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Abstract

The future success of both enhanced (engineered) geothermal 
systems and shale gas production relies significantly on the devel-
opment of reservoir stimulation strategies that suit the local stress 
and mechanical conditions of the prospects. The orientation and 
nature of the in-situ stress field and pre-existing natural fracture 
networks in the reservoir are amongst the critical parameters 
controlling the success of any stimulation program.

This work follows an initial study showing the existence 
of natural fractures in the area covered by the Moomba–Big 
Lake 3D seismic survey, in the South-Western termination of 
the Nappamerri Trough of the Cooper Basin in South Australia. 
The fractures, imaged both by borehole image logs and seismic 
attributes (Most Positive Curvature and Ant tracking), are perva-
sive across the seismic survey, and present a relatively constant 
NW-SE orientation.

We processed and analyzed the 3D seismic cube, Moomba-
Big Lake survey in the Cooper Basin. Most positive curvature 
attribute (MPC) was then calculated from a structurally smoothed, 
non-steered version of the seismic cube. 

Comparing the curvature signatures with the seismic ampli-
tude signatures indicated that all the curvature values ≥ 0.2 are 
mapping structural features that enhance fracture stimulation 
(i.e. faults and folds). A new cube with curvature values ≥ 0.2 
was then generated, and the ant tracking technique was applied 
to the final cube. We calibrated the resulting cube using seismic 
amplitudes, image logs, and well data and a highly positive cor-
relation was found. Also, analysis shows that under present day 
stress orientation and magnitudes, fractures striking NW-SE and 
NE-SW are more susceptible to stimulation, and are more likely 
to open for fluid flow.

Accordingly, the current procedure provided a solution for 
mapping structural features pre-drilling, which affect reservoir 

porosity and permeability and will help developing stimulation 
strategies. 

Introduction

Geothermal and unconventional development of naturally frac-
tured reservoirs is significantly influenced by the characteristics of 
the fracture network, which controls the volume and flow direc-
tion of the gas and/or hot water through the hosting layers within 
unconventional and geothermal reservoirs, respectively. Detailed 
knowledge of fracture characteristics allows the design of well 
paths that intersect a larger number of permeable fractures, thus 
increasing production and enabling prediction of preferential flow 
paths. A good understanding of the fracture network in terms of 
intensity, orientation, and spatial distribution is therefore essential 
for both well planning and geothermal reservoir development. 
The key methods employed until now in fracture mapping can 
be summarized as follows:

•	 Core study and image log interpretation provide sparse 
fracture characterization on a small scale. These data are 
of high accuracy, but are only valid in the vicinity of the 
borehole, so extrapolation beyond the borehole might 
lead to erroneous prediction of the overall reservoir 
mechanics. 

•	 Structural interpretation and structural basin models using 
seismic data describe faulting on a large scale and provide 
an idea of the overall stresses that initiated the structural 
features within the basin. This is used in some cases to ad-
dress the general trend of the fractures rather than an actual 
measure of subsurface natural fracture network.

•	 Geomechanics, where a physical understanding of the 
fracturing process is combined with measurements of 
mechanical properties of rock to predict fracture network 
characteristics (Olson and Pollard, 1989; Rives et al., 1992; 
Lyakhovsky, 2001). The subcritical fracture index, a rock 
parameter that can be measured from core samples, is used 
to constrain the distributions of fracture aperture, spacing 
and length (Olson et al., 2001).
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•	 Statistical modelling of fracture network geometry in-
cluding two approaches. The first addresses each fracture 
characteristic separately and distributions are fit to the 
data. Advances in micro-crack studies have allowed their 
usage as representatives for larger scale fractures. The sec-
ond approach takes statistical data for individual fracture 
attributes and pecifies their interdependence (i.e. power 
law distribution), describing the 3D fracture network as 
a whole (La Pointe and Hudson, 1985; Kulatilake et. al., 
1993).

•	 Amplitude versus offset (AVO) analysis has proved to be 
useful for characterizing changes in material properties 
along a reflector. The AVO behaviour varies in fractured 
reservoirs due to fracture density, aspect ratio, and fluid 
saturation. Several studies mapped fractures or fracture 
properties as AVO anomalies (e.g. Schoenberg, 1995; Perez 
et al., 1999; Hall and Kendall, 2003; Hunt et al., 2010). This 
methodology requires pre-stack gathers for the study area, 
which are not always available.

•	 Microseismic technology allows recording of low-energy 
passive seismic or microseismic events that take place in 
the subsurface during drilling, stimulation and production. 
Microseismic mapping can accurately measure the hypo-
centers of acoustic emission associated with the changes 
in stress in the rock matrix (Sneddon, 1946), caused by 
the injection of fluids, gas, proppant, or other materials 
during the hydraulic fracture treatment or caused by other 
exploration or production activities. It yields a high degree 
of certainty in the direction, azimuth, height, length, and 
asymmetry of the hydraulic stimulation (Peterson et al., 
1996). Microseismic techniques allow to predict details of 
fracture networks during and after treatment.

Procedures used for fracture network mapping are either 
spatially restricted (e.g. cores, geomechanics and image logs), 
rely on predictions from spatially restricted data (e.g. structural 
interpretation, and statistical approaches), or are based on post 
treatment measurements (e.g. microseismic). The only method 
that gives fracture mapping pre-drilling is AVO but with some 
uncertainties and the need of specific requirements (i.e. pre-
stack gathers). 

In this study we use seismic attributes, and in particular most-
positive and ant tracking, to delineate fractures and small faults 
within shale intervals in the Cooper basin, which we then inde-
pendently verified using image logs, cores, seismic amplitudes, 
and  well data. 

Geologic and Tectonic Setting  
of the Cooper Basin

The Cooper Basin is a Late Carboniferous to Middle Triassic 
basin located in the eastern part of central Australia (Fig. 1). The 
Cooper Basin floor was curved out of the uplifted topography 
following the formation of Warburton Basin. The sedimentary 
basins within the interior of the Australian continent have 
been subject to several tectonic events resulting in periods of 
subsidence, inversion, and uplift, from the Neoproterozoic until 
the present day (Preiss, 2000; Backé et al., 2010).

Following the deposition of the Cambrian-Ordovician se-
quences of the eastern Warburton Basin underlying the Cooper 
Basin, NW-SE compression caused a partial inversion of the 
Warburton Basin, deformation of the pre-existing sequence and 
the subsequent intrusion of Middle to Late Carboniferous granites 
(Gatehouse et al., 1995; Gravestock and Flint, 1995; Alexander 
and Jensen-Schmidt, 1996). This tectonic event is coeval with the 
Alice Springs and Kanimblan Orogenies, which affected Central 
Australia.

The Early Permian sequences (Merrimelia, Tirrawarra and 
Patchawarra formations) were deposited in an environment largely 
controlled by Gondwanian glaciations (Powell and Veevers, 1987; 
Fig. 2). The depositional environment was comprised of high 

Figure 1. Top Warburton Basin (Pre-Permian Basement, seismic horizon 
Z) in the Cooper Basin (modified after the National Geoscience Mapping 
Accord (NGMA), 2009). Map shows NE-SW major troughs separated by 
ridges. Study area is located at the south-western termination of the Nap-
pamerri trough (Moomba-Big Lake 3D seismic cube outlined in yellow). 
A: Innamincka Ridge; B: Murteree Ridge; C: Gidgealpa-Merrimelia Ridge; 
D: Wooloo Trough; E: Panoo Ridge; G: Della-Nappacoongee Ridge; F: 
Allunga Trough; H: Warra Ridge. Top left: Australian stress map (modified 
after Reynold et al, 2004; and The World Stress Map, 2010), Shmax (maxi-
mum horizontal stress direction) indicated in black lines.
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sinuosity fluvial systems flowing northward over a floodplain 
with peat swamps, lakes and gentle uplands (Apak et al., 1997). 
The Patchawarra Formation constitutes the main conventional 
reservoir within the basin, and is intercalated with major coal 
seams in the basin (Apak et al., 1993, 1995, 1997). 

The remaining Early Permian sequences (Murteree, Epsilon, 
Roseneath and Daralingie formations) were deposited during a 
period of tectonic quiescence, within an open basin environment 
with restricted access to the sea from the east (Stuart, 1976; 
Thornton, 1979). The latter sequences form the main target for 
shale gas exploration in the Cooper Basin. The final sequences 
of the Cooper Basin were deposited in the Late Permian in a 
period of tectonic quiescence, separated from the Early Permian 
sequences by the Daralingie Unconformity (Paten, 1969), in a 
meandering fluvial system (Tolachee Formation and Nappamerri 
Group). A basin-wide erosional unconformity marks the end 
of the Permo-Triassic Cooper Basin. That unconformity was 
caused by the Hunter-Bowen Orogeny (Wiltshire, 1982) which 
shifted the depocentre northwest and triggered the formation of 
Eromanga Basin.

Data and Methodology

This study focuses on the Moomba-Big Lake fields, which are 
located at the southwestern termination of the Nappamerri Trough 
(Figure 1). The fields are covered by a 3D seismic survey with an 
area of ~800 km2 and contain around 300 oil and gas wells. Of these 
wells, twenty-nine wells have check shots (well bore seismic data 
used to measure the seismic travel time and P-wave velocityfrom 
surface to a known depth), that allow the seismic data interpreta-
tion to be tied to the geology. Furthermore, an additional 250 wells 
contain detailed geophysical wireline logs, four of which contain 
geophysical image logs, and a large number of wells have recorded 
drill stem tests (DST), repeated formation tests (RFT), leak off tests 
(LOT), and hydraulic fracture tests for depth intervals within and/
or in the vicinity of the Roseneath and Murteree formations. The 
large amount of data available enables a detailed characterization 
of the fracture system in the Moomba-Big Lake fields.

Three horizons were interpreted (Murteree, Roseneath and 
Toolachee formations; Fig. 2) within the Moomba-Big Lake 
3D seismic survey. Structural interpretation and structural basin 
models using seismic amplitudes and different seismic attributes 
were used to identify large-scale faulting trends and fractures 
network within the survey. 

The orientations of the maximum horizontal stress (Shmax) 
and the minimum horizontal stress (Shmin) have been estimated 
using the interpretation of resistivity images of borehole walls 
produced by the Formation Micro Scanner (FMS) tool. In total, we 
interpreted 104 breakouts and 29 drilling induced tensile fractures 
(DITFs) from four wells with image logs in the Moomba-Big 
Lake seismic cube area. 

We observed 139 natural fractures on the image logs with a 
combined length of 152m, that we tried to compare with observa-
tions from core data when available, and with the different attribute 
signatures obtained from seismic and well data at the same depths 
to gain confidence and for calibration. 

Seismic Attributes

3D seismic attributes have proven to be amongst the most use-
ful geophysical techniques for characterizing faults and fractures 
(Hakami et al., 2004; Chopra and Marfurt, 2007; Backé et al., 
2011, Abul Khair, et al., 2012). 3D seismic volumes provide dense 
and regular sampling of data, and yield images that represent the 
areal extent of subsurface feature. One of the major advantages of 
3D seismic is the ability to display 3D seismic volumes in vertical 
sections, horizontal time slices, and horizon time slices. 

Among the hundreds of seismic attributes used in geophysical 
studies, structurally smoothed, non-steered attributes including 
most-positive curvature (MPC), most-negative curvature (MNC), 
and their ant tracks have proven most successful at delineating 
features that are mostly faults and/or fractures. We first created a 
structurally smoothed cube of the seismic events at every sample 
point from the seismic volume cube. Then, MPC and MNC attributes 
were calculated using the Petrel and OpenDetect™ software, while 
ant tracks were calculated using Petrel software. The target horizons 
(i.e. Murteree, Roseneath and Tolachee formation), were interpreted 
using The Kingdom Suite™, then the horizons were transferred to 
Petrel and Opendtect for attribute calculations.

Figure 2. Stratigraphy and paleo-stress directions of the Cooper Basin 
(modified after PIRSA, 2010). The target shale layers are colored blue 
(Roseneath and Murteree shales).
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Curvature Attributes

Fracture prediction using 3D seismic data is generally under-
taken using seismic attributes such as curvature and different types 
of coherence (Hunt et al., 2010). Recent studies have investigated 
whether curvature attributes can provide an accurate and reliable 
prediction for fracture distributions and orientation, as well as 
permitting the definition of subtle faulting and fracturing patterns 
below seismic resolution (Hakami et al., 2004; Al-Dosary and 
Marfurt, 2006; Chopra and Marfurt, 2007; Abul Khair et al., 2012).

Curvature is defined as the reciprocal of the radius of a circle 
that is tangent to the given curve at a point (Chopra and Marfurt, 
2007). An observed high value of curvature corresponds to curve, 
whereas curvature will be zero for a straight line (the same concept 
is applicable to surfaces). Using the curvature attribute enables 
mapping of geological structures, such as folds or faults, which 
are characterized by high curvature (positive or negative). From 
the different types of curvature attributes available to the seismic 
interpreter, the MPC attribute is able to successfully delineate up-
thrown fault blocks and crests of antiforms, whilst MNC attributes 
more successfully delineate the down-thrown faulted blocks of 
faults in addition to synclines (Chopra and Marfurt, 2007).

The MPC and MNC attributes permitted the delineation of 
subtle structural features that are interpreted as faults and fracture 
networks (Fig. 3). We carefully mapped these structures in order 
to define their trend and spacing, and to assess the reliability of 
using these complex curvature attributes for the definition of 
natural fractures (Fig. 4).

We recognized a primary trend for the faults and fractures that 
is oriented NW-SE, along with a secondary trend that is oriented 

NE-SW. These trends correspond to the primary and secondary 
structural trends in this region of the Cooper Basin (Fig. 4). 

Attribute Calibration

We used several types of calibration methods to check the 
validity of every type of attribute in order to map faults and frac-
tures. These methods include image logs, seismic amplitudes, and 
well data control (i.e. observations of thickening and thinning of 
faulted and fractured layers).

Image Logs

Four wells within the Moomba-Big Lake fields have FMS 
images that encompass the depths of the shale formations (i.e. 
Roseneath and Murteree formations). We interpreted a total of 
139 conductive and resistive fractures from these image logs. 
Conductive fractures are fractures that are open for fluid and gas 
circulation and appear on image logs as dark sinusoids, as they are 
filled with conductive drilling fluids. Resistive fractures appear 
on image logs as light sinusoids as they are filled with resis-
tive cements (e.g. quartz, calcite). Rose diagrams of interpreted 
natural fractures in the four wells (Figs 4/C-F), display scattered 
strike directions for both conductive and resistive fractures, but 
the fractures appear to display a dominant NW-SE strike and a 
secondary NE-SW strike. 

The comparison of fracture trends identified from FMS data 
and the complex seismic curvatures display a good correlation, 
with about 70% of the fractures mapped on the image logs cor-
responding to a high degree of curvature on both the most positive 
and most negative curvature maps, and with trends that are the 
same or parallel to the image logs fractures (Fig. 5). 

We also conducted a core study in which we analyzed core 
samples held in the Primary Industries and Resources South 

Figure 3. Most negative (A), and most positive (B) curvature attribute of 
the Moomba-Big lake fields. Features represent faults, accompanying large 
fractures, anticlines and synclines.

Figure 4. Rose 
diagram for the 
fracture networks 
measured in the 
Moomba-Big Lake 
field from  A: cur-
vature attributes, 
B: fault network, 
and from image 
logs in wells,  
C: Moomba 73, 
D: Big Lake 54,  
E: Moomba 78,  
F: Moomba 74.
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Australia (PIRSA) store. Only three wells drilled within the 
Moomba-Big Lake seismic survey area contain cores over depths 
close to the interval of interest, but these do not have image logs 
to permit a direct correlation, and they are not oriented cores. 
We observed open fracture apertures as well as calcite or quartz 
cemented fractures.

Seismic Amplitudes

The use of 3D seismic amplitude surveys represents the most 
powerful and accurate tool for studying large subsurface structures 
such as faults and folds. However, because fractures are generally 
below the seismic resolution of any seismic volume, direct analysis 
of the seismic amplitude cross-sections cannot be used to identify 
and map fracture networks. We studied closely the amplitude 
signatures displayed on the inlines and crosslines that show fault 
offsets, and carefully compared them with attribute signatures to 
determine whether or not seismic attributes can map faults with 
small offsets, and to which degree of resolution and accuracy.

We calculated curvature attributes at the top of the shale ho-
rizons (i.e. Murteree and Roseneath formations), and compared 
the attribute signature with every inline and crossline (Fig. 6). 
The MPC and MNC attributes succeeded in mapping faults with 
offsets as small as 1 ms (Fig. 6).

In order to determine the threshold of the curvature values 
that reflect small fault offsets or fold structures, we conducted a 
statistical study of the values of the curvature signatures which 
we compared to the structures mapped at the seismic amplitude 
cross sections. Four types of seismic amplitude features could be 
mapped by the curvature signatures (faults, folds, micro-folds, 
and unstructured features) (Table 1). A total of 21.7% of the 
curvature signatures did not correlate to any apparent structural 
feature. The average curvature values of this part is 0.09. Thus, 
when considering curvature attributes for fault mapping, weak 
curvature signatures up to 0.2 should be eliminated from the 
survey. These weak signatures might reflect the fracture net-
work within the survey, but lack of reasonable number of wells 
containing image logs made it hard to prove that. A detailed 
study made by Abul Khair et al. (2012), showed that curvature 
signatures at the depth of the fractures mapped on image logs 
show good correlation. 

Table 1. Statistical study for the most positive curvature signatures in the 
Moomba-Big Lake fields.

Faults Anti-
clines

Micro-
anticlines

No  
Structure

No. of samples 63 49 55 46
Average curvature value 0.43 0.46 0.23 0.09
Minimum curvature value 0.14 0.18 0.06 0.03
Maximum curvature value 0.99 0.99 0.58 0.17
Percentage 29.5% 23% 25.8% 21.7%
Standard deviation 0.22 0.22 0.11 0.03

Well Data
Because faults variably affect formation thicknesses, 

according to their sense of offset, we also used stratigraphic 
variations to determine the existence of small faults cutting 
wells, and to compare these faults with attribute signatures. 
Two flooding surfaces (FS) were picked and mapped within the 
Roseneath Formation for all wells containing geophysical logs 
in the Moomba-Big Lake fields (i.e. SC00 and SC70; Fig. 7). 
These FS were picked based on signatures in gamma ray, sonic 
and resistivity logs. The thicknesses of six zones, shown in 
figure 7, within Roseneath Formation were calculated and a grid 
was created for the thicknesses in order to locate extant “Bulls 

Figure 6. A chair display for seismic amplitude crossline 2547 from the 
Moomba-Big Lake cube displayed against most positive curvature attribute 
at calculated at Murteree shale (top photo), and most negative curvature 
attribute at the Murteree shale (bottom photo). 

Figure 5. Formation micro scanner (right) for well Big Lake 54, showing a 
conductive fracture (Strike 215). Attributes calculated at the same depth 
show good curvature correlation.



344

Khair, et al.

Eyes”, an expression indicating local thickening or thinning that 
may be related to faulting. 

Any change in the thickness of a zone within a well can be 
a result of lateral lithological changes or fault cutting the well. 
Lateral changes in the formation thickness can be recognized from 
seismic amplitude crosslines and inlines. Faults with small offsets, 
below the seismic resolution, will cause thickness changes and 
will be only mapped by seismic attributes. 

Normal faults that offset wells will cause loss of layers 
(thinning of the studied zones), while reverse or thrust faults 
that cut wells will cause repetition of the layers (thickening of 
the studied zone). The thickness maps were studied carefully, 
and whenever a change in the thickness of any of the zones was 
identified, the seismic amplitude cross section was checked for 
any lateral changes. If the seismic amplitude showed no lateral 

changes, the most positive curvature attribute map was displayed 
to check the existence of any signature that might reflect small 
faults (Fig. 8).

More than 80% of the thickness variations that are not caused 
by lateral lithological changes are found to display high values 
of curvature signature (Fig. 8). This indicates that the most posi-
tive curvature attribute succeeded in mapping small faults that 
are not mapped by seismic amplitude. Thus, these faults can be 
considered as representative for the fractures as they are below 
seismic amplitude resolution.

Eliminating Undesired Curvature Values

It has been found, from using all the calibration methods for 
checking the validity of the curvature attribute to map faults and 

Figure 7. Zones (1-6) within Roseneath Formation in the 
Moomba-Big Lake fields used to compare thickness with the 
attribute signature as indicator of thickening or thinning resulted 
from faulting.

Figure 8. Well Big Lake 14 shows thinning against well Big Lake 45. Note that 
thinning exists in the lower half of the formation and is reflected by high curvature 
values. 
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fractures, that the curvature values less than 0.2 are 
not mapping any structural features. Thus, a new 
seismic curvature cube was created with all the 
values more than 0.2 for better mapping the faults 
and folds (Fig. 9).

Ant Tracking

Several recent studies have used ant tracking 
methodologies for fast extraction of fault networks. 
The algorithm employed by this attribute follows 
an analogy of the behavior of ants, as they choose 
the shortest path between their nest and food using 
pheromones for communications. As the shortest 
path will be marked with more pheromones, next ant 
is more likely to choose the shortest route, and so 
on. During the process, a large number of electronic 
ants are distributed in the seismic volume allowing 
them to move along faults and emitting pheromones. 
Surfaces that are strongly marked with pheromones 
are likely to be faults (Randen et al., 2001; Fehmers 
and Hocker, 2003; Skov et al., 2003; Aguado et al., 
2009; Fig. 10). 

The ant tracking process allows the user to define 
some variables during the procedure. In order to 
define all the discontinuities within the Moomba-Big 
Lake seismic volume, the variables were set for the 
ants to track any variation between the seismic sig-
nals within three step points for each increment of its 
search. The initial ant boundary, which controls how 
closely the initial ant agents can be placed within 
the volume, was chosen so that more details will 
be captured. Thus, all the variables were chosen to 
achieve the highest details about the discontinuities.  

Automatic Fault and Fracture  
Extraction

The automatic fault extraction process provides 
an interactive tool for extracting fault patches from 
an edge volume. This tool is used these days for 
fast 3D mapping of faults using specific types of 
attributes capable to map structural edges. 

In this study, we applied the automatic fault ex-
traction tool for the ant tracks cube calculated from 
the most positive curvature cube after eliminating 
the undesired values. We applied an aggressive al-
gorithm that will 3D map all the available structural 
features mapped by the ant tracks (Fig. 11).

In-Situ Stress Orientations  
and Magnitudes

We used borehole breakouts and DITF’s ob-
served on image logs to determine orientations of 
the three principal stresses. In the Earth’s crust, 
the three principal stresses can be resolved in to 
a vertical and two horizontals stresses (Anderson, 

Figure 9. Most positive curvature attribute calculated after eliminating the values less or equal 
to 0.2.

Figure 10. Ant tracking processed for the most positive curvature attributes generated after 
eliminating the undesired vales.

Figure 11. Automatic fault and fracture extraction using the ant tracks signatures.
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1951). The vertical stress is assumed to be vertical. The horizontal 
stresses lie in a plane 90° degrees from vertical (Zoback, 2007).

When the circumferential stress acting around a wellbore 
exceeds the compressive strength of the rock in a vertical well, 
conjugate shear fractures form at the wellbore wall centred on the 
minimum horizontal stress direction, causing the rock to spall off 
(Bell & Gough 1979).  As a result, the wellbore becomes enlarged 
in the minimum horizontal stress direction, which forms the 
wellbore breakouts. Borehole breakouts form perpendicular to the 
present-day Shmax orientation and appear on image logs as dark 
conductive areas separated by 180° (Kirsch, 1898; Bell, 1996). 

DITF’s form parallel to the present-day Shmax in vertical wells 
and appear on image logs as dark conductive fractures separated 
by 180 °. DITF’s are different from pre-existing natural fractures 
in many characteristics. On image logs, DITF’s are not longer 
than 2 m, often contain small jogs or kinks, discontinuous, and 
appear as dark, electrically conductive fractures. Whereas, natural 
fractures appear as continuous sinusoids, and can be conductive 
or resistive (Barton and Zoback, 2000). Both borehole breakouts 
and DITF’s appear on image logs separated from each other by 
90 °. Our analyses of the interpreted 104 breakouts and 29 drill-
ing induced tensile fractures show a consistent Shmax direction 
trending at N101 ° E (Table 2). This is consistent with a previous 
basin-wide study conducted by Reynolds et al., (2004), which gave 
a Shmax orientation of N 101°, as interpreted from compiled data 
across the whole of the Cooper Basin. 

Table 2. Number of borehole breakouts and drilling-induced tensile frac-
tures recorded in each well. Quality ranking is according to World Stress 
Map Criteria (Heidbach et al., 2010).

Borehole 
Name n

Total 
Length 

(m)

Shmax  
Orientation S.D. Quality

Big Lake 54 67 64 104̊ N 5.5̊ B

Moomba 73 31 35 97̊ N 6.5̊ C

Moomba 74 7 11 101̊ N 3̊ D

Moomba 78 28 42 97̊ N 5.3̊ B

The magnitude of Sv at any depth within the crust is equiva-
lent to the pressure exerted by the weight of the overlying rocks 
(Engelder, 1993; equation 1). 

Sv= ρ(z)gdz
0

z
∫ 	 (1)

We calculate the magnitude of Sv using density logs when 
available, and interval velocities when density logs were not 
available. The magnitude of Shmin, is estimated from hydraulic 
fracture tests and leak off tests. The lower bound of the leak-off 
pressure is considered to provide a reasonable estimate of the 
minimum horizontal stress (e.g. Breckels & van Eekelen 1982; 
Bell 1996). The upper bound to the magnitude of the maximum 
horizontal stress, is constrained by assuming that the ratio of 
the maximum to minimum effective stress cannot exceed that 

Figure 12. Stress magnitude verse depth plot of the Moomba-Big Lake 
fields. Sv: vertical stress, Shmax: maximum horizontal stress, Shmin: mini-
mum horizontal stress. 

Figure 13. Structural permeability stereonet  
(A) and mohr diagram (B) for well Moomba 78 at the depth of  

Murteree shale in the Moomba-Big Lake fields.
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required to cause faulting on an optimally oriented pre-existing 
fault (Sibson 1974). 

The calculated magnitudes of the three principle stresses in 
the Moomba-Big Lake fields resulted that, Shmax was found to 
be the higher principle stress, and the magnitude of the vertical 
stress was found to be greater than the minimum horizontal stress, 
indicating that a strike-slip stress regime (Shmax > Sv > Shmin) 
dominates the field (Fig. 12). This result is consistent with the 
earlier findings of Reynolds et al. (2004).

Fracture stimulation conducted in fields with strike-slip stress 
regimes allows the formation of a conjugate set of fractures with 
a trend 30° from Shmax (Zoback, 2007). The Shmax orientation 
has been measured at N101 °E, thus, new fractures will open 
during stimulation as conjugate sets striking approximately N071 
°E and N131 °E. 

Fracture Susceptibility

The determination of fracture susceptibility requires a detailed 
knowledge of the in-situ stress field and pre-existing fracture ori-
entations (Reynolds et al., 2004; Zoback, 2007). Fractures that are 
optimally oriented for reactivation within the in-situ stress field 
will have higher permeability than fractures that are not (Barton 
et al. 1995; Finkbeiner et al. 1997). In this study, we used the 
JRS software to calculate the fracture susceptibility since it uses 
shear and tensile modes of failure and provides a measure of the 
required increase of pressure to induce failure. This software 
uses the stress tensor (3D Mohr circle) and rock strength (failure 
envelope). All the fractures are plotted within the 3D Mohr circle, 
and those closer to the failure envelope are most likely to open 
during stimulation (Fig. 13). The horizontal distance between each 
fracture in the Mohr circle and the failure envelope represents the 
pressure increase required to initiate failure. 

We generated Mohr diagrams and structural permeability 
stereonets for the horizons of interests for each of the four wells, 
where image logs were available (Fig. 13). The structural perme-
ability stereonets show that fractures striking between N140 °E 
and N250 °E are more likely to reactivate during fracture stimu-
lation. Fractures with highest susceptibility, closer to the failure 
envelope, strike between N155 °E 
and N170 °E, and between N210 
°E and N225 °E.

Discussion and  
Conclusions

Application of most positive 
and most negative curvature seis-
mic attributes and its ant tracks to 
Permian shale gas and geothermal 
energy exploration targets in the 
Cooper Basin delineate struc-
tural features that are similar in 
geometry to fracture networks. 
Comparing these features with 
fractures observed on image logs 
and the mapped fault network in-
dicated that around 80% of these 

features are always parallel to them. It is believed that the attributes 
features with high values we identify are mostly large and small 
faults, and that fractures we have interpreted in image logs are 
fractures located within the damage zones of these faults. 

Well control checks using the effect of faults on thickening and 
thinning of specific stratigraphic intervals showed that the majority 
of thickness change, which is not caused by lateral sedimentologi-
cal changes, display strong curvature signatures. Thus, values of 
specific curvature attributes might be used with high confidence 
to differentiate between large and small faults, which will reflect, 
to a certain degree, the fracture network. 

The in-situ stress field determined for the Moomba-Big Lake 
fields indicate a strike-slip stress regime with the Shmax orientation 
at N101°E. Fracture stimulation programs under this stress regime 
will cause the formation of a conjugate set of fractures that strike 30° 
from Shmax, approximately N071 °E and N131 °E. As the dominant 
fault and fracture networks trend NW-SE and NE-SW, it is most 
likely that the pre-existing set of fractures will open depending on 
their susceptibility. A fracture susceptibility study conducted for the 
shale intervals in the Moomba-Big Lake fields indicates that the 
major fault and fracture network trends (i.e. NW-SE and NE-SW) 
are highly susceptible for reactivation under present-day stress 
regime in the basin. Mohr circles show that very small increase 
in pore pressure (i.e. 2 MPa in some cases) is required for these 
fractures to reach failure. This is one of the main reasons behind the 
availability of the fractures within the shale intervals. 

Finally, the methodology used in this study provided the 
stages of the workflow required for mapping subsurface fracture 
networks (Figure 14): 

1.	 Seismic conditioning: during this stage, structural smooth-
ing filters should be applied to the seismic volume to 
eliminate noise and artifacts. 

2.	 Edge detection: two attributes can be used and applied for 
the seismic volume (i.e. most positive and most negative 
curvature). As these attributes are considered edge attri-
butes, they should be able to map small faults and fractures.

3.	 Eliminating curvature values less or equals 0.2 of the 
volume in order to map only structural features.

Figure 14. Data analysis workflow to map and 3D modeling the orientation, density, and spatial distribution of 
subsurface fracture networks.
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4.	 Edge enhancement: electronic ants should be distributed 
within the seismic volume to map faults. 

5.	 Interactive interpretation (surface extraction): a collection 
of surface segments and fault patches eventually extracted 
from the ant track attribute.

6.	 Calculating the in situ stress field direction and magnitude, 
and determining fracture susceptibility.
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