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Abstract The effect of stresses on permeability is a

combination of external stress and pore pressure. We are

examining if and how present-day in situ stresses and the

spatial distribution of permeable domains in the Moomba-

Big Lake fields in the Cooper Basin are correlated. We

analysed image logs, well logs, and formation tests and

calculated the orientation and magnitudes of the three

principal stresses. A 3-dimensional model was constructed

and the calculated stress magnitudes and orientations were

applied to the model. The resulting stress distribution under

the current day stress state showed a highly permeable

domain indicating a sweet spot in the Big Lake field. This

is currently the location of a gas pool that forms, with the

Moomba field, one-third of the gas reserve in SA. No

potential sweet spots are located in the Moomba area

according to the stress model. We also used the finite

element method (FEM) and the boundary element method

(BEM) for modelling the behaviour of folds, fractures, and

faults that formed during the tectonic history of the basin.

We used geomechanical restoration techniques for locating

sweet spots in the Moomba-Big Lake fields. The method-

ology attempts to reconstruct the current day structural and

geometrical placement and predicts fractures generated due

to stresses released during past tectonic events. Orientation

of predicted fractures using FEM-based geomechanical

restoration correlated well with the orientation of the image

log fractures. The spatial distribution of paleo-stresses

applied on the predicted fractures showed a potentially

stressed fracture set in the location of the currently pro-

ducing Big Lake sweet spot. However, orientation of pre-

dicted fractures using BEM-based geomechanical

restoration correlated well next to the Big Lake fault but

did not show any correlation away from the major fault.

This is due to the fact that BEM restoration takes in con-

sideration fault dislocation as the only driver of fracture

generation and ignores the other factors. However, paleo-

stress distribution using BEM restoration predicted the

same producing area but with less accuracy due to the

fundamentals of the BEM. No fracture density information

can be extracted from any of the methods as the method-

ologies generate fractures with density that depends on the

initial project mesh size. Accordingly, these methodologies

can be used for locating the current-day and paleo-stresses,

as well as fracture orientation but not density. Also, res-

ervoir permeability is proved in this study to be controlled

by a combination of current day and stored paleo-stresses.

Keywords Present-day stress � Paleo-stress � Stress

inversion � Fracture prediction � Cooper Basin

Introduction

Finding the most prospective areas or ‘‘sweet spots’’ in any

reservoir, and aligning the wellbore to be exposed to these

zones are amongst the key factors for successful field

development. In unconventional reservoirs, this means

locating the well in an area and direction that will allow
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generation of conductive fracture networks during

hydraulic fracturing. These geomechanical sweet spots are

controlled by current day in situ stresses, ancient stresses,

and pre-existing natural fractures.

Modelling present in situ stress tensors, pore pressure,

and mechanical properties of the rocks are essential for

locating sweet spots (Norberto et al. 2007; Zoback 2010).

One of the biggest challenges in this procedure is to be

able to model the heterogeneity of rock mechanical

properties for better understanding of rock behaviour

during hydraulic fracturing. Our first approach in this

study is to determine magnitudes and orientations of

present day in situ stresses and pore pressure, interpret

faults and horizons from 3D seismic in depth, and to use

computer models to apply these stresses on the existing

structures. This will help predict stress at locations with

no available direct stress measurements, and thus locate

possible sweet spots.

Rocks may have been subjected to tremendous diversity

of stress magnitudes and orientations during tectonic his-

tory which might have caused rock failure and generated

fractures. Some of these paleo-stresses might have been

stored in the rock masses (Angelier 1994) and are influ-

encing the behaviour of rocks and thus the location of

sweet spots. Another approach used in this study is stress

inversion (Gapais et al. 2000; Lisle et al. 2001; Orife and

Lisle 2003). The methodology utilizes fault slips calculated

from interpreted faults and horizons on 3D seismic to

restore the initial state of the rock body in question while

considering geomechanical properties, then forward mod-

elling and calculating the paleostresses resulted from var-

ious tectonic events. Spatial distribution of these stresses is

going to be examined for possible locations of sweet spots.

Direct mapping of pre-existing natural fractures using

seismic attributes may also be useful for locating sweet

spots but not the focus of this study. Some efforts done in

this field can be found in the work of Backé et al. (2011)

and Abul Khair et al. (2012).

Researches previously conducted using similar approa-

ches concentrated on calculating in situ stresses (e.g.,

Reynolds et al. 2004), mapping the effect of lithology and

faults characteristics on stress distribution around fault tips

(e.g., Karatela 2012), relating displacement of strata to

fault geometry and loading conditions (e.g., Hilley et al.

2010; Maerten and Maerten 2008; Tamagawa and Pollard

2008; Maerten and Maerten 2006; Thomas 1993), and

applying stress inversion on specific case studies to

understand the tectonic history (e.g., McFarland et al.

2012; Vidal-Royo et al. 2011). Our study will focus on

applying the present day and paleo-stress calculations on

the Cooper Basin and compare the results to imaged frac-

tures and gas production rates for validating their use to

locate unconventional sweet spots.

Geologic and tectonic setting of the Cooper Basin

The Cooper Basin is a Late Carboniferous to Middle Tri-

assic 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; Backe et al. 2010).

Following the deposition of the Cambrian–Ordovician

sequences 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 of the Cooper Basin

sediments were deposited in an environment largely con-

trolled by Gondwanian glaciations (Powell and Veevers

1987; Fig. 2). The depositional environment was controlled

by highly sinuous fluvial system flowing northward over a

floodplain with peat swamps, lakes and gentle uplands

(Apak et al. 1993, 1995, 1997). The remaining Cooper

Basin sediments were deposited during a period of tectonic

quiescence, within an open basin environment with

restricted access to the sea from the east followed by a

meandering fluvial system (Stuart 1976; Thornton 1979). A

basin-wide erosional unconformity marks the end of the

Permo-Triassic Cooper Basin sediments due to the Hunter-

Bowen Orogeny (Wiltshire 1982), this shifted the depo-

centre northwest and triggered the formation of Eromanga

Basin.

Data and methodology

This study focusses on the Moomba-Big Lake fields, which

are located at the south western termination of the Nap-

pamerri Trough in the Cooper Basin (Fig. 1). The area is

covered by a 3D seismic survey across * 800 km2 and

drilled by 300 oil and gas wells ranging in depths between

1,790 and 3,700 m. Of these wells, twenty-nine wells have

check shots that allow the seismic data interpretation to be

tied to the geology. Most of these wells contain wireline

logs, seven contain 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 mostly for Patchawarra and Toolachee formations.
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Some wells contain these tests within the shale horizons or

the deeper sequences.

Seven horizons were interpreted within the Moomba-

Big Lake 3D seismic survey (Toolachee, Daralingie,

Roseneath, Murteree, Patchawarra formations, and the

VC50, a strong coal reflector within Patchawarra

Formation; Fig. 2). Also, a shallow sandstone formation

from Eromanga Basin sediments (Hutton Formation) was

interpreted to simulate the real earth. Structural interpre-

tation and seismic attributes were used to identify large-

scale faulting trends and possible fracture network within

the survey. The Cooper Basin formations are considered

Fig. 1 Top Warburton Basin

(Pre-Permian Basement, seismic

horizon Z) in the Cooper Basin

(Modified after NGMA, 2009).

Map shows NE–SW major

troughs separated by ridges.

Study area is located at the

south-western termination of the

Nappamerri trough (Moomba-

Big Lake 3D seismic cube

outlined in yellow).

A Innamincka Ridge;

B Murteree Ridge; C Gidgealpa-

Merrimelia Ridge; Wooloo

Trough; E Della-Nappacoongee

Ridge; F Allunga Trough;

H Warra Ridge. Top left:

Australian stress map (Modified

after Hillis and Reynolds, 2000

and World Stress Map, 2008),

Shmax indicated in black lines
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unconventional reservoirs as the gas and oil produced in

the basin are either from shales or tight sands.

Pore pressures were taken from DSTs and RFTs, where

available. For intervals without these required data, the

pressure from both Bowers (1995; Eq. 1) and Eaton (1972

and 1975; Eqs. 2, 4 and 5) methods were generated and

compared. Calculation of pore pressure from these equa-

tions was done for intervals with available reservoir

pressure tests to validate the methodologies and choose the

more reliable method.

The Bowers (1995) method uses the equation:

r0 ¼ fðv � v0Þ=Ag1=B ð1Þ

where r0 is vertical effective stress, v is P wave interval

velocity picked from the check shots, v0 is the velocity at

zero effective stress, and A and B are parameters. v0 is used

Fig. 2 Stratigraphy and paleo-

stress directions of the Cooper

Basin (Modified after

Gravestock et al. 1998)
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as 5,000 ft/s (1,524 m/s) most of the time and rarely picked

from the check shots. A and B were chosen from the ‘best

fit’ parameters estimated by Gutierrez et al. (2006) to be

A = 9.18448, B = 0.764984.

The Eaton (1972, 1975) method of predicting pore

pressure is based on the equations:

r0 ¼ r0normal v=vnormalð Þ3 ð2Þ

where r0
normal is calculated by multiplying the vertical depth

by the normal vertical effective stress gradient (0.57 psi/

ft = 12.9 kPa/m). vnormal is calculated from Xu et al. (1993):

vnormal zð Þ ¼ v0 þ kz ð3Þ

where k is the vertical velocity gradient and lies in the range of

0.6–1.0 S-1, and z is the depth. In the studied wells, k was

calculated and was found to be 1 for most of the wells.

r0 ¼ r0normal v=vnormalð Þb ð4Þ

The value of b was chosen to be 2.3285, which is the

best fitting parameter according to Gutierrez et al. (2006).

r0 ¼ r0normala v=vnormalð Þb ð5Þ

where a and b are parameters and were chosen to be

a = 0.785213, b = 1.49683, which are the best fitting

parameters according to Gutierrez et al. (2006).

The vertical or overburden stress Sv at a specific depth

can be determined from the pressure exerted by the weight

of the overlying rocks using the integration of density logs

from petroleum wells (Jaeger and Cook 1979):

Sv ¼
Zz

0

q zð Þgdz ð6Þ

where q(z) is the density at depth z below the surface, and g

the acceleration due to gravity. The density of the

overburden was estimated using the density logs for the

interval that contained density logs. As density logs are not

often run from surface, we calculated the density from the

interval velocity using the relation of Gardner et al. (1974),

which relates density to interval velocity, where there are

no density logs. The formula of Gardner et al. (1974) that

relates density to velocity is as follows:

q ¼ atb ð7Þ

where q is density, t is velocity, and a and b are parame-

ters. The best fitting parameters according to Gardner et al.

(1974) are a = 0.23, and b = 0.25.

Pore pressure qp was estimated using the relation of

Gardner et al. (1974):

qp ¼ Sv � r0 ð8Þ

Although these methodologies for calculating pore

pressure were developed for passive margins where the

maximum principal stress is mostly the vertical, a

validation check was conducted in areas with directly

measured pore pressure and negligible error was found.

In-situ stress magnitudes and orientations

The magnitude of minimum horizontal stress (Shmin) was

estimated from both hydraulic fracture tests and LOTs. The

lower bound to leak-off pressures in vertical wells gives a

reasonable estimate of the minimum horizontal stress

magnitude when the minimum horizontal stress is the

minimum principal stress (e.g., Breckels and van Eekelen

1982; Bell 1990). As no indication of reverse stress regime

was found in the study area, this assumption is valid and is

used in the current study. The magnitude of the maximum

horizontal stress (Shmax) is constrained by assuming that

the ratio of the maximum to minimum effective stress

cannot exceed that required to cause faulting on an opti-

mally oriented pre-existing fault (Sibson 1974). The fric-

tional limit to stress is given by the following equation

(Zoback 2010):

S1 � Pp

S3 � Pp
�fpðl2 þ 1Þ þ lg2 ð9Þ

where l is the coefficient of friction on an optimally

oriented pre-existing fault, S1 is the maximum principal

stress, S3 is the minimum principal stress and Pp is the

pore pressure. Empirical analysis conducted by Zoback and

Healy (1984), showed that this relation can be used in

seismically active regions with the typical value of l = 0.6

for strike slip stress regimes (which is the stress regime in

the Cooper Basin and will be discussed in details later).

When l = 0.6, then Eq. 9 reduces to:

S1 � Pp

S3 � Pp
� 3:12 ð10Þ

The orientations of Shmax and 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 more than 104 breakouts and

29 drilling induced tensile fractures (DITFs) from seven

wells drilled in the Moomba-BigLake area.

We used borehole breakouts and Drilling Induced Ten-

sile Fractures (DITFs) observed on image logs to determine

orientations of the three principal stresses. In the Earth’s

crust, the three principal stresses can be resolved into a

vertical and two horizontals stresses, considering that the

earth‘s surface is a free surface (Anderson 1951).

When the circumferential stress acting around a well-

bore 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 1979). As a result, the
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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 con-

ductive areas separated by 180� (Kirsch 1898; Bell 1979,

Zoback 2010).

DITFs form parallel to the present-day Shmax in vertical

wells and appear on image logs as dark conductive frac-

tures separated by 180�. DITFs are different from pre-

existing natural fractures in many aspects: on image logs,

DITFs are not longer than 2 m, often contain small jogs or

kinks, discontinuous, and appear as dark, electrically con-

ductive fractures. In contrast, natural fractures appear as

continuous sinusoids, and can be conductive or resistive

(Barton and Zoback 2000). Both borehole breakouts and

DITFs appear on image logs separated from each other by

90� (Fig. 3). Our analyses of the interpreted breakouts and

drilling-induced tensile fractures show an average Shmax

direction trending at N101�E (Table 1). This is consistent

with a previous basin-wide study conducted by Reynolds

et al. (2004) using wells DITFs and breakouts, which gave

a Shmax orientation of N 101�, as interpreted from compiled

data across the whole of the Cooper Basin.

The calculated magnitudes of the three principal stresses

in the Moomba-Big Lake fields resulted that Shmax was

found to be the maximum principal stress and the magni-

tude of the vertical stress was found to be greater than the

minimum horizontal stress, thus, a strike-slip stress regime

(Shmax [ Sv [ Shmin) dominates the field (Fig. 4). This

result is consistent with the results of Reynolds et al.

(2004). The former author showed that the stress regime

changes with depth to reverse fault stress regime. The

current study did not show this change as the available data

do not cover deep intervals when compared with other

parts of the basin.

Geomechanical model of current day stress

3D geomechanical models of friction and slip along faults

can be used to estimate deformation, displacements (faults

and fractures) and current day stress (Maerten 2000; Dair

and Cooke 2010). Although frictional slip along faults

control fracture orientations (Auzias 1995; Ohlmacher and

Aydin 1997), seismic cycle (Tse and Rice 1986), quanti-

tative and spatial slip distribution along faults (Burgmann

and Pollard 1994), and frictional slip along bedding planes

affect faults and fractures propagation, current 3D models

solve for frictionless faults as computation using frictional

sliding along contacts is hard to be implemented (Maerten

et al. 2010).

The boundary element method (BEM) is one numerical

method for modelling crustal deformation and is used in

the current study. The BEM method needs only to know

about the boundaries of an object rather than the whole

object. The focus on the boundaries instead of the body (as

in the finite element method) gives BEM a fast solution at

the cost of limited model complexity. The BEM software

used in this study is Poly3D and is described in detail by

Maerten and Maerten (2008).

Poly3D solves for angular dislocation in an elastic half-

space as described by Comninou and Dundurs (1975). It

constructs a polygonal element as a sum of two angular

dislocation segments (Maerten et al. 2010), then calculates

the displacements, strains and stresses at every observation

point within the elastic field using the current state of stress

magnitudes and orientations and pore pressure (Thomas

1993). The user has the ability to assign flat observation

grids to display the results, but in this study the interpreted

horizons in the model were chosen as observation grids to

be able to display the computed results at the horizons

rather than at flat grids.

Boundary conditions (BCs) used for the faults within the

model include allowing the faults to slide in the dip and

strike direction without any fault normal component. No

fluid pressure was used within the faults zones. Due to the

complexity of computation using frictional sliding, no

friction coefficient or cohesion was assigned for the faults

and the fault system was considered frictionless.

Far field stresses were assigned to the model using the

stress values and orientations described earlier in this paper.

Stress gradients of 27.5, 15.6, and 22.9 MPa/km were used

for the maximum horizontal stress, minimum horizontal

stress, and vertical stress, respectively, with a pore pressure

gradient of 10 MPa/km. As the Cooper Basin sequence is

mainly an alternation of sandstones and shale horizons, rock

elastic properties used for this study are listed in Table 2

which comprises the average rock properties for both types

of lithology. Although porosity appears to be high com-

pared with measured reservoir porosity, a porosity sensi-

tivity check was conducted and negligible changes in

resulted stresses and strains were found.

The resulted stress perturbation around Big Lake fault

(Fig. 5) shows a low value of minimum effective stress in

the middle part of the fault at the Big Lake field side (arrow

in Fig. 5a, b). The low magnitudes of minimum horizontal

stress indicate less pressure required for hydraulic frac-

turing (i.e., fracture stimulation sweet spots). As the pro-

ductive Cooper Basin formations are either shales or tight

sands, they all underwent fracture stimulation. Thus, low

magnitudes of Shmin indicate better fracture stimulation,

and most likely, better production. Poly3D also predicts the

orientation of natural fractures from current day stress (not

shown in this paper). A conjugate set, which trends N70E

and N130E, were found with minor reorientation close to

faults.
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Fig. 3 Electrically conductive

breakouts and drilling induced

fractures in Big Lake 54. Lower

picture shows the direction of

the measured breakouts along

the well
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Geomechanical model of paleo-stresses

Over the past century, structural geologists have invested

considerable effort in relating stress and fault slip to tec-

tonic history (Price 1966; Mandl 1988). They used both

forward and inverse modelling to solve these relationships.

In forward modelling, the tectonic stresses are assumed to

be homogeneous and described as boundary conditions

acting at some distance from the faulted rock (Hafner 1951;

Couples 1977; Maerten et al. 1999). In inverse modelling,

the stress tensor is deduced from the existing geological

structure (e.g., folds), plus an interpretation of fault slip

(see Carey and Burnier 1974 and Kaven et al. 2011 for

more details).

The method of stress inversion was first introduced by

Wallace (1951) and Bott (1959) who assumed that the

remote stress tensor is spatially uniform for the faulted rock

and constant during the fault history, and the slip along any

fault is in the same direction and sense of the maximum

shear stress. These assumptions generated encouraging

results and cleared the way for further usage and

improvement of the technique (Pollard et al. 1993). By

knowing fault orientation and slip, inversion methods are

Table 1 Number of borehole breakouts and drilling-induced tensile

fractures recorded in each well

Borehole

name

n Total length

(m)

Shmax

orientation

SD Qualitya

Big Lake 54 67 64 104�N 5.5� B

Moomba 73 31 35 97�N 6.5� C

Moomba 74 7 11 101�N 3� D

Moomba 78 28 42 97�N 5.3� B

a Data quality ranking according to the World Stress Map (Heidbach

et al., 2010)

Fig. 4 Stress magnitude verse

depth plot of the Moomba-Big

Lake field. Sv vertical stress,

Shmax maximum horizontal

stress, Shmin minimum

horizontal stress
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able to estimate paleo-stresses that caused these movements,

and to predict the most likely generated structures assuming

some user-supplied rock properties. These methods are the

foundation for the numerous computer models that predict

paleo-stresses and the resulting faults and fractures.

3D restoration and stress–strain–displacement calcula-

tion using stress inversion and forward modelling is

becoming more common for unravelling geological his-

tory. Several codes are available for restoring and forward

modelling geological structures, each with different input

parameters and different solvers. Two common solvers

used in the restoration procedure are the FEM and the

BEM. The application of each methodology in the current

study will be discussed in detail in the following.

Dynel3D (Finite element method (FEM))

FEM is a numerical method for problem solving that has a

big advantage over the BEM in that it can describe quite

complex distributions of rock properties. In FEM, the

whole object is discretised and each element will have a

simpler approximation of the solution which will be joined

later with other elements of the same object to form the

global solution (Hughes 1987).

Table 2 Rock mechanical properties used as input for modelling stress perturbation around structural features

Lithology E (GPa) m K (GPa) G (GPa) qb (kg/m3) U % l (�) UCS (MPa) T (MPa) C (MPa)

Shale 28 0.4 13 12 2530 0.63 14.4 95 3 27

Sandstone 22 0.24 14 8.87 2480 0.49 27.8 96 5 38

E Young’s modulus, m Poisson’s ratio, K bulk modulus, G shear modulus, qb bulk density, U porosity, l angle of friction, UCS unconfined

compressive strength, T tensile strength, C cohesion

Fig. 5 Map view of minimum

effective stress distribution

around Big Lake fault due to the

effect of the present stress

magnitudes and orientation for

a Patchawarra formation,

b Toolachee formation. Blue

colour in the Big Lake field

(arrow) shows the main

producing area in the field
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In the current study, we used a code called Dynel3D

which utilizes geomechanics in restoring geological struc-

tures considering the physical laws (including conservation

of momentum, mass and energy) and using the linear

elastic theory. Stresses that cause permanent deformation

are not considered in this code. Each element is assigned

material properties which might differ vertically from other

elements. If deformation exists, the code uses a solver that

allows forces to be transmitted from node to node until

equilibrium is obtained (Maerten and Maerten 2006).

Dynel3D’s methodology calculates stresses at the time

of faulting and folding using input seismic structural

interpretation and rock properties. The estimated stresses

plus user-supplied rock failure criteria are used to predict

fractures. Dynel3D models the behaviour of folded, frac-

tured and faulted heterogeneous, anisotropic, and discon-

tinuous mediums (Maerten and Maerten 2006). Within this

code, the structural model is discretised with 3D tetrahedral

elements which form the mesh of the studied structure.

Dynel3D assumes linear elasticity for structural resto-

ration. This assumption is a potential pitfall, but it allows

for a simpler and faster solution. Advantages of Dynel3D

include the ability to model vertical heterogeneity in rock

mechanical properties, ability to use friction in modelling

faults, and applicability to any stress regime (Maerten and

Maerten 2006).

We applied the geomechanical restoration technique

using the FEM solver in Dynel3D for the Moomba-Big

Lake structural model. The software calculates the stress,

strain, displacement, and effective stress on every node of

the mesh elements within the input target horizons (Fig. 6).

Rock elastic properties were assigned to the shale and

sandstone horizons within the Cooper Basin sequence as

listed in Table 2. Restoration for every horizon was con-

ducted to the altitude of the highest point within the same

horizon. No sliding was allowed between the horizons and

they were constrained within the model boundary. Sliding

was assigned for the faults without preferable direction.

The Dynel3D results (Fig. 6a, b) show a low minimum

horizontal paleo-stress area in the middle of the Big Lake

fault. Both the Patchawarra and Toolachee gas reservoirs

have this low stress sweet spot although they are hydrau-

lically not connected. The Poly3D model discussed above

also predicted current day low stress in the same general

area. The publicly available gas production database shows

that the best producing well in Big Lake field is in this low

Fig. 6 Map view of minimum

effective stress distribution

around Big Lake fault due to the

effect of the paleo-stress

magnitudes and orientation for

a Patchawarra Formation,

b Toolachee Formation using

FEM. Blue colour in the Big

Lake field (arrow) shows the

main producing area in the field
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stress area, but that same database also shows low rate

wells nearby. Our on-going research includes a more

detailed study of the correlation between stress and pro-

duction rate within the study area. More statistically sig-

nificant results are not yet available.

Dynel3D calculates stress at each time step (during the

tectonic history) and retains the highest stress experienced.

The highest stresses in this model also occurred along the

Big Lake Fault, presumably immediately before fault slip

occurred. We compared those maximum paleo-stresses to

fractures interpreted in image logs and found a good

correlation between maximum paleo-stress and observed

fracture orientation and fracture density (Fig. 7).

Traptester (Boundary element method (BEM))

The methodology, advantages, and disadvantages of using

BEM as a numerical solver were discussed earlier when

Poly3D application was introduced. We used another

geomechanical restoration method through a software

called Traptester which is a continuum code based on

BEM (Sauter and Schwab 2011). The methodology of the

Fig. 7 Predicted fracture

network using stress inversion

with FEM solver in Dynel3D.

Purple colours indicate highly

strained fractures which indicate

geomechanical sweet spots

Fig. 8 Map view of minimum effective stress distribution around Big Lake fault due to the effect of the paleo-stress magnitudes and orientation

using BEM. Purple colour in the Big Lake field (arrow) shows the main producing area in the field
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code depends on using fault slip and orientation to predict

the likely distribution of subsurface strain during past

tectonic events, and to predict the intensity and nature of

brittle deformation (e.g., Bourne and Willemse 2001;

Bourne et al. 2001). It assumes that the main control on

fracture generation is the strain perturbation around large-

scale faults.

In Traptester, faults are represented as dislocations

embedded in an isotropic elastic medium (Elastic Dislo-

cation ED) (Crouch and Starfield 1983). This software

determines the control of large faults on the spatial and

quantitative distribution of stress and strain within the rock

volumes surrounding these faults (Dee et al. 2007). It

models the stress and strain changes associated with elastic

co-seismic slip on large faults observed on seismic reflec-

tion data and neglects the effect of inter-seismic relaxation

process. Lateral variation of rock mechanical properties are

not taken into consideration when calculating the strain

released during dislocation events, as it considers the

structural configuration of the major faults as the dominant

controller on the strain generation. Also, it uses the elastic

rheology for solving the rock behaviour and strain calcu-

lation similar to the other methods.

In this study, we used the fault displacements observed

on seismic reflection data as the primary input data after

running quality control studies on the interpretation to

assure accurate results. Faults are then discretised into

rectangular panels with horizontal upper and lower edges

and uniform slip within every panel. Reduced dimensions

of the panels were used with a length of 50 m, for better

representing complex fault geometries, then, displacements

are calculated at each panel. Elastic strains are then com-

puted at every point in the surrounding horizons by sum-

ming the responses to the displacements from every panel

of the fault using the ED formulation of Okada (1985,

1992) and using Hooke’s law. The formulation expresses

the calculated displacements according to strike, dip,

dimensions, and slip vector of the faults and according to

Young’s modulus and Poisson’s ratio of the elastic medium

which were chosen to be 20,000 MPa and 0.25, respec-

tively. Materials total density was chosen as 2,000 kg/m3,

cohesive strength as 20 MPa, and coefficient of internal

friction 0.6.

A depth correction of 2,850 m was applied to the cal-

culations to reduce them to the appropriate syn-faulting

values as the fault network is now deeply buried compared

with when the faults were active. No remote strains were

applied to the model as it is going to be assumed without

strong base and will affect the results. The effective

overburden stress was added to the redistributed stress by

incorporating pore pressure of 0.01 MPa/km when calcu-

lating the total stress at each point. The computed state of

stress at every point is then compared to the standard

Mohr–Coulomb failure envelop using 0.75 as the faults

coefficient of friction, and 5.5 MPa as the fault cohesive

material strength.

Fracturing will occur if the failure envelop is exceeded

with a tensile or shear mode depending on which part of the

failure envelop is exceeded first by the fault-induced cal-

culated stresses. The angle of the failure planes relative to

the principal stress axes was calculated using the standard

Coulumb failure criterion (Jaeger and Cook 1979), if shear

failure is predicted. If tensile fractures were predicted, they

will be oriented perpendicular to the maximum horizontal

stress.

We applied the geomechanical restoration technique

using Traptester for the Moomba-Big Lake structural

model considering forward modelling in a half-space

elastic medium (Fig. 8). Several attributes can be calcu-

lated on the forward modelled horizons including stress,

strain, dislocation, fractures, and deferential stress. As the

minimum horizontal stress is used as an indicator on the

location of the sweet spots, the same horizons were chosen

as observation grids to display the attribute for the purpose

of comparison. The same productive area in the Big Lake

field showed broad distinctive low stress values indicating

highly preferable for hydraulic fracturing. However, the

area addressed with the ED method was broader than the

previous methods.

Comparing shear and tensile fractures predicted in this

method with fractures interpreted from image logs showed

high correlation in the wells close to Big Lake fault, and

low correlation away from the fault.

Summary and conclusions

We have compared several methods for modelling the

spatial distribution of stress, strain, and displacement under

the effect of present day stress and paleo-stress. Below are

listed some major limitations of the models:

1. The geomechanical restoration methods used here

assume linear, recoverable stress–strain relations, but

laboratory observations show that rocks can have non-

linear, non-recoverable behaviour.

2. One of the software packages exhibited an unrealistic

sensitivity to changes in the input rock properties. This

sensitivity leads us to question the reliability of that

one package.

3. All of the software packages require the user to supply

rock properties that are rarely known with accuracy.

4. Generation of fractures may be influenced by other

factors that are not included in any of these models

such as paleo-temperature, bed thickness, inter-seismic

relaxation and stress diffusion.
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5. Lateral heterogeneity in rock elastic properties has not

yet been implemented in any of the software packages

we used.

We used the commercial product Poly3D (BEM) to

estimate the perturbation of the calculated stresses, strains

and displacements (faults and fractures) under the present

stress state. Predicted fractures from Poly3D show a uni-

form conjugate set of vertical fractures oriented 30̊ from

the maximum horizontal stress (70� and 130�). Approxi-

mately 50 % of the interpreted fractures from image logs

match the predicted fracture strike direction, but the frac-

tures seen on image logs are not vertical. Fractures pre-

dicted near faults are uniformly perpendicular to the fault

plane. This is a user error caused by not assigning cohesion

and friction to the faults.

We used Dynel3D (FEM) for geomechanical restoration

and estimating stresses and strains exerted during past fault

movements. The low stress locations predicted by Dynel3D

largely match those low stress locations predicted by

Poly3D. Dynel3D also predicted natural fractures and a

good correlation was found between those predicted frac-

tures and fractures interpreted on image logs.

Traptester (BEM) also estimates natural fractures gen-

erated from past fault movements, but with the elastic

dislocation method (ED). Fractures predicted by the ED

method showed a good correlation with image logs, but

only near major faults. The ED method did not predict

fractures away from major faults—but image logs did show

fractures away from faults.

All three of the above software packages predicted a

significant low stress area adjacent to a bend in the Big

Lake Fault. The most productive well in the Big Lake Field

is in this low stress area, but so are some average per-

forming wells. We speculate that low stress could lead to

higher matrix permeability and/or more successful fracture

stimulation treatments. Our ongoing work is focussed on

exploring the statistical correlations between gas produc-

tion rate and the predicted stress and fracture density from

the above models.

One of our ongoing questions is: which is more useful

for development of a gas field, paleo-stress or present day

stress? In our study area, paleo-stress and current day stress

are very similar, so it is difficult to say which is more

important or useful. However, the fractures predicted by

Dynel3D (via structural reconstruction and paleo-stress

from FEM) agreed best with the fractures interpreted on

image logs.
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population de failes. Comptes Rendus de l’Académie des

Sciences. Paris, Series D 279: 891–894

Comninou M, Dundurs J (1975) The angular dislocation in a half

space. J Elast 5(3):203–216

Couples G (1977) Stress and shear fracture (fault) patterns resulting

from a suite of complicated boundary conditions with applica-

tions to the Wind River Mountains. Pure Appl Geophysics

115:113e133

Crouch SL, Starfield AM (1983) Boundary Element Methods in Solid

Mechanics: with Applications in Rock Mechanics and Geolog-

ical Engineering. Allen and Unwin, Winchester

Dair L, Cooke ML (2010) San Andreas fault topology through the San

Gorgonio Pass, California. Geology 37:119–122. doi:10.1130/

G25101A.1

Dee S, Yielding G, Freeman B, Healy D, Kusznir N, Grant N, Ellis P

(2007) Elastic dislocation modelling for prediction of small-

scale fault and fracture network characteristics. Geological

Society, London, Special publications, 270: 139–155

Eaton BA (1972) Graphical method predicts geopressures worldwide.

World Oil 182:51–56

Eaton BA (1975) The equation for geopressure prediction from well

logs. SPE 5544

Gapais D, Cobbold PR, Bourgeois O, Rouby D, de Urreiztieta M

(2000) Tectonic significance of fault-slip data. J Struct Geol

22:881–888

Gardner GHF, Gardner LW, Gregory AR (1974) Formation velocity

and density—the diagnostic basis for stratigraphic traps. Geo-

physics 39:770–780

Gatehouse CG, Fanning CM, Flint RB (1995) Geochronology of the

Big Lake Suite, Warburton Basin, northeastern South Australia.

S Aust Geol Surv Q Geol Notes 128:8–16

Gravestock DI, Flint RB (1995) Post-Delamerian compressive

deformation. In: Drexel JF, Preiss WV (Eds) The geology of

South Australia, Vol. 2. The Phanerozoic. South Australia.

Geological Survey. Bulletin 54: 60–1

Gravestock DI, Hibburt JE, Drexel JF (eds) (1998) The petroleum

geology of South Australia, vol 4: Cooper Basin. Department of

Primary Industries and Resources, Adelaide. Report Book, 98/9

Gutierrez MA, Braundsdorf NR, Couzens BA (2006) Calibration and

ranking of pore-pressure prediction models, vol. 25. The leading

Edge, pp 1516–1523

Hafner W (1951) Stress distribution and faulting. Geol Soc Am Bull

62:373398

Heidbach O, Tingay MRP, Barth A, Reinecker J, Kurfeß D, Müller B

(2010) Global crustal stress pattern based on the 2008 World

Stress Map database release. Tectonophysics 482:3–15

Hilley GE, Mynatt I, Pollard DD (2010) Structural geometry of

Raplee Ridge monocline and thrust fault imaged using inverse

Boundary Element Modeling and ALSM data. J Struct Geol

32:45–58

Hillis RR, Reynolds SD (2000) The Australian stress map. J Geol Soc

Lond 157(5):915–921

Hughes TJR (1987) The finite element method: Linear static and

dynamic finite element analysis. Prentice-Hall, New Jersey

Jaeger JC, Cook NGW (1979) Fundamentals of rock mechanics, 2nd

edn. Chapman and Hall, New York

Karatela E (2012) Geomechanical modelling of stress magnitude and

orientation across fault and its relation to hydraulic fracturing.

Unpublished M.Sc. thesis, University of Adelaide

Kaven JO, Maerten F, Pollard DD (2011) Mechanical analysis of fault

slip data: implications for paleostress analysis. J Struct Geol

33:78–91

Kirsch V (1898) Die Theorie der Elastizität und die Beddürfnisse der

Festigkeitslehre. Zeitschrift des Vereines Deutscher Ingenieure

29:797–807

Lisle RJ, Orife T, Arlegui L (2001) A stress inversion method requiring

only fault slip sense. J Geophys Res 106(B2):2281–2289

Maerten L (2000) Variation in slip on intersecting normal faults:

implications for paleostress inversion. J Geophys Res

105(25):553–565

Maerten L, Maerten F (2006) Chronologic modeling of faulted and
fractured reservoirs using geomechanically based restoration:

technique and industry applications. AAPG bulletin

90(8):1201–1226

Maerten F, Maerten L (2008) Iterative 3d BEM solver on complex

faults geometry using angular dislocation approach in heteroge-

neous, isotropic elastic whole or half-space. In: Skerget P,

Brebbia CA (eds) Boundary Elements and other Mesh Reduction

Methods. BEM 30. WIT, Southampton, pp 201–208

Maerten L, Willemse E, Pollard D, Rawnsley K (1999) Slip

distributions on intersecting normal faults. J Struct Geol

21:259e271

Maerten F, Maerten L, Cooke M (2010) Solving 3D boundary

element problems using constrained iterative approach. Comput

Geosci 14(4):551e564

Mandl G (1988) Mechanics of tectonic faulting. models and basic

concepts. Elsevier, Amsterdam

McFarland J, Morris A, Ferrill D (2012) Stress inversion using slip

tendency. Comput Geosci 41:40–46

Norberto M, Antonio H, Eduardo C, Judith S, Chris W, Juan P (2007)

Applications of Electric Logs and Geomechanical Models To

Optimize Drilling and Well Completions in the Burgos Basin.

SPE 107361

Ohlmacher GC, Aydin A (1997) Mechanics of veins, fault and

solution surface formation in the appalachian valley, U.S.A.:

implications for fault friction, state of stress and fluid pressure.

J Struct Geol 19:927–944

Okada Y (1985) Surface deformation due to shear and tensile faults in

a half-space. Bull Seismol Soc Am 75:1135–1154

Okada Y (1992) Internal deformation due to shear and tensile faults in

a half-space. Bull Seismol Soc Am 82:1018–1040

Orife T, Lisle RJ (2003) Numerical processing of palaeostress results.

J Struct Geol 25:949–957

Pollard D, Saltzer S, Rubin A (1993) Stress inversion methods: are

they based on faulty assumptions? J Struct Geol 15:1045e1054

Powell C Mca, And Veevers JJ (1987) Namurian uplift in Australia

and South America triggered the main Gondwanan glaciation.

Nature 326:177–179

Preiss WV (2000) The Adelaide Geosyncline of South Australia and

its significance in Neoproterozoic continental reconstruction.

Precambr Res 100:21–63

Price NJ (1966) Fault and joint development in brittle and semi-brittle

rock. Pergamon, London

220 J Petrol Explor Prod Technol (2013) 3:207–221

123

http://dx.doi.org/10.1130/G25101A.1
http://dx.doi.org/10.1130/G25101A.1


Reynolds SD, Mildren SD, Hillis RR, Meyer JJ (2004) The in situ

stress field of the Cooper Basin and its implications for hot dry

rock geothermal energy development: PESA Eastern Australian

Basins. Symposium II:431–440

Sauter S, Schwab C (2011) Boundary elements method, Springer

Series in computational mathmetics, Vol. 39

Sibson RH (1974) Frictional constraints on thrust, wrench and normal

faults. Nature 249:542–544

Stuart WJ (1976) The genesis of Permian and lower Triassic reservoir

sandstones during phases of southern Cooper Basin develop-

ment. APEA J 16:37–47

Tamagawa T, Pollard DD (2008) Fracture permeability created by

perturbed stress fields around active faults in a fractured

basement reservoir. AAPG Bull 92:743–764

Thomas AL (1993) Poly 3D: a three-dimensional, polygonal element,

displacement discontinuity boundary element computer program

with applications to fractures, faults cavities in the earth’s crust.

MSc thesis, Stanford University

Thornton RCN (1979) Regional stratigraphic analysis of the Gid-

gealpa Group, southern Cooper Basin, Australia. S Aus Geol

Surv Bull, 49

Tse ST, Rice JR (1986) Crustal earthquake instability in relation to

the depth variation of frictional slip properties. J Geophys Res

91:9452–9472
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