gas 

saturation at twenty-one core samples from the normally pressured Murteree Shale. Routine 

crushed core analyses (Shale Rock Properties) provides the gas saturation measurements.  

Figure 11 shows log data for a normally pressured Murteree Shale section, and Figure 

12 shows a deeper overpressured Murteree section. Note that the deeper overpressured shale 

has lower 𝑉𝑝 and higher 𝜎. 𝜎 and 𝑉𝑝 logs are analysed for pore pressure and gas saturation 
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indication. Both the overpressured and the normally pressured Murteree Shale give similar 𝑉𝑝 

decrease with depth. In contrast, increasing 𝜎 with depth was observed at the overpressure 

shale (Figure 12) while the normally pressured shale shows steady 𝜎 (Figure 11). This 

suggests 𝜎 is a more reliable pore pressure indicator compared to the commonly used 𝑉𝑝. 

Rock physics model  

To better understand the effect of overpressure, water saturation (𝑆𝑤) and porosity on 

𝜎, 𝑉𝑝 and LMR, we modelled the Murteree Shale at the two wells in Figure 11 and 12. The 

first step in building these rock physics models is to determine the input critical porosity. 

Avseth, Mukerji, and Mavko (2005) suggest of using high critical porosity of 60 – 80% for 

shales due to the nature of shales that have internal porosity from bound water. The amount 

of clay affects this critical porosity such that high percentage of clay results in higher critical 

porosity. However, due the abundance of silt in the Murteree Shale, we set the critical 

porosity to be 50%.  Effective bulk dry modulus (𝐾𝑒𝑓𝑓)  and shear dry modulus (μ𝑒𝑓𝑓) of the 

shales are calculated using Hertz-Mindlin theory shown in equation 5 and 6 below: 

𝐾𝑒𝑓𝑓 = ⌈
𝐶2 (1 − 𝜙)2𝜇2

18𝜋2(1 − 𝜎)2
𝑃𝑒⌉

1/3

 
(5)  

𝜇𝑒𝑓𝑓 = 
5 − 4𝜎

5(2 − 𝜎)
⌈
3𝐶2 (1 − 𝜙)2𝜇2

2𝜋2(1 − 𝜎)2
𝑃𝑒⌉

1/3

 
(6)  

where μ and 𝜙 are the shear modulus and porosity while 𝐶 represents the coordination 

number. 

Although Hertz-Mindlin theory assumes spherical grains model, the applicability to 

platy grains shales is addressed by using appropriate coordination number. We select 

coordination number that matched logged porosity. We then calculate the moduli of the dry 
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rock model over a range of porosities using lower bound Hashin-Shtrikman theory. Water 

saturated moduli are then computed using Gassmann’s equations. The effective pressure is 

varied from 26MPa to 50Mpa to simulate the range of pore pressures observed in Figure 5. 

Figure 13 and Figure 14 show the output rock physics models for the normally pressured and 

the overpressured shales. 

Both shales show an undercompaction trend where counter-intuitively porosity 

increases with depth (deeper shales in purple have higher porosity on Figure 13 and Figure 

14). However, the overpressured shale (Figure 14) has higher porosity than the normally 

pressured shale despite being buried 700m deeper. The high pore pressure inhibits 

compaction process and preserves the porosity.  

The rock physics models (blue, red and black lines) show that the pore pressure effect 

is much smaller compared to a fluid saturation effect, which is shown by the difference 

between the black porosity lines and the orange lines. The pore pressure effect is noticeable 

on AI- 𝜎 and LMR cross plots, especially at higher porosity and water saturation. The 

increase in pore pressure causes a big jump in 𝜎 and 𝜇ρ. In contrast, 𝑉𝑝 only shows negligible 

change with increasing pressure. Furthermore, this pressure trend rotates (x and y axis) with 

changing porosity and fluid saturation, particularly on the AI- 𝜎 model.  

Interestingly, our pressure direction on LMR cross plot contradicts the direction 

predicted by Perez et al. (2011) (Figure 4) that only shows a decrease in 𝜆ρ. A 25MPa 

increase in pore pressure on water saturated sample (Sw = 1) with 15% porosity causes a 

decrease in 𝜇ρ and 𝜆ρ by 17% and 6% respectively (LMR cross plot of Figure 13).  

The log data for the overpressured shale also shows high water saturation at depth, 

which is likely to cause the high 𝜎 and 𝜆ρ. As shown by the rock physics model, the fluid 



Chapter 4.6 Thesis Body 

 

- 131 - 

  

saturation effect is greater than the overpressure effect. The high water content may indicate 

un-dewatered shale, which suggests overpressure is generated by disequilibrium compaction. 

The normally pressured shale shows high gas saturation at depth. 

DISCUSSION 

Our results for the Murteree Shale show both 𝜆ρ and 𝜇ρ decrease with increasing pore 

pressure. This contradicts with Perez et al. (2011) prediction that shows no change in 𝜇ρ. 

Based on the Mindlin equation (equation 6), the shear modulus is proportional to effective 

pressure. As pore pressure increases, the effective pressure and 𝜇ρ are expected to decrease. 

The gas saturation at the overpressured shale is significantly lower than the normally 

pressured shale, which is confirmed by both the well completion reports and the rock physics 

models. We now address on how the gas originates. One model is the gas in the Murteree 

Shale is self-sourced. Figure 8 supports this model where it shows almost no TOC at the 

normally pressured shale. This model hints too much of TOC can be bad for the Murteree 

Shale and the deeper tight gas play sealed below.  

A competing scenario is the gas in the Murteree Shale migrated in from the 

underlying Patchawarra tight gas sand play and lowered the permeability or sealing capacity 

of the Murteree shale. Vallee (2013) reports that the permeability of the Murteree Shale is 

between 1-140nD, which is more than sufficient to hold back gas column implied by the 

overpressure in Figure 5. This information implies that the gas found in the Murteree Shale 

gas saturation is self-sourced and did not migrate in from below. This idea also suggests that 

the overpressured Murteree shale with high water saturation present in some locations is due 

to disequilibrium compaction.  

CONCLUSION 
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We present a case history from the Cooper Basin Murteree Shale, where rock physics 

analysis shows that the effect of pore pressure on elastic properties is minor compared to 

fluid saturation. Pore pressure impacts elastic properties in the following ways; 𝜎 and 𝜇ρ 

increase with pore pressure. In contrast, 𝑉𝑝 only shows negligible change with increasing 

pressure. Furthermore, pressure trends rotate with varying porosity and fluid saturation.  

Undercompaction trend seen on the rock physics models suggests disequilibrium 

compaction of the Murteree Shale contributes as the primary overpressure mechanism. The 

presence of higher TOC and greater gas generation probably leads to higher permeability and 

eventual gas leaking out of the shale. 
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LIST OF FIGURES 

 

Figure 1. Dynamic 𝑉𝑝 versus mean effective stress analysis over six unsaturated core plugs 

from the Cooper Basin modified from Tyiasning and Cooke (in-press). High pore pressure 

(low effective stress) results in cracks opening and decrease in velocity.  
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Figure 2. PR (black curve on track 3) and Vp/Vs ratio (red curve on track 3) have a matching 

trend.  The first two tracks show gamma ray (GR) and acoustic impedance (AI). 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4.6 Thesis Body 

 

- 146 - 

  

 

Figure 3. This figure shows measured velocities of Gulf of Mexico sand from Lee (2010). At 

very low effective pressure, 𝑉𝑃 𝑉𝑆⁄  ratio of sand can change from 8.75 (equivalent PR of 

0.49) at very high pore pressure condition to 2.7 (equivalent PR of 0.42) at 10MPa reach 

0.49. This estimation is calculated using Lee velocities prediction illustrated with dashed blue 

lines.  
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Figure 4. Modelled Lambda-Rho and Mu-Rho (LMR) cross plot from Perez et al., 2011. This 

cross plot shows Hashin-Shtrikman trend lines for various mineralogical mixtures, total 

porosity (purple lines) and effective porosity (green lines). Oil gas in place (OGIP), recovery 

factor (Rf), pore pressure and fracture density effect are illustrated by yellow arrows while an 

orange arrow represents a decrease in closure stress. The background colour bar corresponds 

to estimated ultimate recovery (EUR).  
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Figure 5. Cooper Basin pore pressure versus depth. Blue line represents hydrostatic pressure 

while lithostatic pressure is in black. Green dots are DST data modified from Trembath 

(2012). Green lines are mud weights from Reynolds et al. (2006) and some recent Cooper 

Basin exploration wells. Red lines represent mud weights for the overpressured well used in 

this study. The mud weight on this well is well above the hydrostatic pressure at the Murteree 

Shale (straight horizontal black line at 3500m).  
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Figure 6. Map of the Cooper Basin Murteree shales distribution from Hall et al., 2015. The 

Nappamerri Trough is outlined by black dotted lines while black star and green star represent 

locations of the normally pressured well and the overpressured well used in this study. 
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Figure 7. A modified Deighton and Hill (1998) thermal and burial history of the Cooper 

Basin from DMITRE petroleum history of South Australia. Blue arrows highlight two 

thermal events discussed in the text.  
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Figure 8. Modified source richness map from Hall et al., (2015). The Nappamerri Trough is 

outlined by black dotted lines while black and green stars represent locations of the normally 

pressured well and the overpressured well used in this study. Black circles note other Cooper 

Basin wells.  
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Figure 9. Maturity distribution map of the Cooper Basin Murteree Shale and Patchawarra 

Formation modified from Hall et al., 2015. The study area is noted by a black star. 
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Figure 10. Gas saturation of Murteree Shale at the normally pressured well from well 

completion report. Twenty-one samples were crushed and analysed to determine shale 

density, saturation, and porosity. Average dry bulk density is 2.69 while total porosity is 

1.7%. 
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Figure 11. 𝑉𝑝 decreases by about 400m/s at the Murteree shale formation, which is likely to 

be caused by gas presence. Well completion reports state that the Murteree Shale at this well 

has higher gas saturation (average gas saturation of 0.41) compared to the overpressured well 

(average gas saturation is 0.21). 𝑉𝑠 curve despite having similar decreasing trend, it is not 

affected as much, hence the PR is still on decreasing trend. 
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Figure 12. The overpressured shale shows an increase in PR (black curve in track 6) over the 

Murteree shale formation. Increase in the density log is likely due to un-dewatered – high Sw 

associated with disequilibrium compaction model.  
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Figure 13. AI-PR, LMR and AI-Vp cross plots of the normally pressured Murteree shale in 

Figure 11 and their relation to depth (top).  
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Figure 14. AI-PR, LMR, and AI-Vp cross plots of the overpressured Murteree shale in Figure 

12 and their relation to depth.  
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5. Thesis Conclusion 

This thesis presented innovative seismic AVO technologies for unconventional 

exploration in the Cooper Basin. Common issues highlighted consist of difficulty in mapping 

thin fluvial tight gas sand bodies and unexpected fractures stimulation behaviors that are 

likely due to high differential stress and overpressure in the basin. Sensitivity analyses on 

applied seismic AVO inversion techniques provide a solid understanding of limitation in the 

inversion results.  

A previously considered seismic exploration problem, mapping tight gas sand bodies 

(Class 1 AVO sand) under strong amplitude influence from coal is now feasible through an 

extended elastic impedance (EEI) and a rotation of near and far partial stacks. Synthetic 

analyses on these techniques have furthered our understanding of the limitations associated 

with noise and tuning. The real data and synthetic data indicate that in the presence of tuning, 

a rotated EEI attribute does seem to identify tight gas sand bodies that are exploration targets.  

Predicting reservoir quality (natural fractures presence) and locations of high 

differential stress are crucial for optimising well placements, fracture stimulation treatment 

plan and casing design. Results from anisotropic AVO inversion and interval migration 

velocities, combined with dipole sonic logs and fracture interpretation from image logs 

suggest high differential stress (instead of natural fractures) is responsible for HTI seismic 

anisotropy in the Cooper Basin. Natural fractures are not the main cause for seismic 

anisotropy in the basin. Diffraction imaging and seismic attributes such as incoherence and 

curvature are alternatives techniques for detecting fractures and can show zones of likely 

fracturing.   
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Another significant finding in this thesis involves overpressure analysis in the Cooper 

Basin shale gas play.  Overpressure is crucial to assure safe drillings procedure and predicting 

reservoir quality. The basin overpressure seems to be generated primarily by disequilibrium 

compaction while hydrocarbon generation may act as secondary overpressure mechanism. 

The results suggest that separation of the overpressure signature and the saturation signature 

is challenging. Overpressure can and does impact rock properties in the Cooper Basin. 

However, variations in gas saturation have a similar and stronger impact. Poisson’s ratio and 

MuRho show a significant increase in increasing pore pressure while P-wave velocity change 

is negligible. 
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