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Figure 1: Structural elements of the offshore Perth Basin showing location of 3D seismic surveys,
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Figure 2: Generalised stratigraphic column for the northern Perth Basin showing location of oil and gas
discoveries. Modified from Roc Oil COMPany Ltd.......ccceoiiiiiiiiiiiiiiiiee et e e e e e e e e 12

Figure 3: Stress regime used for the geomechanical fault seal prediction model based on data from the

Cliff Head Field and the present-day sedimentary column. The horizontal guidelines represent the stress
state for the Cliff Head reservoir for different erosion scenarios. Data is from GeoMechanics
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Figure 4: Architecture of the Cliff Head model without the overburden. Mesozoic faults=blue, Geraldton
Fault=red. The Permian faults are inside the host rocks and are invisible in the image.........cccccceevnrirrnnnnnnn. 18

Figure 5: Architecture of the Dunsborough/Lilac model without the overburden. Faults (blue) are blind
faults and are buried within the top sandstone layer above the shale layer...........cccccoovviiiiiiiiiiiiiieeeeeeeee, 19

Figure 6: Architecture of the Morangie model without the overburden. Faults (blue) are blind faults and
are buried within the top sandstone layer above the shale layer. ..., 19

Figure 7: Post-drill Cliff Head-6 depth map of the Cliff Head structure (top Permian reservoir) and oil-
water contact (OWC) (modified from Roc Qil, 2005). Location of Main Horst and East Ridge are indicated
(Roc Oil terminology). The west-dipping Geraldton Fault is shown. Blue box is the 3D seismic location....... 22

Figure 8: Permian faults for the geomechanical fault seal prediction and top reservoir structure. ............... 23

Figure 9: Fracture stability for the Permian faults at 2275 m below elevation (including 1000m of eroded
sediments; chosen as the approximate depth of the top Permian reservoir before erosion). The values

on the stereonets (right) refer to the increase in pore pressure required to force the plane into failure;

the same values are shown on the Mohr circle (left) with the failure envelope (red) defined by the fault
rock properties. (A) Cohesive strength of 1 MPa and coefficient of internal friction of 0.3. (B) Cohesive
strength of 5 MPa and coefficient of internal friction 0f 0.6. .......ccovieiiiiiiiiii e e e 25

Figure 10: Fracture stability distribution (cohesive strength of 1 MPa and an internal coefficient of

friction of 0.3). Maximum fracture stability is blue and minimum fracture stability in red. (A) View from

the east showing the higher stability of fault 1 and the low stability of faults 7 and 8. (B) View from the

west showing the low stability for the faults oriented to the NNE, i.e. faults 5, 6, 7 and 8.........ccccvveveeeeeeennn. 26

Figure 11: Slip stability for the Permian faults at 2275 m below elevation (including 1000m of eroded
sediments). Faults are cohesionless and coefficient of internal friction is 0.486. The values on the
stereonets refer to the increase in pore pressure required to force the plane into failure. The values on

the stereonets (right) refer to the increase in pore pressure required to force the plane into failure; the
same values are shown on the Mohr circle (left) with the failure envelop (red) defined by the fault
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Figure 12: Slip tendency for the Permian faults at 2275 m below elevation (including 1000 m of eroded
sediments). The values on the stereonets (right) refer to the likelihood of slip to occur; the same values
are shown on the MONT CIrCle (I€t)...eeee e e e e et ree e e e e eanreeas 28

Figure 13: Slip tendency distribution. (A) View from the east showing the higher tendency of NNE

oriented faults and the low tendency of NW oriented faults. Maximum slip tendency is red and

minimum slip tendency is blue. (B) View from the west showing the variation in slip tendency on the

NNE oriented fault 7 and the NW oriented fault L. ........cooviiiiiniiiiiiiiiiec e s e 29

Figure 14: Dilation tendency for the Permian faults at 2275 m below elevation (including 1000 m of
eroded sediments). The values on the stereonets (right) refer to the likelihood of dilation to occur; the
same values are shown on the MONT CIrCle (I€Ft). ...uueeeiiiiiiiiiieiiiee e e e e e e e e e 29
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Figure 15: Dilation tendency distribution. Maximum dilation tendency is red and minimum dilation
tendency is blue. (A) View from the east showing the higher tendency of NNE oriented faults and the
low tendency of NW oriented faults. (B) View from the WeSt..........cocciiiiii it 30

Figure 16: Structural scenarios used in the deformation modelling of the Cliff Head Field. (A) Model
overview with mechanical layers, brown=basement, blue=sandstone/reservoir, purple=shale/top seal,
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Figure 17: Location of cross-sections over the Cliff Head Field displayed in Figure 18 and Figure 20. I-lI
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Figure 18: Shear strain distribution in section for structural scenario 1. The lower faults are the

reactivated Permian reservoir faults and the upper faults are the Mesozoic faults. Maximum strain is red
and minimum strain is blue. (A) Shear strain distribution for the East Ridge. (B) Detail shear strain
distribution for the East Ridge. (C) Shear strain distribution for the Main Horst. (D). Detail shear strain
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Figure 19: Shear strain distribution in plan view (intra reservoir horizon). Maximum strain is red and
minimum strain is blue. (A) Shear strain distribution of the main Permian faults for the Cliff Head Field

and the regional Geraldton Fault. (B) Detail shear strain distribution of the main Permian faults for the
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Figure 20: Volumetric strain distribution in section for structural scenario 1. The lower faults are the
reactivated Permian reservoir faults and the upper faults are the Mesozoic faults. Maximum strain is red
and minimum strain is blue. (A) Volumetric strain distribution for the East Ridge. (B) Volumetric strain
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Figure 21: Volumetric strain distribution in plan view for the Cliff Head Field (intra reservoir horizon).
Maximum strain is red and minimum strain is BIUE. .......coociiiiiiiiiiiiee e 34

Figure 22: Shear strain vs. bulk extension. (A) Reactivated Permian trap-bounding faults. (B) Mesozoic
L1 £ RUP 35

Figure 23: Plan-view stress patterns for a horizon within the reservoir rock in the model for the Cliff
Head Field. (A) Mean stress. Values are all negative which indicate compressive stresses. (B) Shear
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Figure 24: Current oil-water contact (OWC) superimposed on Permian fault shear strain distribution for
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Figure 25: 3D shear strain distribution showing the shielding effect of the Geraldton Fault on the Cliff
Head Field. The Y direction refers to the north, the X direction refers to the east. Maximum strain is red
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Figure 29: Fracture stability for the Permian faults at 3400 m below elevation (including 2000 m of

eroded sediments; chosen as the approximate depth of the top Permian reservoir before erosion). The
values on the stereonets (right) refer to the increase in pore pressure required to force the fault plane

into failure; the same values are shown on the Mohr circle (left) with the failure envelope (red) defined

by the fault rock properties. (A) Cohesive strength of 1 MPa and coefficient of internal friction of 0.3. (B)
Cohesive strength of 5 MPa and coefficient of internal friction of 0.6.........cccccooviiiiiiiiccee e, 42

Figure 30: Fracture stability distribution (cohesive strength of 1 MPa and an internal coefficient of
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Figure 31: Fracture stability distribution (Cohesive Strength of 5 MPa and an internal coefficient of
friction of 0.6). Maximum fracture stability is blue and minimum fracture stability red.The top reservoir
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Figure 32: Slip stability for the Permian faults at 3400m below ground elevation (including 2000m of

eroded sediments). Faults are cohesionless and coefficient of internal friction is 0.48. The values on the
stereonets (right) refer to the increase in pore pressure required to force the fault plane into failure; the
same values are shown on the Mohr circle (left) with the failure envelop (red) defined by the fault
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Figure 33: Slip tendency for the Permian faults at 3400m below ground elevation (including 2000m of
eroded sediments). The values on the stereonets (right) refer to the likelihood of slip to occur; the same
values are shown on the MOhT CIrcle (IEf1)......iiiuiii i e sre e et rre e e sra e e e srreeeaes 46
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The values on the stereonets (right) refer to the likelihood of dilation to occur; the same values are
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Figure 36: Dilation tendency distribution. Maximum dilation tendency is red and minimum dilation
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Figure 38: Shear strain distribution in plan view after 2% extension. Maximum strain is red and minimum
strain is blue. (A) Horizontal slice at 800m below seabed. (B) Horizontal slice at 1000m below seabed. (C)
Horizontal slice at 1500m below elevation, i.e. near top reservoir level. The red arrows show local

decrease in shear strain accommodation on NW oriented segments. Yellow arrows show local increase

in shear strain accommodation on NNW oriented segments adjacent to low strain segments. (D)

Horizontal slice at 2000m DelOW SEADEM. ......c..uuiiiiiiiieieee e e e e e e e e e s bae e e e s sseaaaeaeean 50

Figure 39: Volumetric strain distribution in plan view after 2% extension. Maximum strain is red and
minimum strain is blue. (A) Horizontal slice at 800m below seabed. (B) Horizontal slice at 1000m below
seabed. (C) Horizontal slice at 1500m below seabed, i.e. near top reservoir level. The red arrows show

local decrease in shear strain accommodation on NW oriented segments. Yellow arrows show local
increase in volumetric strain accommodation on NNW oriented segments adjacent to low strain

segments. (D) Horizontal slice at 2000m below SEabed. ..........cooviiiiiiiieiie e e e 51

Figure 40: Shear strain distribution in cross-section view after 2% extension. Maximum strain is red and
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Figure 41: Volumetric strain distribution in cross-section view after 2% extension. Maximum strain is red
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Figure 42: 3D shear strain distribution after 2% extension. Maximum strain is red and minimum strain is
blue. (A) South-east view. (B) South-west view showing the lateral variation in shear strain distribution
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Figure 43: Plan-view stress patterns for a horizon at the 800m level in the model for the Dunsborough
Field and Lilac structure. (A) Mean stress. (B) Shear stress. For mean stresses, negative values denote
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Figure 44: Plots of mean stress patterns for 4 cross-sections in the model for the Dunsborough Field and
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Figure 45: Plots of shear stress patterns for 4 cross-sections in the model for the Dunsborough Field and
Lilac structure. Cross-section locations are Shown in FIZUIe 37. ....ccoociiieeiiiiciiiiee e 55

Figure 46: Palaeo-charge scenarios for the Dunsborough Field. (A) Dunsborough-2 well with GOI data

and oil shows. P-OWC1a is the palaeo-oil-water contact for the first charge scenario based on the GOI

data. P-OWC2a is the palaeo-oil-water contact for the second charge scenario based on the GOI data

and oil shows. P-OWC1 is the common depth range for both P-OWCs defined in Dunsborough-1 and -2

for the first charge scenario. (B) Dunsborough-1 well with GOI data and oil shows. P-OWCla is the
palaeo-oil-water contact for the first and second charge scenario based on the GOI data and oil shows.
D-POWC2 is the deepest palaeo-oil-water contact based on the GOl data located 25 m above P-OWC2a

(see text for discussion). (C) A post charge block rotation, coeval with the Middle-Jurassic to Early
Cretaceous reactivation could be responsible for the depth of P-OWC2a in Dunsborough-2...........cc...c....... 57

Figure 47: Relationship between shear strain distribution and charge history for the Dunsborough trap. .
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Figure 51: Fracture stability for the Permian faults at 1900 m below ground elevation (including 300 m of
eroded sediments; chosen as this is the approximate depth of the top Permian reservoir during Middle
Jurassic to Early Cretaceous extension and prior to Early Cretaceous erosion). The values on the

stereonets (right) refer to the increase in pore pressure required to force the fault plane into failure; the
same values are shown on the Mohr circle (left) with the failure envelop (red) defined by the fault rock
properties. (A) Cohesive strength of 1 MPa and coefficient of internal friction of 0.3. (B) Cohesive

strength of 5 MPa and coefficient of internal friction of 0.6. .......ccooeeiiiiii e 64

Figure 52: Fracture stability distribution for a (cohesive strength of 1 MPa and an internal coefficient of
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Figure 55: Slip tendency for the Permian faults at 1900 m below ground elevation (including 300 m of
eroded sediments). The values on the stereonets (right) refer to the likelihood of slip to occur; the same
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Figure 56: Slip tendency distribution. Maximum slip tendency is red and minimum slip tendency is blue.
The top reservoir surface is coloured for depth. Areas of higher slip tendency (white arrows) are present
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on the trap-bounding faults F3 (at the trap crest) and F1 (down-dip of the trap crest). The top reservoir
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Figure 62: Plan-view stress patterns for a horizon of -1500 meter depth in the model for the Morangie
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Figure 63: Relationship between shear strain distributions, geometry and charge history for the

Morangie structure. Maximum strain is red and minimum strain is blue. (A) Shear strain distribution and
present-day structure. Isolines are form 2050 mSS to 2250 mSS. (B) Shear strain distribution and palaeo-

oil column down to c. 2160 mRT (c. 2130 mSS). Black dot is Morangie-1 location. .......cccccveeeeeeecirireeeeeeennns 75

Figure 64: Fault seal risk based on fault orientation for the fields and prospects modelled. Integrated
geomechanical fault seal prediction, geomechanical deformation models and charge data suggest that

fault planes oriented between the NNW ([ B40°) and ESE ([1100°) are likely to reactivate under the

Middle Jurassic to Early Cretaceous stress regime (upper right) and allow fluid flow. Sealing and leaking
faults from the modelled areas are plotted (green and red respectively). Note that the WNW oriented
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Figure 65: Comparison between the fault seal risk and the orientation of trap bounding faults in the
offshore northern Perth Basin. The main trap bounding faults are identified by their orientation. Green
dots refer to faults bounding current accumulations (i.e. sealing fault); red dots refer to faults that offset
the top seal and bound dry structures with a palaeo accumulation (i.e. top seal bypass and along fault
fluid flow is the suggested cause of leakage), red/green dot refers to faults with indication of leakage
and currently holding a hydrocarbon column (healed fault), orange dots refer to faults bounding dry
structure with no oil show (lack of charge or undetected migration pathway?), red/green dots with
question mark refer to faults bounding a gas accumulation with a palaeo oil column resulting either
from oil displaced by gas or oil leaked along the fault plane. Note the leaking faults are mostly
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Figure 66: Strain distribution on trap bounding faults. (A) Shear strain from the trap bounding faults for
the Cliff Head, Dunsborough, Lilac and Morangie structures. A threshold around 0.1 is proposed to
differentiate between sealing faults and leaking fault breaching the top seal. Shear strain value near the
threshold might induce short term fault breach followed by fault self healing process. (B) Volumetric
strain from the trap bounding faults for the Cliff Head, Dunsborough, Lilac and Morangie structures. A
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threshold around 0.05 is proposed to differentiate between sealing faults and leaking fault breaching
the top seal. Shear strain value near the threshold might induce short term fault breach followed by
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Figure 68: Comparison between top seal (Kockatea Shale) thickness and top seal bypass risks in the
offshore northern Perth Basin. The group of wells on the left represents the four discoveries arranged

form south to north. The group of wells in the middle represents dry structures with palaeo-

accumulations and with along fault flow suggested as the cause of leakage. The group of wells on the

right represents dry structures without oil shows. The bar colours refer to the risk of reactivation for the
crest bounding faults as SHOWN IN FIGUIE B5. .......uuuuiiiiiiiiiiiie e ee e ece e r e e e e e e e e aaaeaaeeeeeean 83

Figure 69. Mechanical properties of the Kockatea Shales seal. (A) Uniaxial compressive strength (UCS) in
MPa for Cliff Head-1, Dunsborough-2, Perseverance-1, Lilac-1 and Flying Foam-1. Low UCS values
represent incompetent facies and high UCS values represent competent facies; a classic range of UCS for
shales is 5 MPa — 100 MPa. The soft-linkage observed over the Cliff Head oilfield cannot be attributed to
a more incompetent Kockatea Shales; the average UCS for Cliff Head-1 is 28 MPa, which similar to the
average UCS at locations where hard-linkage developed (Dunsborough-2, Perseverance-1, Lilac-1). (B)
Brittleness index (BRI) for Cliff Head-1, Dunsborough-2, Lilac-11 and Flying Foam-1. For BRI>2 the risk of
embrittlement increases with increasing BRI. The soft-linkage observed over the Cliff Head oilfield
cannot be attributed to a more ductile Kockatea Shales; the BRI for Cliff Head-1 is between 3 and 6,
which higher than the BRI at locations where hard-linkage developed (Dunsborough-2, Lilac-1, Flying
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Recent work in the offshore northern Perth Basin revealed a widespread charge system for oil
accumulation below the Triassic Kockatea Shale regional seal and identified trap integrity as a likely cause
for the high incidence of breach traps. This report details the results of a trap integrity study in which 3D
geomechanical modelling was used to simulate the response of a complex set of trap-bounding faults to
Middle Jurassic to Early Cretaceous extensional reactivation and to investigate the hydrocarbon
preservation risk in the Abrolhos Sub-basin and Wittecarra Terrace. The modelling focused on four
structures; the Cliff Head and Dunsborough oil discoveries and the Lilac and the Morangie breached traps.
Additional fields and prospects were also included in a regional discussion and for comparison with the
modelling results. Two modelling techniques were used:

1. Geomechanical fault seal prediction assesses the likelihood of fault surfaces to be active and conduct
fluid within the current stress regime. It predicts fault seal attributes, which may control leakage
through fractures associated with fault planes.

2.  Geomechanical deformation modelling is a finite-difference approach which simulates impact of
regional and local deformations on the distribution of reactivated and dilatant faults.

Strain-accommodating faults intersecting a reservoir top seal have shown to act as conduits for fluids and,
so create seal bypass. The main factors controlling the accommodation of reactivation strain in the
northern offshore Perth Basin includes: (i) fault strike orientation—faults oriented between NNW ((B40°)
and ESE ([1100°) are more likely to fail, while fault segments oriented to the NW are more prone to seal
and, (ii) intersections of fault planes that generate zones of high shear deformation and dilation. Fault strike
length is also a significant factor controlling strain partitioning as reactivation strain tends to progressively
localize onto the largest faults over time, which then act to protect neighbouring structures.

Fault growth and linkage style during reactivation represents a key element in the development of seal
bypass. The Cliff Head, Dunsborough and Lilac structures show that this strain nucleates into new sets of
Late Jurassic faults and also reactivates Permian trap-bounding faults. As deformation accumulates, the
Jurassic faults propagate downwards towards the top seal and the reactivated Permian faults propagate
upward into the top seal. Based on the magnitude of reactivation strain, either soft-linkage or hard-linkages
develop between these two systems. Hard-linked faults are more likely to be associated with a critical
increase in structural permeability and the development of migration pathways that bypass the top seal.
The Cliff Head trap is an example of soft-linked faults through the top seal and currently supports an oil
column.

Shear and volumtetric strain threshold values can be used to locally can be defined to differentiate
between sealing and leaking faults (0.1 and 0.05 for shear and volumetric strain respectively).

The top seal thickness variations do not appear to represent a first order risk factor for the development of
hard-linked top seal bypass. Several breached structures associated with hard-linked faults have top seals
thicker than the Cliff Head top seal ((BOO m). However, all these structures have crest trap faults with
either (i) a high risk of reactivation due to their orientations, and/or (ii) intersection of fault planes (Flying
Foam, Morangie, Livet). These suggest that structural parameters are the primary risk factors for the
development of seal bypass rather than shale thickness or geomechanical properties.

In the light of this work, it appears that prevalence of breached oil columns in the basin can be partly
explained by the general tendency to drill structural traps that: (i) are bounded by larger faults with large
offsets (larger volume) and (ii) have risky NNW fault orientations that align with the regional structural
grain. Both these elements represent key trap integrity risks.
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Critically stressed faults are widely cited as conduits for fluid flow (e.g. Anderson et al., 1994;
O’Brien et al., 1999), and seal breach by fault reactivation represents a critical exploration risk
for hydrocarbons in many petroleum provinces (Smith, 1966; Abrams, 1996; Sibson, 1996;
Gartrell et al. 2006; Zhang et al., 2009; Langhi et al., 2010). In the northern offshore Perth
Basin, Kempton et al. (2011a, 2011b) recently revealed a widespread charge system for oil
with residual palaeo-oil columns detected in about 14 of 18 exploration wells. Implicit in the
data was a validation of key petroleum system elements of oil-mature source, available trap
and migration pathways from source to trap over a large area of the basin. The high incidence
of palaeo-oil and residual columns, however, suggests that trap integrity and preservation of
oil is likely to be a more important risk factor for exploration.

This report details results of a CSIRO-led study, in collaboration with Geoscience Australia, on
trap integrity in the northern offshore Perth Basin. To investigate the hydrocarbon
preservation risks, three-dimensional (3D) geomechanical modelling methods were used to
simulate the response of a relatively complex set of trap-bounding faults to Mesozoic
extensional reactivation—that is, Middle Jurassic to Early Cretaceous extension that
culminated in continental breakup in the Valanginian between Australia and greater India. This
study focused on identifying first-order risk factors for trap breach in three areas covered by
3D seismic data, which included several drilled prospects with a mix of both breached and
preserved oil columns — (i) the Cliff Head 3D survey over the Cliff Head oilfield, (ii) the Diana
3D survey over the Dunsborough well oil/gas discovery and Lilac prospect and, (iii) the
Macallan 3D survey over the Morangie prospect (Figure 1).

The regional geology and tectonic setting of the offshore northern Perth Basin is summarised
by Jones et al. (2011), but generally comprises depocentres and structural features formed in
an obliquely-oriented extensional rift system on Australia’s southwest margin during the
Palaeozoic to Mesozoic breakup of eastern Gondwana (Figure 1). The basin has had a complex,
multi-phase history of extension and reactivation, and regional tectonic events that affected
basin evolution and controlled sedimentation (Figure 2; generalised stratigraphic column)
include: (i) Early to Middle-Permian east-northeast—west-southwest extension, (ii) Mid-
Permian regional uplift, (iii) Late Permian to Late Triassic thermal subsidence, (iv) possible
latest Triassic to Early Jurassic west-northwest—east-southeast extension, (v) Early Jurassic to
Middle Jurassic thermal subsidence, (vi) Middle Jurassic to Late Jurassic northwest—southeast
extension, (vii) Early Cretaceous northwest—southeast extension and local transpression, (viii)
Valanginian regional uplift, breakup and basin inversion, (ix) Early Cretaceous to Cenozoic
passive margin subsidence, and (x) Miocene inversion.

For this study we consider the Middle Jurassic to Early Cretaceous extension prior to
continental break-up as the primary cause of fault reactivation and the likely mechanism
behind potential trap breaching. This is consistent with the timing of hydrocarbon charge for
oil from the Hovea Member (Figure 2) which is modelled to have occurred between the Late
Jurassic and earliest Cretaceous (160-130 Ma) in mature source kitchens of the Abrolhos Sub-
basin (Jones et al., 2011).
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Figure 1: Structural elements of the offshore Perth Basin showing location of 3D seismic surveys,
exploration wells and 2011 release area W11-18.
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Figure 2: Generalised stratigraphic column for the northern Perth Basin showing location of oil and
gas discoveries. Modified from Roc Oil Company Ltd.
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Several geomechanics-based risking techniques have been applied to the study areas to assess
the likelihood of shear failure occurring in the caprock and triggering up-fault leakage.

The first series of techniques relies on the geomechanical fault seal prediction method (see
2.1), which enables the modelling of the stress regime on the fault plane elements (i.e. faults
are triangulated during modelling and each triangle represents an element with a dip and
azimuth values). This method has been broken up into four components which potentially
control leakage through fractures associated with the fault planes. The components of fracture
stability, slip stability, slip tendency and dilation tendency concentrate on the likelihood of the
fault surfaces to conduct fluid within the current stress regime.

The second series of techniques relies on geomechanical deformation modelling based on a
finite-difference code (see 2.2 below), which enables the simulation of regional and local
deformations to investigate the distribution of reactivated and dilatant faults. This modelling
technique allows the determination of strain partitioning between structures and can be
coupled with fluid flow modelling.

This approach focuses on the fault plane’s interaction with the regional stress field and has
been broken up into four attributes (i.e. fracture stability, slip stability, slip tendency and
dilation tendency) which can control up-fault leakage and bypass of the caprock. Slip tendency
and dilation tendency provide a ranking criterion to highlight which fracture orientations are
more likely to reactivate and break a seal and/or be open and, thereby allow fluids to pass
along the fault plane. These attributes are expressed as a ratio between 0 and 1, the higher the
value the more likely the fault will dilate (extensional fractures) or slip and, so, the greater its
ability to transmit fluids or gas.

In addition to these static measures of fault stability, the regional stress field data can be used
to compute the risk of reactivation in terms of the increase in pore fluid pressure required to
bring a fault, or parts of a fault, to a state of instability (i.e. fracture and slip stability
attributes). The risk of reactivation is expressed as the increase in pore pressure required to
induce failure. A low increase in pore pressure equates to a high risk of reactivation. Fault seals
breached by reactivation can enhance fluid migration.

No simplification of the structural and stratigraphic model is required for the geomechanical
fault seal prediction method and all faults interpreted from 3D seismic, for the three study
areas, have been incorporated.

These attributes rely on the assumption that all faults optimally oriented will be associated
with shear or tensile failure. However various studies have shown that strain can be heavily
partitioned between faults during tectonic episodes. For example, Cowie (1998), Meyer et al.
(2000), Walsh et al. (2003), Gartrell et al. (2005 and 2006) show that strain progressively
localises onto increasingly larger faults during reactivation, leading to reduction and / or
termination of activity on smaller faults.
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2.1.1 FRACTURE STABILITY

Fracture stability considers the increase in pore pressure required to force a fault into shear or
extensional failure under the conditions of the Coulomb failure. An increase in pore pressure
corresponds to an arrival of buoyant fluid(s) such as hydrocarbons. That is, an increase in pore
pressure can be related to a hydrocarbon column height. The factors which affect the
magnitude of the increase needed to reach the failure envelope are:

e differential stress (i.e. maximum compressive stress - minimum principal stress)
e orientation of the fault plane within the stress field; and
¢ tensile strength, cohesive strength and the coefficient of friction

The failure mode (i.e. whether the fault will fail through shear failure, extensional-shear failure
or extensional failure) will also depend on these factors. The lower the calculated fracture
stability (i.e. the lower the increase in pore pressure required to induce failure), the higher the
risk of fault plane reactivation and hence the higher the potential for fluid leakage along the
fault.

2.1.2 SLIP STABILITY

Slip stability is a special case of fracture stability where the fault-rock is believed to have zero
cohesive strength, meaning that only shear failure is possible. Slip stability is a measure of the
increase in pore pressure required to enable slip on a fault in a particular orientation. The
lower the slip stability, the higher the risk of the fault plane failing due to slip reactivation,
hence the higher the potential of fluid migration along the fault.

2.1.3 SLIP TENDENCY

Analysis of slip tendency provides a way of assessing which faults are near the ideal orientation
for slip to occur and are therefore the most likely to be associated with enhanced permeability
(i.e. the greater the estimated slip tendency of a fault the more likely the fault is to leak). Slip
tendency (Ts) is defined as the ratio of shear (t) to normal stress (G,,) acting on the fault
surface.

Ts = t/o,
2.1.4 DILATION TENDENCY

Dilation tendency (Td) provides a ranking criterion to highlight which fracture orientations are
more likely to be open and able to transmit fluids. The dilation tendency is a ratio ranging from
0 to 1, the higher the value the more likely the fault will dilate (extensional fractures) and the
greater its ability to transmit fluids or gas. Dilation tendency is defined as:

Td = (01 — 0,)/(01 — 03)

With g, the normal stress on the fault plane and 0; and 03 the maximum and minimum
stresses respectively.
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2.1.5 STRESS REGIME

The geomechanical fault seal prediction model relies on the assessment of the impact of the
regional stress filed on the fault planes.

For this study we consider the Middle Jurassic to Early Cretaceous extensional stress regime as
the primary cause of fault reactivation and the likely mechanism behind potential trap
breaching. Bradshaw et al. (2003) proposed that the northwest—southeast extension during
the Middle Jurassic to Early Cretaceous culminated in the break-up of Australia and Greater
India during the Valanginian, and produced much of the final structural architecture of the
Perth Basin. This represents the main phase of fault reactivation postdating the development
of the Permian reservoirs. For a detailed description and discussion of the tectonic history of
the Perth Basin the reader is referred to previous studies (Smith and Cowley, 1987; Marshall et
al., 1993; Harris, 1994; Quaife et al., 1994; Mory and lasky, 1996; Song and Cawood, 2000;
Crostella and Backhouse, 2000; Gorter and Deighton, 2002 and Norvick, 2004).

The stress field used for the geomechanical fault seal prediction represents an extensional
regime (Sv>SHmax>Shmin, Figure 3). The stress gradient used for the vertical stress Sv was
0.0235 MPa/m and is similar to the present-day vertical stress gradient defined for the Cliff
Head oil field (GeoMechanics International, 2003). The gradient used for the horizontal
stresses (SHmax and Shmin) were set to 0.018 MPa/m and 0.016 MPa/m respectively. This
results in a stress state (using the present-day sedimentary column) at 1000 m below sea level
characterised by Shmin=16 MPa, SHmax=19 MPa and Sv=21 MPa. However, burial history
suggests that significant erosion may have occurred during the Valanginian breakup (e.g. Mory
and lasky, 1996) and for each study area we take into account an estimate of the eroded
stratigraphic section that affected the stress field. Figure 3 shows the case for different
amounts of erosion at the Cliff Head oil field.

For the three modelled sites we use 310N as the direction of extension consistent with Harris
(1994) and Mory and lasky (1996) and an average pore pressure gradient of 0.011 MPa/m is
used for the geomechanical analysis Figure 3.
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Figure 3: Stress regime used for the geomechanical fault seal prediction model based on data from the
Cliff Head Field and the present-day sedimentary column. The horizontal guidelines represent the
stress state for the Cliff Head reservoir for different erosion scenarios. Data is from GeoMechanics
International (2003).

2.1.6 ROCK AND FAULT ROCK PROPERTIES

To define the fracture stability, as the Coulomb Failure Criterion for the fault rocks, coefficients
of internal friction varying between 0.3 and 0.6 and cohesive strengths between 1 MPa and 5
MPa were used. To define the slip stability a coefficient of internal friction for the intact rock
of 0.485 was used (i.e. average value for sandstone and shale).

2.2 Geomechanical deformation modelling based on finite
difference code

FLAC3D™ (Fast Lagrangian Analysis of Continua) (Cundall and Board, 1988; Itasca, 2005) was

used for the coupled geomechanical deformation modelling. This three-dimensional finite

difference code enables the simulation of the interactions between deformation and fluid flow
in rocks. The application of the code to geological problems is based on the use of constitutive
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laws governing deformation and fluid-flow behaviours, as described in Ord (1991), Ord and
Oliver (1997), Strayer et al. (2001), and McLellan et al. (2004). As such, a brief description of
the major aspects of the code is provided here.

In FLAC3D™ models, rock materials are represented by a 3-D continuum mesh consisting of
hexahedral elements. Each element behaves according to prescribed mechanical and hydraulic
laws. The mesh deforms and moves with the modelled materials in response to the applied
boundary conditions. The mechanical deformation of the model is governed by the Mohr-
Coulomb isotropic elastic-plastic constitutive law, which involves constitutive parameters
including shear modulus (G), bulk modulus (K), cohesion (C), tensile strength (T), friction angle
(), and dilation angle (). Under mechanical loading, the modelled material deforms initially
in an elastic manner until the maximum shear stress reaches the yield stress (a critical value),
and then deforms plastically to a large strain after yielding. The Mohr-Coulomb yielding criteria
can be described by:

|ts] = C — o, tan @

where T is the shear stress and O, is the normal stress on the arbitrary plane in the material.
The plastic strain is governed by a non-associated plastic flow law with constant cohesion,
friction, and dilation angles (Vermeer and de Burst, 1984). Furthermore, tensile failure occurs
when the effective minimum principal stress is in tension and overcomes rock tensile strength.
A Mohr-Coulomb material may undergo volume changes (dilation is expressed as positive
volume strain or volume increase) during plastic shearing deformation (Ord and Oliver, 1997).
The dilatant potential of the Mohr-Coulomb material for plastic deformation is characterized
by a positive dilation angle (). Darcy’s law for an isotropic porous medium is involved for the
simulation of fluid flow and hydrological process. By coupling mechanical deformation and
hydrological processes, the models consider the effects of hydrological conditions on
mechanical deformation (i.e. effects of fluid pore pressure on the mechanical failure of rocks).

The units and convention of the strain and stress values presented below are:
* Shear strain (y) involved here is the tensor shear strain and is defined by
y=05X%Xtan4

that is, half of the tangent of the shear angle (A); another common measure of shear
strain is the engineering shear strain that is twice of the tensor shear strain. The shear
angle reflects the change in the angle between pairs of lines that are initially
perpendicular in a deforming body. Increase in the values of shear strain indicates the
enhancement of deformation.

e Volumetric strain represents the ratio between the volumetric change and the initial
volume. Negative values correlate with compaction and positive values correlate with
dilation. For example, a volumetric strain of 0.01 means 1% volume increase or dilation
for the examined location.

e Shear stress is the half of the differential stresses between the maximum and
minimum principle stresses, expressed in Pascal [Pa]. Increasing values correlate with
increasing shear stress.

e The mean stress is the mathematical average between the maximum, intermediate
and minimum principal stresses (0;, 0, and 03), expressed in Pascal [Pa]. Negative
values correlate with compressive stress and positive values with tensile stress.
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2.2.1 MODEL ARCHITECTURE: FAULTS AND STRATIGRAPHY

The complexities in the structure of each of the three study areas (i.e. Cliff Head,
Dunsborough/Lilac and Morangie) represent a significant challenge for building 3D meshes for
deformation models. Simplifications to the fault architecture were deemed necessary for each
area, with a preferential focus on major faults.

The Cliff Head model includes 11 faults (Figure 4): the regional Geraldton Fault, 5 Permian
faults oriented NNE and NW (reservoir faults) and 5 overlying Mesozoic faults also oriented to
the NNE and the NW. The Permian and Mesozoic faults are soft-linked and therefore treated
as distinct planes. The model represents a box of 17.4 km (E-W) by 14.8 km (N-S) by 6 km
(depth). The top reservoir, top seal horizons and top basement are interpreted from the Cliff
Head 3D seismic data. A horizontal surface was used to approximate the seabed. A simplified
stratigraphic framework was used for reflecting the main mechanical boundaries in the area.
This framework consists of 4 rock units, from top to bottom: (1) a Triassic-Jurassic sandstone
layer (overburden); (2) an Early Triassic shale layer (caprock); (3) a Palaeozoic sandstone layer
(reservoir) and (4) a granite basement. The thicknesses of these layers are variable based on
their 3D seismic expression. The Geraldton Fault is the largest fault in the area, with its root in
the basement and is exposed on the sea floor. The trap-bounding faults are smaller, with the
Permian faults situated below the shale layer, and the younger Triassic faults situated above
the top of the shale layer and extending to the top surface of the model.

Geraldton Fault
Faults

Figure 4: Architecture of the Cliff Head model without the overburden. Mesozoic faults=blue,
Geraldton Fault=red. The Permian faults are inside the host rocks and are invisible in the image.

The Dunsborough/Lilac model includes 5 faults trending to the north and north-north-west
(Figure 5). The model represents a box of 13.95 km (E-W) by 10.95 km (N-S) by 3 km (depth).
The top reservoir and top seal horizons are interpreted from the Diana 3D seismic data. . The
mechanical framework comprises 3 rock units, from top to bottom: (1) a Triassic-Jurassic
sandstone layer (overburden); (2) an Early Triassic shale layer (caprock) and (3) a Palaeozoic
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sandstone layer (reservoir). The thicknesses of these layers are variable based on their 3D
seismic expression. All fault planes penetrate through the top of the shale layer and extend
into the Triassic-Jurassic sandstone layer but do not reach the top surface (i.e. blind faults).

Figure 5: Architecture of the Dunsborough/Lilac model without the overburden. Faults (blue) are blind
faults and are buried within the top sandstone layer above the shale layer.

The Morangie model includes 4 faults trending to the north-west and north-north-west (Figure
6). The model represents a box of 14.8 km (E-W) by 13.55 km (N-S) by 4 km (depth). The top
reservoir and top seal horizons are interpreted from the Macallan 3D seismic data. The
mechanical framework comprises 3 rock units, from top to bottom: (1) a Triassic-Jurassic
sandstone layer (overburden); (2) an Early Triassic shale layer (caprock) and (3) a Palaeozoic
sandstone layer (reservoir). The thicknesses of these units are variable based on their 3D
seismic expression. All fault planes penetrate through the top of the shale layer and extend
into the Triassic-Jurassic sandstone layer but do not reach the top surface (i.e. blind faults).

Figure 6: Architecture of the Morangie model without the overburden. Faults (blue) are blind faults
and are buried within the top sandstone layer above the shale layer.

2.2.2 MODEL MATERIAL PROPERTIES

The rock mechanical and fluid flow properties that were used in the deformation models are
shown in Table 1. These values are selected from the literature or from rock property data for
the region. In the models, faults are simulated as narrow zones with lower strength
parameters and with permeabilities initially identical to those of host rocks. This represents a
continuum approach for the simulation of faults, which has been adopted in a number of
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previous studies (e.g. McLellan et al., 2004, Zhang et al. 2009). A limitation of the continuum
approach, by comparison with the discrete approach (i.e. faults are simulated as discrete fault
planes), is its difficulty to achieve large fault movement. However, this study only deals with a
relatively small amount of regional deformation. Fluid flow properties and boundary
conditions (e.g. fluid pore pressures) are incorporated in the model, so that the mechanical
deformation of faults and host rocks are coupled with fluid flow behaviours. However, this
study focuses on the geomechanical behaviour of the system and reactivation of faults.

MODEL UNIT DENSITY YOUNG’S POISSON’S COHESION TENSILE PERMEABILITY POROSITY DILATION FRICTION
(kgm?) MODULUS (Pa)  RATIO (Pa) STRENGTH (Pa)  (m?) ANGLE (°)  ANGLE (°)

Tri-Jur 2500 2.5x10% 0.25 1. 5x10’ 7.5x10° 1.5x10™ 0.2 2 30

sandstone

E. Triassic 2250 2.0x10° 0.35 2.75x10°  1.38x10° 1.0x10™" 0.3 2 22

shales

Palacozoic 2500 2.5x10" 0.25 1. 5x10’ 7.5x10° 1.5x10™ 0.2 2 30

sandstone

Basement* 2650 4.0x10" 0.22 2.0x10’ 1x10’ 1.0x10™° 0.04 2 30

Faults 2300 1.0x10° 0.15 1.0x10° 0.5x10° Various 0.2 3 15

* Basement is only present in the Cliff-Head model.

2.2.3 BOUNDARY CONDITIONS

Based on the interpretation of tectonic settings for the region during the Mesozoic (Harris,
1994 and Mory and lasky, 1996) the current models are subjected to NW-SE (310-130)
extension. The deformation boundary condition for such an extensional direction is
implemented in the model by partitioning a uniform NW-SE extensional velocity field onto the
modelled space, fixing velocities only for the vertical boundary edges of the model and leaving
the internal areas of the model free for deformation velocity changes based on local
deformation conditions. The model top is simulated as a free surface. The model bottom
boundary is fixed in the vertical direction, but free to move in the horizontal directions.
Because the Mohr-Coulomb elastic-plastic constitutive rheology (i.e. rate independent) is
adopted here to simulate mechanical deformation, the extensional deformation of the current
model does not involve an extensional strain rate.

Fluid pore pressures are also specified in the model. A hydrostatic fluid pore pressure is
initially defined for the sandstone layer above the shale unit. For the shale and sandstone
layers below this, an initially higher fluid pressure gradient (approximately 15% above the
hydrostatic gradient) was adopted. Fluid pore pressures are only fixed at initial values at the
top free surface of the model.

20 GEOMECHANICAL MODELLING OF TRAP INTEGRITY IN THE NORTHERN OFFSHORE PERTH BASIN



The Cliff Head structure is a large faulted anticline at top Permian reservoir, sealed by the
overlying Triassic Kockatea Shale (Figure 7). The closure is located on a narrow NW-SE oriented
horst bounded by a conjugate pair of sub-parallel faults (Jones and Hall, 2002, Main Horst in
Figure 7). The structure is part of a larger NNE-SSW trending rotated block created in the early
Permian and is bound to the west by the Geraldton Fault, which has acted as a significant
hinge zone across which the Mesozoic section thickens westward into the Abrolhos Sub-basin.
Post-Permian tectonic episodes have resulted in complex faulting, reactivating both the NNE-
SSW and NW-SE oriented fault sets developed in the Early Permian and creating additional
faulting, particularly in a NW-SE direction. Over the Cliff Head structure the reactivated
Permian faults and newly formed Middle Jurassic to Early Cretaceous faults formed soft
linkage that might interact within the Kockatea top seal. The post-Permian reactivation has
resulted in compartmentalization of the western Beagle Ridge into a series of discrete
structures of which Cliff Head is one (Jones and Hall, 2002).

A 31-33 °API oil is reservoired in the Permian Dongara Sandstone, Irwin River Coal Measures
and High Cliff Sandstone, with a field-wide oil-water contact (OWC) at 1260 mTVDSS (Roc Qil
(WA) Pty Ltd, 2003).
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Figure 7: Post-drill Cliff Head-6 depth map of the Cliff Head structure (top Permian reservoir) and oil-
water contact (OWC) (modified from Roc Oil, 2005). Location of Main Horst and East Ridge are
indicated (Roc Oil terminology). The west-dipping Geraldton Fault is shown. Blue box is the 3D seismic
location.

3.1 Geomechanical fault seal prediction - Cliff Head

The stress fields used in the modelling of the stress regime on the fault planes are described in
section 2.1.5.

Regional subsidence curves suggest that up to 1000 m of Yarragadee Formation was eroded
during the Valanginian breakup (Mory and lasky, 1996) and the models here are based on fault
seal attributes that relate to an extensional stress regime (Sv>SHmax>Shmin) associated with
an extra 1000 m of overburden. This additional rock column does not affect the stress
gradients described in section 2.1.5 (Sv=0.0235 MPa/m; SHmax=0.018 MPa/m and
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Shmin=0.016 MPa/m). However, it does result in an increase in the stress values at the
Permian reservoir level before the erosion occurs (i.e. 2275 m below palaeo-elevation) with
Shmin=32 MPa, SHmax=36 MPa and Sv=44 MPa.

Rock and fault rock properties of the model are described in section 2.1.6.

The main Permian trap-bounding faults used for the geomechanical fault seal prediction were
interpreted from 3D seismic data and their configurations delimit the main NW-SE (i.e. Main
Horst) and NNE-SSW (i.e. East Ridge) oriented compartments (Figure 7).

Figure 8 shows the configuration of the Permian faults used for the geomechanical fault seal
prediction.
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3.1.1 FRACTURE STABILITY

Figure 9 displays the state of stress on the Permian faults at 2275m below the ground
elevation (chosen as the approximate depth of the top Permian reservoir before erosion). In
the modelled stress regime for Cliff Head there is an average-high likelihood of fault shear
failure for faults oriented in the N and NNE direction and a low likelihood of fault shear failure
for faults oriented in the NW direction. Using a cohesive strength of 1 MPa and an internal
coefficient of friction of 0.3 (i.e. case for low rock strength and low internal coefficient of
friction favouring failure, Figure 9A), the fluid pressure would need to be approximately 20-
30% higher than the estimated pore pressure to induce failure on the N and NNE oriented
faults. That is, it would need an increase of at least 5 MPa on the best oriented fault planes
(e.g. fault 8). The Geraldton Fault is the best oriented fault plane for reactivation under this
stress regime. By comparison, the NW oriented faults of the Main Horst would require a 30-
60% increase in the fluid pressure to induce failure. On fault 1, which delimits the northern
extent of the current hydrocarbon column, it would need an increase of at least 14 MPa. Using
a cohesive strength of 5 MPa and an internal coefficient of friction of 0.6 (i.e. the case for
higher rock strength and higher internal coefficient of friction hindering failure, Figure 9B), the
fluid pressure would need to be approximately 55-70% higher to induce failure on the N and
NNE oriented faults. That is, it would need an increase of at least 13 MPa on the best oriented
fault planes (e.g. fault 8). The Geraldton Fault is still the best oriented fault plane for
reactivation under this stress regime. The NW oriented faults would require an 80-90%
increase in the fluid pressure to induce failure. On fault 1, it would need an increase of at least
18-20 MPa to induce failure, which again is significantly greater than the N and NNE faults
under these conditions hindering failure.

Figure 10 shows the 3D fracture stability distribution (cohesive strength of 1 MPa and an
internal coefficient of friction of 0.3). The fault plane orientation is the primary factor
controlling the failure potential with planes sub-parallel to SHmax most likely to fail due to an
increase of pore pressure.
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Figure 9: Fracture stability for the Permian faults at 2275 m below elevation (including 1000m of
eroded sediments; chosen as the approximate depth of the top Permian reservoir before erosion).
The values on the stereonets (right) refer to the increase in pore pressure required to force the plane
into failure; the same values are shown on the Mohr circle (left) with the failure envelope (red)
defined by the fault rock properties. (A) Cohesive strength of 1 MPa and coefficient of internal friction
of 0.3. (B) Cohesive strength of 5 MPa and coefficient of internal friction of 0.6.
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3.1.2 SLIP STABILITY

Figure 11 show the slip stability for the Permian faults assuming 1000 m of post-Valanginian
erosion. As with the fracture stability cases the slip stability shows that there is an average-
high likelihood of fault shear failure for faults oriented to the N and NNE and a low likelihood
of fault shear failure for faults oriented to the NW. With a coefficient of internal friction of
0.48 the NW oriented faults would require a 60% increase in the fluid pressure to induce
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failure. That is, it would need an increase of at least 14 MPa on fault 1, which delimits the
northern limit of the current hydrocarbon column. By comparison, the fluid pressure would
need to be approximately 35% higher than the estimated pore pressure to induce failure on
the N and NNE oriented faults, equating to an increase of at least 7 MPa on the best oriented
fault planes (fault 8). The Geraldton Fault is again the best oriented fault for failure to occur.
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Figure 11: Slip stability for the Permian faults at 2275 m below elevation (including 1000m of eroded
sediments). Faults are cohesionless and coefficient of internal friction is 0.486. The values on the
stereonets refer to the increase in pore pressure required to force the plane into failure. The values
on the stereonets (right) refer to the increase in pore pressure required to force the plane into failure;
the same values are shown on the Mohr circle (left) with the failure envelop (red) defined by the fault
properties.

3.1.3 SLIP TENDENCY

Figure 12 and Figure 13 show the slip tendency for the Permian faults assuming 1000 m of
post-Valanginian erosion. Like the fracture/slip stability, the most significant part of this
analysis is that the slip tendency is orientation dependent, with the higher tendency values
coinciding with NNE oriented faults.

The NNE oriented faults are characterised by slip tendency values greater than 0.25 and the
comparison with the NW faults shows that they are more likely to leak, as they are near the
ideal orientation for slip to occur, and are therefore most likely to be associated with
enhanced permeability (Figure 12). The large Geraldton Fault is again the most likely structure
to slip and accommodate reactivation strain in the study area (Figure 12). Despite their strike
orientation sub-parallel to SHmax, several parts of NNE faults show only average slip tendency
due to their dip being greater than 80°. This element is, however, subject to errors as
interpretation and depth conversion can strongly influence this parameter.
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The NW faults, which are orientated sub-parallel to Shmin and have dip being greater than
70°, are characterised by a low slip tendency (<0.1).
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Figure 13: Slip tendency distribution. (A) View from the east showing the higher tendency of NNE
oriented faults and the low tendency of NW oriented faults. Maximum slip tendency is red and
minimum slip tendency is blue. (B) View from the west showing the variation in slip tendency on the
NNE oriented fault 7 and the NW oriented fault 1.

3.1.4 DILATION TENDENCY

Figure 14 and Figure 15 show the dilation tendency for the Permian faults assuming 1000 m of
post-Valanginian erosion. Like the slip tendency, the most significant part of this analysis is
that the dilation tendency is orientation dependent with the higher tendency values coinciding
with steeply dipping NE oriented fault surfaces.

The model predicts that all faults have a likelihood above 0.5 to dilate. The NW oriented faults
of the Main Horst show values between 0.5 and 0.6 while the NNE oriented faults have
generally higher values, usually above 0.8. As the ability of fractures to transmit fluid is also
related to their aperture, risk of leakage is usually associated with high dilation tendency.
However recent work on the Gippsland Basin (Ciftci et al., 2012) shows a poor match of high
dilation tendency to leakage indicators, suggesting that it may not always be a good parameter
with which to assess along-fault leakage risk.

werald

1
-2
2
A
5
— Failure srveloes &
-7
-
-2
£
!
-1
*
T
5.0 K
T=2.54F2
k.50 w00
T T

Figure 14: Dilation tendency for the Permian faults at 2275 m below elevation (including 1000 m of
eroded sediments). The values on the stereonets (right) refer to the likelihood of dilation to occur; the
same values are shown on the Mohr circle (left).
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Main Horst

The Cliff Head deformation model architecture, material properties and boundary conditions
are described in sections 2.2.1, 2.2.2 and 2.2.3 respectively.

Due to the transparent seismic character of the Kockatea Shale, the fault interpretation within
the top seal layer remains locally ambiguous. Three structural scenarios have been tested in
order to investigate the impact of Mesozoic reactivation (Figure 16). These scenarios are based
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on an essentially similar overall structural interpretation, with differing distribution of the up-
and down-dip fault tips:

e Scenario 1: the tips of the Permian and Mesozoic faults stop at the base and top of the
modelled shale layer respectively.

e Scenario 2: the tips of the Permian faults intersect the modelled shale layer and
propagate halfway through, while the tips of the Mesozoic faults stop at the top of the
modelled shale layer.

e Scenario 3: the tips of the Permian faults intersect the modelled shale layer and stop
at the top of the shale layer, while the tips of the Mesozoic faults stop at the top of the
modelled shale layer.

There was no significant difference in the results of three modeled structural scenarios. This
may be due to the identical fault-strike lengths in the three scenarios, with only a small
difference in the depth levels of the fault tips. Scenario 1, with the shale layer unaffected by
faults, is described herein as it enables it removes the ambiguity of fault interpretation in the
top seal and helps to visualize potential linkage processes that may have occurred in the top
seal both during and after deformation.

Scenario-1

Scenario-2 Scenario-3

Figure 16: Structural scenarios used in the deformation modelling of the Cliff Head Field. (A) Model
overview with mechanical layers, brown=basement, blue=sandstone/reservoir, purple=shale/top
seal, green=sandstone/overburden. (B) Scenario 1. (C) Scenario 2. (D) Scenario 3.
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3.2.1 STRAIN DISTRIBUTION

The modelling shows that fault size and orientation primarily influence the partitioning of
reactivation shear and volumetric strains ( Figure 18, Figure 19, Figure 20 and Figure 21). The
Geraldton Fault accommodates most of the bulk strain, protecting all the smaller Permian and
Mesozoic faults.

Among smaller Permian and Mesozoic faults, the strike orientation of the faults is the key
factor governing strain partitioning. The NNE oriented fault planes (e.g. faults 7 and 8; Figure
19 and Figure 21) accommodate more shear and volumetric strain. This suggests they have a
higher structural permeability risk and a higher risk of dip-linkage between Permian and
Mesozoic faults. In latter case, high shear strain occurs at the ends of, and between, faults 8
and 15 which shows the potential for linkage and development of top seal bypass ( Figure
18B).

Significantly, the NW oriented faults, which bound the Main Horst, are the least strain-
accommodating structures (Figure 19). Small amounts of lateral variability in shear strain
distribution are observed on the NW oriented faults, with higher strain focused near the tips of
faults 1 and 2 (Figure 19B).

Figure 17: Location of cross-sections over the Cliff Head Field displayed in Figure 18 and Figure 20. I-11
intersects the East Ridge and IlI-IV intersects the Main Horst.
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Figure 19: Shear strain distribution in plan view (intra reservoir horizon). Maximum strain is red and
minimum strain is blue. (A) Shear strain distribution of the main Permian faults for the Cliff Head Field
and the regional Geraldton Fault. (B) Detail shear strain distribution of the main Permian faults for the

Cliff Head Field
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Figure 20: Volumetric strain distribution in section for structural scenario 1. The lower faults are the
reactivated Permian reservoir faults and the upper faults are the Mesozoic faults. Maximum strain is
red and minimum strain is blue. (A) Volumetric strain distribution for the East Ridge. (B) Volumetric

strain distribution for the Main Horst.
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Figure 21: Volumetric strain distribution in plan view for the Cliff Head Field (intra reservoir horizon).

Maximum strain is red and minimum strain is blue.
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The evolution of shear strain with bulk extension (Figure 22) shows that the model predicts
that the late Mesozoic faults accommodate more strain than the Permian trap bounding faults.
This suggests that main risk for trap integrity in such structures that formed during distinct
Permian and Jurassic-Cretaceous tectonic phases comes from the Jurassic-Cretaceous faults
propagating downward and interacting with the top seal, that is potentially creating migration
pathways.
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3.2.2 STRESS DISTRIBUTION

Patterns of mean and shear stresses for a horizon within the reservoir rocks in the model for
the Cliff Head field illustrate the post-failure stresses in a field during fault reactivation (Figure
23). The whole stress field is dominated by both lower mean and shear stresses within faults,
in comparison with host rock domain. Faults with greater reactivation (Figure 22A; Geraldton
Fault, 7 and 8 faults), which show greater shear strain and volumetric strains compared to
other faults ( Figure 18 to Figure 21), also display relatively lower stresses than other faults.
This suggests an important stress release following fault failure. Areas near fault tips or areas
between adjacent fault tips show higher shear stresses than the main segments of faults
(Figure 23B). This implies the potential of fault growth toward higher shear stress locations.
Asymmetric stress patterns around the P7 and P8 faults (i.e. the most reactivated faults within
the population) are also consistent with the features expected for faulting with a strike-slip
component.
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The bulk of the oil in the Cliff Head field is trapped within the NW trending Main Horst above a
field-wide OWC at 1260 mTVDSS (Figure 7and Figure 24). The Permian fault 1 is the most
critical to this structure, as it bounds the crest of the closure to the north-east, and, like other
similar NW-oriented faults, is consistently associated with a low risk of reactivation (Figure 24).
Fault strike orientations to the NW are sub-parallel to the minimum Middle Jurassic to Early
Cretaceous horizontal stress (Shmin) and this is likely the main factor preventing; (i)
reactivation of the trap bounding fault, (ii) hard linkage with the overlying Mesozoic fault
system and, (iii) the development of seal bypass. Geomechanical fault seal models consistently
associate this NW orientation with high fracture and slip stabilities and low slip and dilation
tendencies. Geomechanical deformation models show that, although some lateral variability
of shear strain distribution occurs for the NW trend (i.e. locally at fault tips), the trap bounding
faults typically accommodate low shear and volumetric strains.

The geomechanical deformation models also predict that the large Geraldton Fault
accommodated most of the reactivation strain due to its orientation to the NNE and its size.
This suggests that the overall Cliff Head structure (Main Horst and East Ridge) is partially
protected by the large Geraldton Fault (Figure 25). The typical soft-linkage and/or
disconnection between the Permian reservoir faults and the overlying Mesozoic fault systems
is likely to be attributed to a locally reduced accommodation of strain. Shear strain values
<0.025 and <0.05 are associated with the disconnected Permian and Mesozoic faults forming

the Main Horst.

Figure 26 shows throw maxima on both the Permian and the Mesozoic faults. Throw maxima
on the Permian faults are located near the top of the fault surface and represent the Late
Palaeozoic fault movement; the throws rapidly decrease upwards as the surfaces die in the top
seal. The Mesozoic fault planes above the Main Horst show well developed maxima near the
top of the fault planes that decrease toward the base of their planes. This suggests fault
nucleation at the top (in the Yarragadee and/or Cadda Formations; Figure 2) and a downward
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propagation of the fault. The rapidly decreasing throw that dies in the vicinity of the top seal
(e.g. fault M4 on Figure 26) suggests that the reactivation strain is limited on the Mesozoic
faults, which in turn limits its growth and its impact on the top seal. By comparison, the
Mesozoic fault planes above the East Ridge show throw maxima that extend from the top to
the base of the fault plane (e.g. fault M7 on Figure 26). This suggests that the reactivation
strain is likely to be more pronounced on such NNE trending structures, which in turn would
facilitate the downward propagation of the Mesozoic fault and linkage with the underlying
Permian reservoir faults.

In summary the outcomes from the geomechanical deformation (section 3.1) and the
geomechanical fault seal prediction (section 3.2) models suggest that the preservation of the
hydrocarbons in the Main Horst of the Cliff Head oilfield is due to: (i) a favourable orientation
of the NW-trending bounding faults being less prone to failure from the Middle Jurassic to
Early Cretaceous stress regime and, (ii) the presence of the large N-trending Geraldton Fault
that accommodates a large part of the reactivation strain and shields the overall Cliff Head
structure.
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Figure 24: Current oil-water contact (OWC) superimposed on Permian fault shear strain distribution
for the Cliff Head Field. Maximum strain is red and minimum strain is blue.
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Figure 25: 3D shear strain distribution showing the shielding effect of the Geraldton Fault on the Cliff
Head Field. The Y direction refers to the north, the X direction refers to the east. Maximum strain is
red and minimum strain is blue.
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Figure 26: Throw distribution on the Permian and Mesozoic faults for the Cliff Head structure.
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Dunsborough-1 was drilled by Roc Oil (WA) Pty Limited in June 2007 to test the reservoir
quality and hydrocarbon potential of the Dongara Sandstone and Irwin River Coal Measures
within a north-south oriented, rotated fault block trap (Figure 27). Numerous oil and gas
shows were observed in the lower Kockatea Shale, Dongara Sandstone and Irwin River Coal
Measures. Fluorescence was observed from 1425 to 1539 mMD and shows in several SWCs
between 1466.2 to 1518.2 mMD. Gas peaks were observed between 1465 and 1640 mMD
(Roc Qil , 2008). There were no drill stem or production tests and the well was plugged and
abandoned as a new oil and gas discovery.

Dunsborough-2 was drilled in March 2008 by Roc, approximately 1.7 km south of Dunsborough
1. The objective of the well was to appraise the extent of the hydrocarbon column discovered
in Dunsborough-1 within the late Permian Dongara Sandstone and underlying Early Permian
Irwin River Coal Measures (Roc Qil, 2009a). Dunsborough-2 was designed as a vertical well
approximately 105 metres down-structure from Dunsborough-1. Dunsborough-2 was plugged
and abandoned, having failed to intersect moveable hydrocarbons.

Lilac-1 was drilled by Roc Qil Ltd in February 2008 to test the reservoir quality and hydrocarbon
potential of the Dongara Sandstone and Irwin River Coal Measures within a N-S oriented,
rotated fault block trap. The closest well is Dunsborough-1, which is approximately 2.7 km to
the west. Hydrocarbon fluorescence was encountered between 1330 and 1455 mMD in the
lower Kockatea Shale, Dongara Sandstone and Irwin River Coal Measures (Roc Oil, 2009b). Gas
peaks were observed through the same interval. Shows observed in sidewall cores from
1355.4 to 1421.5 mMD, were interpreted as residual non-moveable oil and the well was
plugged and abandoned.

The fault displacements observed from seismic data indicate that the reactivated Permian
reservoir faults and the Mesozoic faults connect across the top seal and form hard-linkages.
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Figure 27: Dunsborough and Lilac structures. Base Kockatea Shale depth converted horizon.

4.1 Geomechanical fault seal prediction — Dunsborough and
Lilac

The stress fields used in the modelling of the stress regime on the fault planes are described in
section 2.1.5. Regional subsidence curves (Mory and lasky, 1996) for neighbouring onshore
wells (e.g. Casuarinas-1) suggest that up to 2000 m of Yarragadee Formation was eroded
during the Valanginian breakup and the models here are based on fault seal attributes that
relate to an extensional stress regime (Sv>SHmax>Shmin) associated with an extra 2000 m of
overburden. This additional rock column does not affect the stress gradients described in
section 2.1.5 (Sv=0.0235 MPa/m; SHmax=0.018 MPa/m and Shmin=0.016 MPa/m). However it
does result in an increase in the stress state with Shmin=55 MPa, SHmax=64 MPa and Sv=78
MPa at the Permian reservoir level before the erosion occurs (i.e. 3400 m below palaeo-
seabed). Rock and fault rock properties of the model are described in section 2.1.6.

The configuration of the faults used for the geomechanical fault seal prediction is shown in
Figure 28. The main trap bounding faults for Dunsborough are fault 1 and fault 2; (i) fault 1
generally trends NNW, bounds the closure to the east and is at the crest of the structure while,
(ii) fault 2 trends NNW, bounds the closure to the west and is down-dip of the trap crest. At
Lilac the main trap bounding fault is L1; L1 generally trends NNW and bounds the closure to
the east and is at the crest of the structure.
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4.1.1 FRACTURE STABILITY

In the modelled stress regime for Dunsborough the overall fault trends have an average-high
likelihood of fault shear failure for faults oriented in the NE direction and a low-average
likelihood of fault shear failure for faults oriented in the NW direction (Figure 29). Using
cohesive strength of 1 MPa and an internal coefficient of friction of 0.3 (i.e. the case for low
rock strength and low internal coefficient of friction favouring failure; Figure 29A and Figure
30), the fluid pressure would need to be approximately 30-40% higher than the estimated pore
pressure to induce failure on most of the NNW trending faults, including the main trap
bounding faults, that is faults 1, 2 and L1 (black symbols in Figure 29A and Figure 30). However
for this stress regime and using these fault rock properties (rather weak fault rock) some part
of the main trap bounding faults trending to the north are predicted to fail or to be close to
failure. Most of the fault elements, which are obtained from fault plane triangulation, are
predicted to require additional fluid pressures between 5 and 15 MPa to be forced into failure.

Using a cohesive strength of 5 MPa and an internal coefficient of friction of 0.6 (i.e. the case
for higher rock strength and higher internal coefficient of friction hindering failure; Figure 29B
and Figure 31), the fluid pressure would need to be approximately 60-80% higher to induce
failure on most of the NNW trending faults, including the main trap bounding faults: faults 1, 2
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and L1 (black symbols in Figure 29B). Again, for this stress regime and using this fault rock
properties (rather strong fault rock), some parts of the main trap bounding faults trending to
the north show less stability but still require an increase of pore pressure between 40-60% to
induce failure. Most of the fault elements are predicted to require additional fluid pressures
between 20 and 30 MPa to be forced into failure.

The 3D fracture stability distributions are shown in Figure 30 (a cohesive strength of 1 MPa
associated with an internal coefficient of friction of 0.3) and Figure 31(cohesive strength of 5
MPa associated with an internal coefficient of friction of 0.6). The fault plane orientation, like
the Cliff Head model, appears to be the primary factor controlling the failure potential, with
planes sub-parallel to SHmax most likely to fail due to an increase of pore pressure.
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Figure 29: Fracture stability for the Permian faults at 3400 m below elevation (including 2000 m of
eroded sediments; chosen as the approximate depth of the top Permian reservoir before erosion).
The values on the stereonets (right) refer to the increase in pore pressure required to force the fault
plane into failure; the same values are shown on the Mohr circle (left) with the failure envelope (red)
defined by the fault rock properties. (A) Cohesive strength of 1 MPa and coefficient of internal friction
of 0.3. (B) Cohesive strength of 5 MPa and coefficient of internal friction of 0.6.
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4.1.2 SLIP STABILITY

As with fracture stability, the slip stability shows that there is a higher likelihood of fault shear
failure for faults oriented in the NE direction (Figure 32). With a coefficient of internal fiction of
0.48, most of the NNW trending faults would require a 40-50% increase in the fluid pressure to
induce failure (an increase of at least 14-18 MPa). The faults trending to the north, however,
including part of the main trap bounding faults 1, 2 and L1, are less stable and require an
increase in pore pressure of around 3-12 MPa for failure to occur, that is between 8-12 MPa of
pore pressure increase.
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Figure 32: Slip stability for the Permian faults at 3400m below ground elevation (including 2000m of
eroded sediments). Faults are cohesionless and coefficient of internal friction is 0.48. The values on
the stereonets (right) refer to the increase in pore pressure required to force the fault plane into
failure; the same values are shown on the Mohr circle (left) with the failure envelop (red) defined by

the fault properties.

4.1.3 SLIP TENDENCY

As with the fracture and slip stability, the slip tendency shows that most of the NNE trending
faults, including the main trap bounding faults (faults 1, 2 and L1; black symbols in Figure 33),
are not optimally oriented to slip (average slip tendency value <0.25). However, under this
stress regime, a higher slip tendency is expected for faults segments trending to the N and NE.
For example faults 1 and L1 bounding the crest of the Dunsborough and Lilac structures,
respectively, both include segments with increased slip tendency (c. 0.3-0.4; black arrows on

Figure 34).
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4.1.4 DILATION TENDENCY

Figure 35 and Figure 36 show the dilation tendency for the Permian faults Like the
fracture/slip stability and the slip tendency, the most significant part of this analysis is that the
dilation tendency is orientation dependent with the highest tendency values coinciding with
steeply dipping NE oriented fault surfaces. However most of the NNW trending faults,
including the main trap bounding faults, that is faults 1, 2 and L1 (black symbols in Figure 35)
have a dilation tendency >0.5 suggesting a risk of dilation and up-fault fluid flow.
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Figure 35: Dilation tendency at 3400m below ground elevation (including 2000m of eroded
sediments). The values on the stereonets (right) refer to the likelihood of dilation to occur; the same
values are shown on the Mohr circle (left).
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The Dunsborough and Lilac deformation model architecture, material properties and boundary
conditions are described in sections 2.2.1, 2.2.2 and 2.2.3 respectively.

4.2.1 STRAIN DISTRIBUTION
The modelling shows that fault size and orientation primarily influence the partitioning of

reactivation shear and volumetric strains (Figure 37, Figure 38, Figure 39, Figure 40, Figure 41
and Figure 42). While longer faults are still more important strain-accommodating structures
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than shorter faults, heterogeneous strain distribution occurs (mostly lateral but also vertical)
and correlates with the variation in fault strike orientation.

Faults F1 and F4, that bound both the Dunsborough and Lilac structures, accommodate most
of the reactivation strain, but both show local shear strain values <0.05 and volumetric strain
<2%. Both these faults have segments that divert from the general NNW trending orientation
toward the west (red arrows on Figure 38C and Figure 39C). Consequently smaller faults
located next to F1 and F4 show local increase in shear and volumetric strains (yellow arrows on
Figure 38C and Figure 39C).

Vertical variation of strain is also observed (Figure 40 and Figure 41) and appears to be
governed by the mechanical properties of the rock layers, with higher reactivation strains
typically located within the shallower overburden unit. This may also be influenced by
mechanical pressures (normal stresses on faults), which decrease at shallower levels and
hence promote mechanical failure and dilation. Like the Cliff Head model, fault tips (e.g. F1)
are associated with locally higher volumetric strains.

Fault growth and lateral interaction between faults F3 and F2 is reflected by high strains
localized at the fault tips (Figure 38A and B and Figure 39A and B). This suggests a higher
potential for fracture development.

Dunsborough-1

Dunsborough=2

Shear strain

1.4948e-003 to 1.0000e-002
1.0000e-002 to 2.0000e-002
2.0000e-002 to 3.0000e-002
3.0000e-002 to 4.0000e-002
4.0000e-002 to 5.0000e-002
5.0000e-002 to 6.0000e-002
6.0000e-002 to 7.0000e-002
7.0000e-002 to 7.4492e-002

Figure 37: 3D shear strain distribution and location of cross-sections and plan views. Maximum strain
is red and minimum strain is blue.
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Figure 41: Volumetric strain distribution in cross-section view after 2% extension. Maximum strain is
red and minimum strain is blue.

Figure 42: 3D shear strain distribution after 2% extension. Maximum strain is red and minimum strain
is blue. (A) South-east view. (B) South-west view showing the lateral variation in shear strain
distribution for fault F1.

4.2.2 STRESS DISTRIBUTION

Plan and section-view patterns of mean stress and shear stress distribution are shown in
Figure 43 to Figure 45. Their characteristics are generally consistent with those for the Cliff
Head model, such as lower mean and shears stress within reactivated fault zones and higher
shear stress near fault tips or between adjacent fault tips. In addition, the current models for
the Dunsborough Field and Lilac structure also highlight the presence of lower mean stresses
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and shear stresses in the hanging-wall side of faults (note that the Cliff Head model also has
this features as expressed by lower mean stress in the hanging-wall side of the Geraldton Fault
(see Figure 23A). Section plots of stresses (Figure 44 and Figure 45) show that lower mean
stresses and shear stress at the hanging-wall side of faults predominantly occur around the
upper section of faults near top fault tips.

A B

0000007

.60000+007
60000+007 to 1.80000+!
8000a+007 (o 1.90786+007

L -4.00008 +006 1o -2.41430+006

Figure 43: Plan-view stress patterns for a horizon at the 800m level in the model for the Dunsborough
Field and Lilac structure. (A) Mean stress. (B) Shear stress. For mean stresses, negative values denote
compressive stresses. Shear stresses all have positive values.
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-4.0000e+007 to -3.0000e+007
-3.0000e+007 to -2.0000e+007
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-1.0000e+007 to 0.0000e+000
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Figure 44: Plots of mean stress patterns for 4 cross-sections in the model for the Dunsborough Field
and Lilac structure. Negative values denote compressive stresses. Cross-section locations are shown in

Figure 37.
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Figure 45: Plots of shear stress patterns for 4 cross-sections in the model for the Dunsborough Field
and Lilac structure. Cross-section locations are shown in Figure 37.

4.3

Discussion — Dunsborough/Lilac

The Dunsborough trap currently has an oil column below a gas cap. Based on the depth to top
seal (Kockatea Shale) at 1466 mMD, a 13 m gross gas column (ROC Oil ASX release 2007)
extends down to 1479 mMD, below which the oil leg extends down to 1491 mMD (giving a 25
m gross column).A large 52 m gross palaeo-oil column was identified in the Permian Dongara
Sandstone and Irwin River Coal Measures from fluid inclusion data (Kempton et al., 20113;
Figure 71). Lilac-1 was later drilled to test an equivalent fault block trap to the east and failed
to find movable hydrocarbons. A large 35.5 m gross palaeo-oil column, however, was
identified in the same Permian Formations (Figure 72). Although both traps are located on a
north-south oriented, rotated fault block, with faults hard-linked through the top seal, these
data suggest that the Dunsborough trap experienced only partial leakage, while the Lilac trap
was totally breached.
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The geomechanical deformation models are consistent with this overall charge history with:

* the Dunsborough crest-bounding fault (F2 in Figure 38 and Figure 39), partly protected
from strain by the large fault F1(Figure 38), suggests a lower risk of up-fault fluid flow;
and

* the Lilac crest-bounding fault, associated with high shear and volumetric strains (F4 in
Figure 38 and Figure 39), suggests a higher risk of up-fault fluid flow.

4.3.1 DUNSBOROUGH AND LILAC PALAEO-ACCUMULATION

The palaeo-charge history of the Dunsborough Field is well constrained at the time fluid
inclusions were trapped in both quartz cement and a later phase of carbonate, but the
subsequent fill and spill history, associated with loss of oil and gas charge, is uncertain. The
palaeo-charge reconstruction data, detailed in Appendix A and Figure 71, suggest:

¢ a palaeo-oil column in Dunsborough-1 of at least 52 m in height below the Kockatea
Shale seal (3.8% GOI at 1518 mRT) and is unconstrained below this in a finer/shaly
section of the reservoir. The highest known palaeo-water zone is indicated at 1545
mRT (0.1% GOI; Figure 46B),

¢ a palaeo-oil column in Dunsborough-2 of at least 16 m in height below the Kockatea
Shale seal (27.2% GOl at 1531 mRT) and unconstrained down to a maximum depth of
1545 mRT (highest known palaeo-water zone; 0.4% GOI; Figure 46A). A possible larger
palaeo-oil column down to 1573 m is based on fluid inclusions in a later phase of
carbonate cement and is consistent with oil shows.

The extent of the palaeo-accumulation in the Dunsborough trap is required in order to
evaluate the effect of the reactivation strain on the trap-bounding fault. We present here two
scenarios that honour the charge data.

The first scenario is relies primarily on the GOI data (Figure 71). A palaeo oil-water contact (P-
OWCla in Figure 46A) was present in Dunsborough-2 somewhere between 1531 mRT (palaeo
oil down to or P- ODT) and 1545 mRT. A palaeo oil-water contact (P-OWC1b in Figure 46B) can
be defined in Dunsborough-1 between 1518 mRT (P- ODT) and 1545 mRT (i.e. within the
finer/shaly section of the reservoir). Therefore a palaeo-oil-water contact common to both
wells could be present between 1531 mRT and 1545 mRT (P-OWCL1 in Figure 46). This relates
to palaeo-oil charge at the time quartz cement crystallised and at a time before charge
scenarios that include inclusions in carbonate cement and the oil shows in Dunsborough-2
between 1540 mRT and 1571 mRT.

The second scenario takes into account the inclusions in a later carbonate cement in
Dunsborough-2, that are coincident with conventional oil shows, and suggest the palaeo oil-
water contact (P-OWC2 in Figure 46A) in this well deepened to 1571 mRT (well constrained on
sample spacings). However the P-OWC2 in Dunsborough-2 is currently 25 m deeper than the
deepest known palaeo oil-water contact in Dunsborough-1 (D-POWC2 at 1545 mRT, Figure
46B) based on GOI and the absence of oil shows in sandy reservoir below 1545 mMD; this
suggests a post-charge rotation of the fault block to the south that would bring Dunsborough-2
to its current position (Figure 46C).

Charge data for the Lilac trap (Figure 72; Appendix A) indicates a 42 m palaeo-oil column with
a P-OWC bracketed at 1420 mRT by successive samples.
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Figure 46: Palaeo-charge scenarios for the Dunsborough Field. (A) Dunsborough-2 well with GOI data
and oil shows. P-OWCla is the palaeo-oil-water contact for the first charge scenario based on the GOI
data. P-OWC2a is the palaeo-oil-water contact for the second charge scenario based on the GOI data
and oil shows. P-OWC1 is the common depth range for both P-OWCs defined in Dunsborough-1 and -2
for the first charge scenario. (B) Dunsborough-1 well with GOI data and oil shows. P-OWCl1a is the
palaeo-oil-water contact for the first and second charge scenario based on the GOI data and oil
shows. D-POWC2 is the deepest palaeo-oil-water contact based on the GOI data located 25 m above
P-OWC2a (see text for discussion). (C) A post charge block rotation, coeval with the Middle-Jurassic to
Early Cretaceous reactivation could be responsible for the depth of P-OWC2a in Dunsborough-2.
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4.3.2 GEOMECHANICAL MODELS AND PALAEO-ACCUMULATIONS

The geomechanical fault seal prediction and the deformation model show that fault segments
trending to the NNW are more likely to reactivate under the Middle Jurassic to Early
Cretaceous stress field than the segments trending to the NW. This phenomenon is explained
by the relationship between the fault plane geometry and the horizontal stress orientations
that governs the lateral distribution of reactivation strain (e.g. Figure 38C).

The deformation model suggests that the strain partitioning between the main faults forming
the Dunsborough structure (fault F1 and F2) is directly affected by the lateral variation of
strain accommodated by fault F1 (Figure 47). Local strain loci are predicted on the fault F2 (i.e.
fault bounding the Dunsborough trap to the East), within the present-day closure (Figure 47A).
They coincide with a decrease in strain accommodation on F1 where the fault locally bends to
the NW. The slip tendency model also shows a potential local increase for the fault segment
adjacent to Dunsborough-1 (Figure 34).

The comparison between the modelling outcomes and the palaeo-accumulation suggests a
possible mechanical interpretation for the present-day OWCs and P-OWC distribution in
Dunsborough-1 and -2 (Figure 46).

Prior to the reactivation, the palaeo-accumulation covered most of the Dunsborough block
(Figure 47B). At the time of reactivation, local volumetric and shear strain loci are modelled on
the central part of the Permian crest-bounding fault F2 with shear strain values around 0.15
(Figure 38 and Figure 39). Similar modelling in the Timor Sea (Langhi et al., 2010) suggests that
reactivation shear strain values around 0.2 are sufficient to allow temporary migration
pathways to develop through approximately 1000 m of shaly cap rock. Therefore, we propose
that the shear deformation and dilation could be sufficient to trigger migration pathways to
develop through the 250 m thick top seal at Dunsborough and to sustain temporary high
structural permeability. This top seal bypass is likely to have developed under continuing oil
charge (that is the Late Jurassic to Early Cretaceous main pulse of hydrocarbon generation and
migration, Jones et al., 2011). Subsequent hydrocarbon loss may have been controlled by the
difference between the rate of leakage from the reservoir and the rate of charge to the
reservoir.

Figure 47C shows the present-day oil-water contact (OWC) as defined earlier at approximately
1490 mRT. The reactivation shear strain loci are located on the present-day sealing crest-
bounding fault F2. This suggests fault close-up (self-healing) following the reactivation climax.
A similar process has been proposed from geomechanical models and charge history data in
the Timor Sea— with the initial fault-leakage pathways able to close following the climax of
tectonic reactivation with possible residual “soft-bleeding” occurring later on.
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Figure 47: Relationship between shear strain distribution and charge history for the Dunsborough
trap. . Top reservoir depth in m SS. (A) Shear strain distribution and present-day structure. (B) Shear
strain distribution and possible palaeo-oil column down to c. 1535 mRT (c. 1505 mSS). (C) Shear strain
distribution and present-day oil column.

Shear strain values on fault F4, bounding the Lilac structure, are greater on average than in
Dunsborough (>0.2; Figure 48A). On the basis that there is no oil in the Lilac structure, this high
deformation values may indicate a critical increase in structural permeability creating open
conduit without subsequently closing-up. Figure 48B shows the palaeo oil-water contact (P-
OWC) at 1420 mRT, as defined from charge data (Figure 72, Appendix A).
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4.3.3 FAULT SLIP HISTORY — DUNSBOROUGH AND LILAC

Although the fault surfaces bounding the Dunsborough and Lilac traps are interpreted from
seismic data as continuous planes, that is, offsetting Permian to Cretaceous sediments, throw
data (Figure 49A) shows two distinct levels of throw maximum (Permian and Middle Jurassic).
This throw distribution on fault F4 (bounding the Lilac trap, Figure 49) suggests that the
surface results from the dip-linkage of: (i) upper segments nucleating in the Yarragadee and/or
Cadda formations and propagating downward and, (ii) Permian segments reactivated during
the Late Jurassic to Early Cretaceous extension and propagating upward. The Mesozoic fault
segments overlying the Lilac structure shows high throw values >80 m extending down to the
close vicinity of the top seal, which reflects the extensive downward growth of the Mesozoic
segments due to high strain accommodation and the consequent high likelihood of leakage
pathway development in the top seal.

The throw distribution on fault F2 (bounding the Dunsborough trap, Figure 49B) shows high
throws (>100 m) at the Permian level, but restricted maxima (<50 m) at the Middle Jurassic
level. This suggests that, although hard-linkage is interpreted from seismic data, the
connectivity through the top seal is likely to be lower than for the Lilac fault F4, being the
result of less downward fault growth. This scenario could explain the efficient fault self-healing
(post reactivation close-up) and the present-day sealing potential of fault F2. Furthermore,
although shear strain accommodated by fault F2 (locally >0.15; Figure 47) could ensure a
temporary bypass of the top seal, this appears to be insufficient to sustain a long term
pathway from the reservoir to the overburden.

As the Kockatea Shale thickness remains locally constant (245-250 m) over the Dunsborough
and Lilac structures one can propose: (i) a minimal empirical throw threshold on Jurassic-
Cretaceous faults of <50m for short-lived pathway development (i.e. F2) and (ii) a minimal
empirical throw threshold on Jurassic-Cretaceous faults of >80 m for long-lived pathway
development.

In summary the outcomes from the geomechanical deformation (4.1) and the geomechanical
fault seal prediction (4.2) models suggest that the charge history for the Dunsborough
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structure could be adequately explained by the partition of reactivation strain on the trap-
bounding faults. While the trap crest bounding fault (i.e. F2 in Figure 39) is smaller than the
neighbouring faults F1 and F4 (Figure 39), it shows local increase in shear and volumetric strain
accommodation due to local bends and decrease in strain accommodation by the shielding
fault F1 (Figure 39). We propose that this framework could contribute to the development of
temporary critically-stressed fault segments acting as short-lived conduits. The models suggest
that the crest of the Lilac structure is bounded by a high strain accommodating fault that was
likely to have leaked during the Middle Jurassic to Early Cretaceous reactivation.

Top sea
T

?I’J,o fag

Jurassic-Cetaceous faults attesting faulis nucleate inthe
overburden and propagate dowmward

Permianthrow ':1_
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Morangie-1 was drilled in October 2002 by Origin Energy Developments Pty Ltd within the
Wittecarra Terrace of the Abrolhos Sub-basin. The well tested a tilted horst with dip closure to
the south and was fault bounded in all other directions. Good hydrocarbon shows ranging
from 30% to 100% fluorescence were recorded from 2109 to 2134 mMD in the Wagina
Formation (Origin Energy Developments Pty Ltd, 2003). Log analysis interprets 58 m of net
good quality reservoir with only 3.3 m of net pay. Morangie-1ST1 was sidetracked from
Morangie-1 at 840 mRT to test the oil shows, however, MDT data failed to indicate a moveable
oil gradient suggesting the existence of a residual oil column in the Morangie structure.
Morangie-1 and Morangie-1ST1 were plugged and abandoned.

The fault displacements observed from seismic data indicate that the reactivated Permian
reservoir faults and the Mesozoic faults connect across the top seal and form hard-linkages.

The stress fields used in the modelling of the stress regime on the fault planes are described in
section 2.1.5.

Gorter and Deighton (2002) suggested that up to 300 m of Yarragadee Formation was eroded
during the Valanginian breakup and the models here are based here on the fault seal attribute
related to an extensional stress regime (Sv>SHmax>Shmin) associated with an extra 300 m of
Yarragadee overburden. This additional rock column does not affect the stress gradients
described in section 2.1.5 (Sv=0.0235 MPa/m; SHmax=0.018 MPa/m and Shmin=0.016
MPa/m). However, it does result in an increase in the stress state at the Permian reservoir
level before the erosion occurs (i.e. 3400 m below palaeo-elevation), with Shmin=55 MPa,
SHmax=64 MPa and Sv=78 MPa.

Rock and fault rock properties of the model are described in section 2.1.6.

The configuration of the Permian faults used for the geomechanical fault seal prediction is
shown in Figure 50. The main trap bounding faults are F1 and F3; (i) the F1 fault generally
trends NNW, bounds the closure to the west and is down-dip of the trap crest while, (ii) the F3
fault trends NW, bounds the closure to the east and is at the crest of the structure.
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5.1.1 FRACTURE STABILITY

In the modelled stress regime the overall trends reflect an average-high likelihood of fault
shear failure for faults oriented in the NE direction and a low-average likelihood of fault shear
failure for faults oriented in the NW direction (Figure 51). Using a cohesive strength of 1 MPa
and an internal coefficient of friction of 0.3 (i.e. case of low rock strength and low internal
coefficient of friction favouring failure, Figure 51A and Figure 52), the fluid pressure would
need to be approximately 35-50% higher than the estimated pore pressure to induce failure on
most of the NW trending faults, including the main trap bounding fault (fault F3; black crosses
in Figure 51A). This represents an increase of 8 to 11 MPa. Fault F1, bounding the reservoir to
the west, shows a decrease in fracture stability in the vicinity of the Morangie closure (black
arrow in Figure 52B).

Using a cohesive strength of 5 MPa and an internal coefficient of friction of 0.6 (i.e. case of
higher rock strength and higher internal coefficient of friction hindering failure, Figure 51B and
Figure 53), the fluid pressure would need to be approximately 90-100% higher to induce
failure on most of the NNW trending faults, including the main trap bounding fault F3 (black
crosses in Figure 51B). Most of the faults in the model that are oriented NW require a similar
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range of pore pressure increase, between 15-22 MPa, to be forced into failure. Therefore the
fracture stability for such rock properties and stress regime is mostly influenced by the depth
(Figure 53).
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Figure 51: Fracture stability for the Permian faults at 1900 m below ground elevation (including 300 m
of eroded sediments; chosen as this is the approximate depth of the top Permian reservoir during
Middle Jurassic to Early Cretaceous extension and prior to Early Cretaceous erosion). The values on
the stereonets (right) refer to the increase in pore pressure required to force the fault plane into
failure; the same values are shown on the Mohr circle (left) with the failure envelop (red) defined by
the fault rock properties. (A) Cohesive strength of 1 MPa and coefficient of internal friction of 0.3. (B)
Cohesive strength of 5 MPa and coefficient of internal friction of 0.6.
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5.1.2 SLIP STABILITY

As with fracture stability, the slip stability shows that there is a higher likelihood of fault shear
failure for faults oriented to the NE (Figure 54). With a coefficient of internal fiction of 0.48
most of the NNW trending faults would require a 50% increase in the fluid pressure to induce
failure. That is, the pore pressure would need an increase of about 10 MPa on these faults.
While the F1 fault bounding the closure to the west (i.e. down-dip of the trap crest) includes
several segments with high likelihood of reactivation, the F3 fault at the crest of the structure
is mostly associated with an intermediate likelihood of reactivation (Figure 54).

66 GEOMECHANICAL MODELLING OF TRAP INTEGRITY IN THE NORTHERN OFFSHORE PERTH BASIN



= Failure envelops
15,0+
L]
e
E 10.04
w
- 5.0-
T
-5.0 0.0
=
6,50 Bo.00

Figure 54: Slip stability for the Permian faults at 1900 m below ground elevation (including 300 m of
eroded sediments). Faults are cohesionless and coefficient of internal friction is 0.48. The values on
the stereonets (right) refer to the increase in pore pressure required to force the fault plane into
failure; the same values are shown on the Mohr circle (left) with the failure envelop (red) defined by
the fault properties.

5.1.3 SLIP TENDENCY

Like the fracture and slip stability, the slip tendency shows that most of the NE trending fault
segments are not optimally oriented to slip (average slip tendency value <0.2; Figure 55).
However, under this stress regime a higher tendency is expected for faults segments trending
more to the north and the east. Faults F1 and F3, that bound the Morangie trap, include
segments with increased slip tendency (c. 0.25-0.6; white arrows on Figure 56).
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Morangie-1

5.1.4 DILATION TENDENCY

Like the fracture/slip stability and the slip tendency the most significant part of this analysis is
that the dilation tendency is orientation dependent with the highest tendency values
coinciding with steeply dipping NE oriented fault surfaces (Figure 57 and Figure 58). Parts of
the trap bounding faults in the vicinity of the Morangie-1 have higher dilation tendencies. F1
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dilation tendency is above 0.7 where it trends N (black dots on Figure 57 and white arrows on
Figure 58B), indicating an important risk of dilation and up-fault flow; F3 dilation tendency is
around 0.6 where it tends WNW (black crosses on Figure 57), indicating an average risk of
dilation and up-fault flow.

— Failure envelope

15,0

10,0

T (Shear Stress) NPa

Figure 57: Dilation tendency distribution. The values on the stereonets (right) refer to the likelihood of
dilation to occur; the same values are shown on the Mohr circle (left).
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The Morangie deformation model architecture, material properties and boundary conditions
are described in sections 2.2.1, 2.2.2 and 2.2.3, respectively.

5.2.1 STRAIN DISTRIBUTION
The modelling shows that fault size, strike, orientation and lateral fault connection relationship

primarily influence the partitioning of reactivation shear and volumetric strains (Figure 59 and
Figure 60). While longer faults are still more important strain-accommodating structures than
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shorter faults, there is heterogeneous strain distribution and this generally correlates with
variation of fault strike orientation and with fault intersections.

Fault F1 (Figure 59 and Figure 60) accommodates most of the reactivation strain due to its size
and its orientation to the NNW. However shear and volumetric strain loci develop at the triple
junctions between faults F1 and F2 and F1 and F3, suggesting fault intersections are generally
associated with strong strain localization. Shear and volumteric strain loci associated with the
junction of F1 and F3 directly affect the Morangie structure with shear strain >0.15 on F3 in
the close vicinity of the trap crest and volumetric strain >2.5%. The part of the Fifault
bounding the Morangie structure to the west (down-dip of the trap crest) also shows similar
high shear and volumteric strain values (Figure 61). It needs to be noted that F3 is overall a
weakly reactivated fault with low strain due to its NW strike orientation (unfavorable for
reactivation), except for its NW portion that is affected by its intersection with F1.
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Figure 60: Volumetric strain distribution in plan view after 2% extension. Maximum strain is red and
minimum strain is blue. (A) Horizontal slice at 1000 m below ground elevation. (B) Horizontal slice at
1500 m below ground elevation. (C) Horizontal slice at 2000 m below ground elevation, i.e. near top
reservoir level. (D) Horizontal slice at 3000 m below ground elevation. Black dot is Morangie-1
location.
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Figure 61: 3D distribution of shear strain (A) and volumetric strain (B). Maximum strain is red and
minimum strain is blue.
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5.2.2 STRESS DISTRIBUTION

Patterns of mean stresses and shear stresses at 1500 m below ground elevation are shown in
Figure 62. The stress patterns are broadly consistent with those for the Cliff Head and
Dunsborough/Lilac models. Lower mean and shears stresses generally develop within and
around reactivated fault zones, with higher shear stresses found near fault tips (Figure 62B).
The Morangie model roughly shows the presence of lower mean stresses and shear stresses in
the hanging-wall side of faults. However, fault intersection and fault interaction perturbs the
stress distribution. Taking fault F1, for example, lower mean stresses developed in the central-
south section of F1’s hanging-wall areas, but this pattern changes toward the location of its
intersection with F3, where lower mean stresses occur at the hanging-wall side of F3 near its
intersection with F1 (Figure 62A). The shear stress pattern along F1 also reflects the influence
of, and interaction with, faults F2 and F3.
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Figure 62: Plan-view stress patterns for a horizon of -1500 meter depth in the model for the Morangie
field. (A) Mean stress. (B) Shear stress. F1-F4 denotes fault traces. For mean stresses, negative values
denote compressive stresses. Shear stresses all have positive values. Black dot is Morangie-1 location.

5.3 Discussion — Morangie

The palaeo-charge reconstruction data show that the Morangie structure hosted at least a 52
m palaeo-oil column (Appendix A and Figure 73). The crest of the trap is bounded by fault F3 to
the east and north-east (Figure 63A). A schematic palaeo-field reconstruction, based on the
present-day trap geometry (Figure 63B), shows that the F1 fault also supports a part of the
palaeo-accumulation. The development of leakage along faults F1 and F3 due to the
accommodation of shear and volumetric reactivation strains of >0.15% and >2.5%,
respectively, could adequately explain the total loss of hydrocarbon in the structure. This
mechanical behaviour is likely driven by the size of the F1 fault and the presence of the triple
junction between Fland F3 that concentrates deformation and structural permeability during
the Middle Jurassic to Early Cretaceous reactivation.

The geomechanical fault seal prediction models (see 5.1) do not show major evidence of
failure likelihood for the northern end of F3 fault, although a slight increase in slip tendency is
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recorded (Figure 56A). The part of F1 supporting the palaeo-accumulation shows slip tendency
values >0.3 (Figure 56B) and dilation tendency values >0.6 (Figure 58B), further suggesting the
likelihood of structural permeability increase and up-fault leakage at this location.

In summary the outcomes from the geomechanical deformation (5.1) and the geomechanical
fault seal prediction (5.2) models suggest that the loss of the hydrocarbon accumulation in the
Morangie structure is due to (i) the strain accommodated by the NNW-trending F1 fault and
(ii) the fault intersection in the vicinity of the Morangie structure resulting in a concentration
of shear deformation and dilation.
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Figure 63: Relationship between shear strain distributions, geometry and charge history for the
Morangie structure. Maximum strain is red and minimum strain is blue. (A) Shear strain distribution
and present-day structure. Isolines are form 2050 mSS to 2250 mSS. (B) Shear strain distribution and
palaeo-oil column down to c. 2160 mRT (c. 2130 mSS). Black dot is Morangie-1 location.
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Assessment of up-fault fluid flow is aimed at identifying the potential for a hydrocarbon trap’s
top seal to have been breached, either by large-scale faulting, during fault reactivation, or by
associated fracture permeability. Active faults intersecting a caprock are often cited as zones
of critical, fracture network permeability whereas inactive or non-critically stressed faults are
thought to act as barriers to fluid flow (e.g. Sibson, 1987; Muir-Wood and King, 1993;
Anderson et al., 1994; O'Brien et al., 1999; Sanderson and Zhang, 1999; Wiprut and Zoback,
2000; Wilkins and Naruk, 2007).

The geomechanical models presented in this study suggest that the main geometric factor
controlling the accommodation of reactivation strain along faults is the fault orientation. Fault
planes and segments with orientations between NNW ([B40°) and ESE ([1100°) are more likely
to be forced into failure under the NW extensional stress field modelled for the Middle Jurassic
to Early Cretaceous, while faults that trend NW are more prone to seal. This relationship in the
distribution of fault seal risk, based on fault orientation inferred from the modelling results, is
shown in Figure 64. In addition to the structures modelled in this report, the orientation of
trap bounding faults in 12 other drilled prospects in the offshore northern Perth Basin are
shown in Figure 65: 6 with inferred breach - red dots; 4 with no oil shows - orange dots and 2
with present-day gas and palaeo oil column suggesting either a sealing or healed fault -
green/red dots. Six breach traps fall within the “high risk” or “transition” zones (Morangie,
Livet, Hadda, Leander Reef, Vindara, Lilac and Geelvink). Flying Foam is the only breach trap
whose bounding fault orientation is within the “low risk zone”; however the fault includes a
NNE-trending jog (Flying Foam jog on Figure 65) adjacent to the closure that might represent a
leak point. The “transition zone”, which covers the main regional fault orientation (NW to
NNW, or 320° - 340°), includes either dry and breach prospects or discoveries. This suggests
that additional factors, other than the fault orientation alone (e.g. fault length triggering strain
partitioning, fault intersections), have a bearing on fault sealing potential.
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Figure 64: Fault seal risk based on fault orientation for the fields and prospects modelled. Integrated
geomechanical fault seal prediction, geomechanical deformation models and charge data suggest that
fault planes oriented between the NNW ([(B40°) and ESE ([(JL00°) are likely to reactivate under the
Middle Jurassic to Early Cretaceous stress regime (upper right) and allow fluid flow. Sealing and
leaking faults from the modelled areas are plotted (green and red respectively). Note that the WNW
oriented segment of the fault bounding the dry Morangie structure lies within the low risk area
although along fault leakage was possible. In this case the intersection of fault planes (and not the
fault orientation) was probably the driving factor for fault reactivation and top seal bypass.
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Figure 65: Comparison between the fault seal risk and the orientation of trap bounding faults in the
offshore northern Perth Basin. The main trap bounding faults are identified by their orientation.
Green dots refer to faults bounding current accumulations (i.e. sealing fault); red dots refer to faults
that offset the top seal and bound dry structures with a palaeo accumulation (i.e. top seal bypass and
along fault fluid flow is the suggested cause of leakage), red/green dot refers to faults with indication
of leakage and currently holding a hydrocarbon column (healed fault), orange dots refer to faults
bounding dry structure with no oil show (lack of charge or undetected migration pathway?),
red/green dots with question mark refer to faults bounding a gas accumulation with a palaeo oil
column resulting either from oil displaced by gas or oil leaked along the fault plane. Note the leaking
faults are mostly orientated between the NNW (335°) and the NNE (20°), which correlates with the
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The partitioning of strain on trap bounding faults during the Middle Jurassic to Early
Cretaceous extension represents a key factor for the prediction of top seal breach and the risk
to trap integrity due to up-fault leakage. The models show a strong correlation between the
initial fault strike length and the predicted amount of accumulated strain, with longer faults
predicted to accommodate more strain. This behaviour creates “shielded areas”, where
prospect faults that are optimally oriented for failure do not accommodate critical strain
because a neighbouring larger fault preferentially accommodates the bulk of deformation (e.g.
fault F2, bounding the Dunsborough Field, shielded by fault F1 to its west; Figure 38 and Figure
39). Similar behaviour has been reported from the Timor Sea (Meyer et al., 2002; Langhi et al.,
2010), where reactivation strain tends to progressively localize onto the largest faults over
time. The Cliff Head Field also represents an example of a structure shielded by the Geraldton
Fault.

Although primarily controlled by the fault length, strain partitioning can be affected by other
parameters such as local variations in the fault orientation. The deformation modelling of the
Dunsborough Field suggests that the presence of a NW-trending kink on fault F1 (Figure 38),
results in a strong local decrease in shear and volumetric strain accommodation. This, in turn,
results in increased shear and volumetric strain loci developing on the F2 fault opposite this
NW segment, which potentially compromises its fault sealing potential.

The modelling results of the Morangie structure suggest that the intersection of trap bounding
faults represents a key risk factor if it delimits the closure of an oil column. Here, the trap crest
is bounded by a NW-trending fault segment with low-average risk of reactivation (Figure 65).
However, the fault intersects a NNW-trending fault (Figure 50) which corresponds with a zone
of high shear deformation and dilation (see 5.2). Similar fault architecture from the Skua oil
field (Bonaparte Basin) is associated with a long-lived fluid conduit (Gartrell et al., 2004). Three
out of six breach prospects lying in or near the “transition zone” between low and high risk of
reactivation (Figure 65) show fault intersections along their trap crest bounding faults (i.e.
Hadda, Flying Foam and Livet). This suggests that the shear deformation and dilation
associated with fault intersection could locally facilitate the development of top seal bypass
and result in trap breach despite individual fault orientations potentially being at a low risk of
reactivation.

The distributions of shear and volumetric strains on the trap bounding faults for the Cliff Head,
Dunsborough, Lilac and Morangie structures suggest that thresholds can be defined to
differentiate between sealing and leaking faults (0.1 and 0.05 for shear and volumetric strain
respectively; Figure 66). Values lower than the thresholds correlate with lower fault breach risk
and higher fault sealing potentials; values higher than the thresholds correlate with higher
fault breach risk and lower fault sealing potentials. Faults with shear and volumetric strain
values around the thresholds might induce short term fault breach followed by fault self
healing process as proposed for Dunsborough. Although these threshold values could be used
locally for first order structural integrity predictions, cautions need to be taken if these
predictions are to be applied to other areas with different stratigraphic architecture, pore
pressure gradient and tectonic settings (i.e. bulk deformation, stress field orientation).
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Figure 66: Strain distribution on trap bounding faults. (A) Shear strain from the trap bounding faults
for the Cliff Head, Dunsborough, Lilac and Morangie structures. A threshold around 0.1 is proposed to
differentiate between sealing faults and leaking fault breaching the top seal. Shear strain value near
the threshold might induce short term fault breach followed by fault self healing process. (B)
Volumetric strain from the trap bounding faults for the Cliff Head, Dunsborough, Lilac and Morangie
structures. A threshold around 0.05 is proposed to differentiate between sealing faults and leaking
fault breaching the top seal. Shear strain value near the threshold might induce short term fault
breach followed by fault self healing process.

The fault growth history, derived from the fault throw distribution for the Cliff Head and
Dunsborough/Lilac areas, suggests that Middle Jurassic to Early Cretaceous extension results in
the nucleation of new sets of faults in the Late Jurassic sediments and the reactivation of the
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Permian reservoir faults (Figure 26 and Figure 49). During deformation, Mesozoic faults
propagate downward toward the top seal and the Permian faults reactivate and propagated
upward within the top seal. This structural evolution can result in:

e Disconnected or soft-linked Mesozoic and Permian fault systems, as seen in Cliff Head
(Figure 26) resulting in high trap integrity. The reactivation strain accommodated by
both systems is not sufficient for the faults to propagate through the top seal;
however deformation associated with fault tips may create complex subseismic
deformation zones and, thereby increase vertical permeability through it.

e Hard-linked Mesozoic and Permian fault systems as seen in the Dunsborough/Lilac
area (Figure 49), potentially resulting in lower trap integrity. The reactivation strain
accommodated by both systems is sufficient for the faults to propagate through the
top seal. The throw decreases locally near the top seal, where the Mesozoic and
Permian faults link. This scenario could result in the development of a migration
pathway if the fracture network is critically-stressed.

The evolution of shear strain and bulk extension for the Cliff Head faults shows that the
Mesozoic faults accommodate more reactivation strain than the trap-bounding Permian faults.
This suggests that—for that location at least—the risk of top seal breach is primarily related to
the downwards propagation of the shallow Mesozoic faults. Therefore, the location of the
nucleation sites for the Mesozoic faults plays a role for top seal bypass development. The
greater the distance between the nucleation sites and the top of the seal, the more
reactivation strain is required for the fault to propagate downward and affect the top seal.

The transition between soft- and hard-linkage is dictated by the ability of the top seal to
accommodate strain by ductile processes and distributed fracture networks up to a certain
threshold, beyond which brittle failure and formation of discrete fault planes begin to
dominate. This process is partly controlled by the distribution of strain, which can be
influenced by top seal thickness and geomechanical properties (i.e. a thicker and more ductile
or incompetent seal would accommodate more strain before failing).

There are minimal variations in the thickness of the Kockatea Shale top seal in the offshore
northern Perth Basin (Figure 67) —-mostly between 250 m to 350 m thick in well intersections—
and this does not appear to be a key risk factor for the development of hard-linked top seal
bypass. Furthermore, those breached prospects with hard-linkage through the seal show no
positive correlation with a thinner top seal (Figure 68). The top seal thicknesses over the
existing discoveries are [250-300 m (Cliff Head-1, -4, Dunsborough-1 and Perseverance-1) and
(1140 m (Frankland-1), while the top seal thicknesses over the dry prospects with palaeo-
accumulations range between [250 m (Lilac-1) and [B70 m (Lilac-1 and Leander Reef-1) with
an average of [B10 m. However, most of these breach structures show crest trap faults with
either (i) a high risk of reactivation due to their orientations, and/or (ii) intersection of fault
planes (Hadda, Flying Foam, Morangie, Livet ).

In consideration of the geomechanical properties of the top-seal, the uniaxial compressive
strength (UCS) and the brittleness index (BRI) were computed for Cliff Head-1 (oil discovery
with soft-linkage through the seal), Dunsborough-2 (used as a proxy for the oil discovery in
Dunsborough-1with hard-linkage through the seal), Perseverance-1 (gas discovery with hard-
linkage through the seal), Lilac-1 (breach oil prospect with hard-linkage through the seal) and
Flying Foam-1 (breach oil prospect with hard-linkage through the seal; Figure 69).
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The top seal UCS is computed from sonic logs (At in us/ft) using an empirical correlation given
by Horsrud (2001);

UCS = 0.77(304.8/At)%93

the higher the UCS the more competent the facies. The BRI is defined as the ratio of the
calculated UCS and the UCS of a normally consolidated rock derived from the in-situ effective
pressure (Horseman, 1986); for BRI>2 the risk of embrittlement increases with increasing BRI.
The results of this analysis show that there is no correlation between more competent/brittle
facies and the development hard-linked seal bypass. At the Cliff Head oilfield, soft-linkage
occurs into the Kockatea Shales seal although the UCS and the BRI are equal or higher than
other locations where hard-linkage exists. These data suggest that structural parameters are
the primary risk factors for the development of seal bypass rather than shale thickness or
geomechanical properties.
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Figure 67: Top seal (Kockatea Shale) thickness in the offshore northern Perth Basin.
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Figure 68: Comparison between top seal (Kockatea Shale) thickness and top seal bypass risks in the
offshore northern Perth Basin. The group of wells on the left represents the four discoveries arranged
form south to north. The group of wells in the middle represents dry structures with palaeo-
accumulations and with along fault flow suggested as the cause of leakage. The group of wells on the
right represents dry structures without oil shows. The bar colours refer to the risk of reactivation for
the crest bounding faults as shown in Figure 65.
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Figure 69: Mechanical properties of the Kockatea Shales seal. (A) Uniaxial compressive strength (UCS)
in MPa for Cliff Head-1, Dunsborough-2, Perseverance-1, Lilac-1 and Flying Foam-1. Low UCS values
represent incompetent facies and high UCS values represent competent facies; a classic range of UCS
for shales is 5 MPa — 100 MPa. The soft-linkage observed over the Cliff Head oilfield cannot be
attributed to a more incompetent Kockatea Shales; the average UCS for Cliff Head-1 is 28 MPa, which
similar to the average UCS at locations where hard-linkage developed (Dunsborough-2, Perseverance-
1, Lilac-1). (B) Brittleness index (BRI) for Cliff Head-1, Dunsborough-2, Lilac-11 and Flying Foam-1. For
BRI>2 the risk of embrittlement increases with increasing BRI. The soft-linkage observed over the Cliff
Head oilfield cannot be attributed to a more ductile Kockatea Shales; the BRI for Cliff Head-1 is
between 3 and 6, which higher than the BRI at locations where hard-linkage developed
(Dunsborough-2, Lilac-1, Flying Foam-1).
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The limitations of the methodologies used to assess the risk of top seal bypass are:

The geomechanical fault seal prediction relies on the initial definition of a regional
Middle Jurassic to Early Cretaceous stress field. We used a similar stress field for the
geomechanical deformation models, but it is likely to be locally perturbed due to fault
planes interaction which could impact on the fracture/slip stability and the
slip/dilation tendency outcomes. However, we do not anticipate that this parameter
would affect the overall risk pattern for fault seal prediction.

The three geomechanical deformation models use a similar regional Middle Jurassic to
Early Cretaceous stress field and variations in the stress field orientation will influence
local stress and strain distribution. However, we do not expect major variations in this
stress field between the Cliff Head and the Morangie structures.

The geomechanical fault seal prediction tested the likelihood of fault plane failure
under a specified stress regime. This represents a typical approach for up-fault flow
prediction commonly utilised by the oil and gas industry. For this study we did not test
cross-fault flow, as the initial seismic interpretation did not highlight a major risk of
lateral flow (sand-sand juxtaposition). This is commonly assessed using fault-seal
methodologies (i.e. clay smear potential, shale smear factor and predominantly, shale
gouge ratio (SGR)), derived from assessing the geometry of fault juxtaposition and its
interaction with the faulted lithologies. A recent study from Ciftci et al. (2012) shows a
strong correlation between SGR and fault related seismic leakage indicators in the
Gippsland Basin, attesting that the stress state and the lithology of a fault zone both
play a major role in controlling up-fault fluid flow. A regional assessment of SGR might
be a logical follow-up to this study.
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¢ The development of faults bypassing the regional Kockatea Shale top seal represents a
critical risk for trap integrity in the offshore northern Perth Basin.

e This fault bypass results from the interaction between reactivated Permian reservoir
faults and the overlying faults that formed during the Middle Jurassic to Early
Cretaceous reactivation event.

¢ The strain accommodated by the fault planes during the reactivation controls the
development of hard-linkage through the top seal and the structural permeability.

¢ Shear and volumetric strain thresholds (0.1 and 0.05 respectively) can be defined for
the specific structures and boundary conditions of our modelled areas. These values
broadly differentiate fault sealing and leaking domains and could be used locally for
first order structural integrity predictions. Cautions need to be taken if these
predictions are to be applied to other areas with different stratigraphic architecture,
pore pressure gradient and tectonic settings (i.e. bulk deformation, stress field
orientation).

¢ The orientation of trap-bounding faults is the main factor controlling the distribution
of strain and the likelihood of fault reactivation and growth. Fault segments oriented
between NNW ([B40°) and ESE ([1100°) are more likely to fail, while fault segments
oriented to the NW are more prone to seal.

¢ The intersection of fault planes can result in a concentration of shear deformation and
dilation leading to up-fault fluid flow.

e Strain partitioning is important where large and critically oriented faults (between
NNW and ESE) accommodate a large amount of the bulk deformation. This can shield
the adjacent trap and help to preserve hydrocarbon.

e Variations in the top seal thickness and mechanical strength do not appear to be a key
risk factor for the development of hard-linked top seal bypass.

* The high incidence of breach trap in the offshore northern Perth Basin is likely to result
from the general tendency to drill structural traps that: (i) are bounded by larger faults
with large offsets (i.e. larger volume but also higher risk of top seal fault breach and
fault leakage) and (ii) have NNW fault orientations that align with the regional
structural grain and that are prone to reactivate and leak.
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APPENDIX A — PALAEO-OIL CHARGE RECONSTRUCTIONS

Specialised fluid inclusion technologies (GOI™; Eadington et al., 1996) have been used to
identify a widespread charge system for oil accumulation below the Kockatea Shale regional
seal in the offshore northern Perth Basin, with a series of palaeo-oil columns detected
(Kempton, 2002, 2005a, 2005b; Kempton et al., 2005; Kempton 2009a, 2009b, 2009c¢, 2009d,
2009e, 2009f; Kempton et al., 2011a; Kempton et al., 2011b). These include those at the Cliff
Head, Dunsborough, Frankland and Perseverance oil and gas fields, and in dry wells at Flying
Foam-1, Geelvink-1A, Hadda—1, Houtman-1, Leander Reef-1, Lilac—-1, Livet—1, Mentelle-1 and
Morangie—1. Palaeo-oil charge reconstructions for the Cliff Head oilfield, Dunsborough oil/gas
discovery, Lilac-1 and Morangie-1—which provide background to the geomechanical models in
this study—are detailed below.

Cliff Head Oilfield

Palaeo-oil is only detected in oil zone samples from the Dongara Sandstone and Irwin River
Coal Measures in Cliff Head-3 above 1300 mMD (1,236 mTVDSS; Figure 70). Qil inclusions have
not formed within all of the present day oil-leg and are recorded in low abundance in oil zone
samples below 1310 mMD (1,246 mTVDSS) in Cliff Head-3 and all oil zone samples from Cliff
Head-1 and -4. The trapping of inclusion oil ceased before the oil zone reached its present
configuration and the palaeo-oil zone in Cliff Head-3 represents a snapshot of oil in the
reservoir—perhaps closure that was filled to spill prior to enhancement of the structure.

Dunsborough Oil/Gas Discovery

A palaeo-oil column is detected in the Dongara Sandstone and Irwin River Coal Measures in
Dunsborough-1 (Figure 71). The lowermost detectable limit of palaeo-oil is down-to 1,518.2
mMD—52 m below the Kockatea seal—and close to an inferred base seal (Roc Qil (WA) Pty Ltd
personal correspondence) within the Irwin River Coal Measures. In Dunsborough-2, palaeo-oil
is detected down to 1,531 mMD—16 m below the Kockatea seal in this well intersection. The
highest known palaeo-water zone sample from GOl is at 1,545 mMD and this refers to when
fluid inclusions were forming in quartz cement.

A zone of carbonate cement, which crystallised after oil inclusions were trapped in quartz
cement, also contains frequent oil inclusions by visual estimation (i.e. qualitative assessment).
In Dunsborough—1 this is over the same depth interval as palaeo-oil zone from GOl and about
coincident with oil shows from side-wall cores (SWC'’s) and cuttings. The highest known water
zone at this time was at 1,571.8 mMD (the only other sample below this that had carbonate
cement). In Dunsborough—2, the presence of oil inclusions in carbonate cement extends below
the zone defined by GOI, possibly suggesting deepening of the palaeo-oil column at this
location and a multi-stage fill history. Palaeo oil at this time was down-to 1,570 mMD, but
above water zone at 1,573 mMD, and is coincident with the base of oil shows at 1,570 mMD.

Lilac-1
A palaeo-oil column is detected in the Dongara Sandstone and Irwin River Coal Measures of
the Lilac—1 dry well (Figure 72). Sample spacing limits detection of palaeo-oil above 1,384.5

mMD, with the uppermost GOI cuttings sample being from across the Kockatea\Dongara
contact. A palaeo-oil water contact is bracketed at 1,420 m by consecutive cuttings samples.
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Morangie-1

A palaeo-oil column is interpreted from elevated GOI (4.3% to 18.7%) in the Dongara
Sandstone of the Morangie-1 dry well (Figure 73) over a 52 m gross interval from below the
Kockatea seal down to 2160 mMD (base of cuttings sample). This extends well below the zone
of oil shows from SWC and indicates filling of the structure to deeper levels than would be
indicated by conventional oil shows alone. The total depth of the palaeo-oil column, from GOI,
is unconstrained by current sample spacing and a palaeo-oil water contact is not bracketed.
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Figure 70: Cliff Head oilfield— GOl log.
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Figure 71: Dunsborough oil/gas discovery— GOI log.
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Figure 72: Lilac-1— GOl log.
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Figure 73: Morangie-1— GOl log.
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