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ABSTRACT

The results of natural and laboratory-induced fault
behaviour from wells in the Otway Basin are compared
with sample material from a producing Carnarvon
Basin field where rocks from a fault zone have been
cored. Capillary pressure, microstructural and
juxtaposition data obtained from these fault rocks
indicate a capability to hold back gas columns in
excess of 100 m, yet many fault closures are found to
contain only palaeo-columns. Trap failure is usually
attributed to reactivation of trap-bounding faults, often
during Miocene-Recent times in these basins. Faults
susceptible to reactivation can be predicted by
geomechanical methods involving the determination
of the in-situ stress field and the orientation and dip of
faults with respect to that stress field. Failure envelopes
of fault rocks have been determined to estimate
reactivation potential in the present day in-situ stress
field.  This approach works well where fault rocks are
weaker than the host reservoir sandstone, but may not
be applicable where fault rocks are stronger. In fields
where the latter is the case, intact hydrocarbon columns
are present, irrespective of whether faults are optimally
oriented for reactivation. This indicates that the
assumptions of zero cohesive strength and constant
friction coefficient for predicting the reactivation
potential of fault rocks may not be completely reliable.
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INTRODUCTION

Fault sealing is recognised to be one of the major
influences on hydrocarbon migration. However, few data
have been published on physical properties,
geomechanical properties or microstructural evolution
of fault rocks in relation to hydrocarbon reservoirs. Fault
seals can exhibit a wide range of lithification states,
which can result in highly variable geomechanical
properties, even within the damage zones of individual
faults. The strength of fault-rocks governs the change in
flow properties that results from changes in stress
conditions within a reservoir. The development of fault
zones as seals and the resultant change in host rock
properties can be assessed using structural core logging,
microstructural and physical property characterisation,
combined with well data, seismic and outcrop studies. An
important element of this approach is microstructural
characterisation of different types of fault rocks present
in an area.

Fault zones comprise clusters of features that form
a deformation halo to large offset faults. The presence
of arrays of deformational features, rather than a
single fault, can influence the changes in cross-/along-
fault communication induced by reactivation events.
The size of a damage zone is lithology dependent, as
well as being contingent on deformational conditions
and the distribution of strain between the hanging
wall and footwall. Research at core scale to microscale
has led to an understanding of the processes that result
in fault rock development (e.g. Aydin, 1978; Aydin and
Johnsen, 1983; Hippler, 1997; Fisher and Knipe, 1998;
Gibson, 1998). These microscale developments have
allowed the categorisation of fault rocks dependent on
mineralogy and have led to increased knowledge of
likely sealing properties and processes in given
geological situations. Clay smears form where ductile
shales are entrained within a fault zone. Cemented
cataclasites generally form in clean sandstones at
depths >3 km. At these depths, stresses are high enough
for grain fracturing to create clean surface areas;
temperatures exceeding 90°C result in high silica
mobility and preferential cementation (Fisher and
Knipe, 1998). Phyllosilicate framework fault rocks from
in impure sandstones (15–40% clay) through shear-
induced mixing of clays and rigid grains (Fisher and
Knipe, 1998). Well constrained lithological and
juxtaposition data, tied to seismically observable fault
zones can provide good estimates of seal potential
along faults and suggest regions along a fault zone
where potential leak windows are likely to exist.
However, while such analyses can define the sealing
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potential of faults that have been inactive since
hydrocarbon charge, they cannot incorporate the
potential for seal breach due to fault reactivation
subsequent to charge.

GEOMECHANICAL PROCESSES AND
REACTIVATION

The lack of geomechanical data for naturally occurring
intact fault rocks is a critical limiting factor in assessing the
likelihood of fault seal reactivation. While there are
considerable amounts of data available for geomechanical
properties of cohesionless or clay-rich gouges (e.g. Morrow
et al, 1982) and peak strength determinations for cataclasites
from fault zones (Chester and Logan, 1986), very little data
exists documenting failure conditions for intact fault rocks.

Tectonic faults relate to the localised stress regime in
the basin in which they developed, and usually display
systematic orientations. This may include basement
reactivation resulting in faulting in the overlying
sedimentary strata. As such, faults can cut sediments in
different lithification states along their length and,
therefore, deformation mechanisms, fault rock products
and geomechanical properties may vary accordingly
(Sverdrup and Bjørlykke, 1997). Fault rock texture and
structure are a product of factors such as strain rate,
principal stress orientation, shear sense, pore pressure,
lithification state and diagenesis. Since mechanical
properties change between cohesionless, unlithified sand
and brittle cemented sandstones, deformation processes
and fault rock products also change. Therefore, it is
essential to establish the diagenetic history as well as the
burial depth at which the deformation occurred in order
to predict fault rock properties and their effects on fluid
flow (Sverdrup and Bjørlykke, 1997). Hence both
microstructural and geomechanical studies play a
significant role in fault seal analysis.

Hydrocarbon traps associated with active faults and
fractures are riskier than those associated with inactive
faults because of the potential for fault-valve activity
(Sibson, 1992). There is abundant evidence that critically
stressed faults and fractures provide high permeability
conduits for fluid-flow (e.g. Sibson, 1994; Muir Wood,
1994). Reactivation can breach fault-bound traps even if
there is juxtaposition- and/or fault damage-related seal.
The likelihood of reactivation can be assessed given
knowledge of the stress field, fault orientation and the
failure envelope for the fault rocks. The relationship
between these variables also dictates the likely mode of
failure the fault will undergo. The development of
cohesive strength through fault healing allows fault rocks
to fail by tensile, shear or mixed mode fracturing.
Assuming faults are cohesionless allows failure in shear
alone. A number of recent studies of the relationship
between stresses and fault reactivation/permeability (e.g.
Barton et al, 1995; Morris et al, 1996; Castillo et al, 2000;
Wiprut and Zoback, 2000) assume that the failure
envelopes for fault rocks are described by a cohesionless
Byerlee-type friction law (Byerlee, 1978). However,

frictional sliding experiments on cohesionless joints or
saw-cuts through rocks of the type summarised by Byerlee
(1978) do not describe the failure envelopes for fault
zones such as cemented cataclasites which may exhibit
significant cohesive strength.

This paper presents failure envelopes for
microstructurally and petrophysically characterised fault
rocks sourced intact from cores in the Carnarvon and
Otway Basins of Australia. Further, given that
cohesionless friction relations do not describe the failure
of these fault rocks, an alternative approach to assessing
the risk of fault reactivation and associated seal breach
is presented and applied to a case study in the Otway
Basin. We also consider a scenario from the Carnarvon
Basin where the fault rock is considerably stronger than
the surrounding reservoir sandstone.

METHODOLOGY

The fault rocks used in this study were sourced intact
from cores recovered from the offshore Carnarvon Basin
(Yodel–2, top Triassic Sandstone) and the Penola Trough,
Otway Basin (Jacaranda Ridge–1 and Banyula–1, Pretty
Hill Sandstone). Microstructural and petrophysical
characterisation was performed on samples from all
wells and geomechanical testing on a variety of fault rock
types from each well. Techniques used comprise the
following:

Scanning Electron Microscopy

Scanning Electron Microscopic (SEM) examination of
the microstructure of the fault rocks and associated
reservoir sandstones was performed on resin-impregnated
polished blocks on a JEOL 25S SEM equipped with
secondary electron detector, solid state 4 quadrant
backscattered electron detector, Eumex Si (Li) Moxtek
UTW EDS with digital image capture. All images are
presented with the micrograph upper edge aligned with
the top of the core.

Mercury injection porosimetry

Capillary pressure analysis was conducted using a
Micromeritics Autopore III mercury porosimeter. This
equipment is capable of injecting mercury in user-defined
pressure increments up to 60,000 psi (~413 MPa) into a
cleaned, dry sample. Directional injection across the
fault seals was ensured through resin-sealing of samples
on five sides and allowing footwall injection perpendicular
to the fault gouge. Hydrocarbon-brine interfacial tension,
density of formation water and hydrocarbon phases under
sub-surface conditions were calculated via manipulation
of industry standard nomographs (Schowalter, 1979).

Geomechanical testing

Samples of 50 mm length and 25 mm diameter were
deformed undrained in a standard triaxial cell with full
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independent control of cell pressure, pore pressure and
axial load. Samples were fully saturated with light oil to
avoid damaging clays. Due to the small amounts of
samples available, multi-stage triaxial tests were run
(Fjaer et al, 1992). Samples were deformed to within a
few MPa of peak strength (5–10%) at a set confining
pressure then unloaded. Confining pressure was then
increased followed by further application of axial load
until again close to failure. This cycle was repeated until
the desired number of steps had been reached. The final
cycle was then taken through to failure and residual
strength. Cores of both fault rocks and associated reservoir
sandstones were tested for comparative purposes. Where
damage zone faults or deformation features were present
as single strands, they were oriented at 30° to σ1 in the
triaxial rig, in the optimum orientation for failure.

OTWAY BASIN MICROSTRUCTURAL AND
POROSIMETRY RESULTS

The Mesozoic-Cenozoic Otway Basin is a passive margin
basin in eastern South Australia/western Victoria/
Tasmania and is one of the most actively explored basins
on the southern margin of Australia. Over the last decade,
commercial gas discoveries have been made in the
Katnook, Ladbroke Grove and Haselgrove Fields in the
Penola Trough in the South Australian portion of the
Otway Basin (Fig. 1). In that time, improvements in
seismic quality, stratigraphic modelling and additional
well control have greatly enhanced regional prospectivity
(Willink and Lovibond, 2001) and recently led to several
significant onshore and offshore discoveries in the
Victorian sector of the basin and an important new gas
field in Tasmanian waters.

The stratigraphy of the Penola Trough is dominated
by syn-rift sediments belonging to the Lower Cretaceous
Crayfish Group (Kopsen and Scholefield, 1990; Lovibond
et al, 1995). These include the major reservoir sandstones
of the Pretty Hill Formation and Sawpit Sandstone and
the local seals of the Laira Formation and Upper Sawpit
Shale. The local seal for Pretty Hill reservoirs is the Laira
Formation, which was deposited in a lacustrine to delta
fringe environment and comprises a series of interbedded
claystones, siltstones and well-sorted lithic sandstone
with argillaceous or calcareous cement. The Sawpit Shale
is the local seal for the Sawpit Sandstone and is similar in
lithology to the Laira Formation. All prospects containing
Crayfish Group reservoirs were generated by faulting
directly related to oblique syn-depositional rifting of the
Penola Trough.

The principal deformation process in clean (<15%
clay) Crayfish Group reservoir strata is cataclasis (Jones
et al, 2000), coupled with post-deformation lithification.
Maximum gas column heights able to be supported by
such faults are approximately 102 m (Jones et al, 2000).
Given the complex tectonic history of the region,
hydrocarbon leakage due to reactivation is perhaps the
major risk for fault bound traps in the Penola Trough.
Indeed, natural open fractures have been identified

crosscutting fault gouges within Crayfish Group reservoirs
(Jones et al, 2000). These fractures will provide relatively
high permeability pathways across fault seals and their
existence may, in part, provide an explanation as to the
existence of palaeo-hydrocarbon columns where leakage
has not been due to capillary breakthrough. The
integration of data on the geomechanical properties of
rocks with predictive fault seal tools such as F.A.S.T.
(Jones et al, 2000) reduces the uncertainty associated
with the likelihood of fault seal breaching through the
development of structural permeability networks.

Otway Basin fault rocks analysed as part of this study
include cemented cataclasites and phyllosilicate
framework fault rocks. Both fault rock types are hosted
within competent medium to fine-grained cemented
sandstones. The rocks have been recovered from
Jacaranda Ridge–1 within a field that contains an intact
hydrocarbon accumulation and from Banyula–1, a dry
hole drilled off structure. The results from the latter well
have been incorporated in to a model to explain the
breached hydrocarbon accumulation in the Zema fault
block, assuming that the geomechanical properties of
the fault rocks in the Pretty Hill Sandstone at
Banyula–1 are similar to those at Zema–1.

A variety of cemented and cataclastic microfaults
from Jacaranda Ridge–1 are illustrated in Figure 2.
Figures 2a and 2b show hand specimens of parallel
trending and conjugate sets of cemented microfaults 1–
2 mm wide with spacings in the order of 1–4 cm. Figure 2c
illustrates extensional microfaults in a more argillaceous
facies with evidence of clay entrainment into the fault
gouge. SEM analysis of the reservoir microstructure
reveals that extensive cementation occludes the majority
of pores (Figures 2d–f). Fault identification and
displacement magnitudes can be determined from the
disruption of organic laminae and by the entrainment of
ankerite into fault zones. Displacement is typically 1–2
mm. Ankerite can form early in the diagenetic sequence
(Deer et al, 1966) and its inclusion within fault gouge,
together with a lack of grain fracturing, suggests
deformation occurred early in the reservoir burial history
(whilst sediments were relatively unlithified). Figures
2g and 2h show a phyllosilicate framework fault rock
sampled from the same damage zone in Jacaranda
Ridge–1. The core contains numerous sub-parallel
anastomosing seams of phyllosilicates that isolate pods
of deformed and undeformed sandstone. Porosity in the
sandstone is completely occluded by clays, fracturing of
quartz grains is evident and clays line boundaries between
more rigid grains.

Fracturing of feldspars is observed in the reservoir
sandstone from Banyula–1 (Fig. 3a). However, most quartz
grains remain undeformed. Diffusive mass transfer
resulting from the diagenetic history of the sandstone is
also evident in the form of inter-penetrating grains and
embayed grain boundaries. Original cataclasite from
this well appears as fine-grained fractured quartz particles
contained within quartz cement (Fig. 3b). After
reactivation, the microstructure is characterised by a
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2 cm

0.5 mm

Figure 2a. Cemented conjugate faults in a core from the Otway Basin.

Figure 2d. SEM micrograph of cemented damage zone rock from
Jacaranda Ridge–1. The microfault is highlighted by dragged ankerite
(light) and organic laminae (dark) suggesting early ankerite formation.

2 cm

Figure 2c. Cemented microfaults in a more argillaceous lithology
in a core from Jacaranda Ridge–1 about 3 m below (a) and (b). Note
drag and smearing of argillaceous laminae into fault planes.

1 cm

Figure 2b. Parallel trending cemented microfaults from Jacaranda
Ridge–1. The SEM images in Figs 2d–2f come from this sample.
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0.5 mm

Figure 2e. Laminae of organic matter and ankerite terminate at,
and are dragged into, a fault zone. The rock has been heavily
cemented post-deformation.

0.5 mm

Figure 2f (above). Oriented ankerite within fault zone and
terminations of organic matter and ankerite laminae against the
fault from core in Jacaranda Ridge–1.

2 cm

Figure 2g. Phyllosilicate framework fault rock in core from Jacaranda
Ridge–1 comprising anastomosing clay-rich seams in deformed and
heavily cemented impure sandstone. This fault rock is from the same
damage zone as the other faults in this figure and shows how lithological
variations can influence resulting fault rocks.

0.5 mm

Figure 2h (bottom right). Backscattered SEM image of the
phyllosilicate framework fault rock, showing clays occluding pores
and between quartz grains, which may have facilitated diffusive
mass transfer and cementation processes in this rock.
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1–2 mm zone of intense fracturing and granulation
(Figs 3b and 3c). The boundaries of the pre-existing fault
retain their primary form and are sharp. Little
deformation is noted at distances of tens of microns
outside this zone. Hairline fractures crosscut most
framework grains within the reactivated fault zone and
a number of large dilatant fractures (apertures of
10–50 µm) are present. These dilatant fractures run
parallel to the original fault boundary and are acutely
oriented (~30°) to the σ1 direction (Fig. 3c). Fracturing
resulting from reactivation has also resulted in a relatively
consistent, sub-vertical fracture orientation sub-parallel
to the σ1 direction (Fig. 3b). These fractures are
occasionally linked via subsidiary sub-horizontal
fractures. Low angle shear displacement fractures appear
to have originated at grain contact points resulting in
patches of highly random fracture orientations.
Fracturing is most intense along the cataclasite-reservoir
boundary. These fractures are interpreted to form
networks akin to a structural permeability mesh in which
shear and tensile fractures form interlinked networks
(Sibson, 1996). Fracturing is generally limited to the
largest quartz and feldspar grains. Fine-grained quartz
within the original cataclasite generally appears to be
unfractured (Fig 3b).

0.5 mm

0.25 mm

0.25 mm
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Figure 3a. Backscattered SEM image of a reservoir sandstone
from Banyula–1 in the Otway Basin. Grains labelled are quartz (q),
albite (ab), potassium feldspar (kf) and kaolinite (k). Pores are black
and in many places are lined with chlorite which itself originally
rimmed now dissolved grains. Feldspar dissolution, replacement by
kaolinite and albitisation are evident. Embayed quartz grain contacts
are indicative of solution transfer processes.

Figure 3b (top). Cataclasite microstructure from Banyula–1 after
experimental reactivation. The initial cataclasite microstructure
can still be seen comprising fine grained fractured grains and quartz
cement. Tensile fractures are evident running along the cataclasite-
reservoir boundary, which become mixed tensile and shear fractures
towards the base of the image. Away from the reactivated zone, the
reservoir sand is relatively unaffected by deformation.
Figure 3c (bottom). The same reactivated cataclasite as in (b) but
further along the fault zone shows mainly evidence of deformation
by shear fracturing.



174—APPEA JOURNAL 2002

D.N. Dewhurst, R.M. Jones, R.R. Hillis and S.D. Mildren

Within the shear zone, the mode of failure changes
from intense grain fracturing to a single through-going
open fracture running initially along the base of the
cataclasite-host rock contact (Figs 3b and 3c). Grain
fracturing is absent around this open fracture. The lack
of macro-fracture wall symmetry suggests that a small
degree of shear has occurred during dilation. A small
secondary open fracture set is apparent along the top of
the cataclasite-host rock contact. This transition from
discrete, large, open inter-grain fractures to intense
granular fracturing is abrupt with the large open fracture
terminating within an intensely fractured potassium
feldspar grain. The framework quartz grains of the host
sandstone beyond the shear zone are unaffected by
experimental reactivation.

CARNARVON BASIN MICROSTRUCTURAL
AND POROSIMETRY RESULTS

The Echo/Yodel gas condensate field (Fig. 4a) is located
on the Rankin Trend in the Dampier sub-Basin. Upper
Triassic fluvio-deltaic Mungaroo Formation sands form
the primary reservoir unit and sub-crop the Main
Unconformity (MU play level) within a northwesterly
dipping tilted fault block. Cretaceous claystones of the
Muderong and Forestier Claystone Formations form the
regional seal providing a combined structural/
stratigraphic trap.

The fault intersected by Yodel–2 is visible on semblance
data (Fig. 4b) and has a throw of ~10–15m. Coring of the
reservoir intersected sub-seismic faults at a density
indicative of inner damage zone architecture.
Deformation features within the core are well-lithified
and cemented, while the undeformed host reservoir, a
medium to coarse-grained sandstone, is friable due to
partial cementation by quartz and kaolinite (Fig. 5).
Small faults (1–3 mm gouge width) are noted on both
sides of the inner damage zone up to at least 15 m in
distance (maximum core length) from the principal slip
plane. The variation in sandstone grain size over the 30 m
core length gives rise to varied microfault width and
geometry. Where little variation occurs, microfaults are
single strands of constant width. Where grain size has a
larger range, fault traces tend to refract through the
interface and are thinner where grain size is finer.

The reservoir sandstone is loosely cemented and friable
in hand specimen. It is medium to coarse-grained and
highly porous, comprising mainly quartz with subsidiary
potassium feldspar as framework grains. Some of these
framework grains are fractured and some variations in
diagenetic features are noted among the reservoir rocks.
In Figure 5b, many pores are lined with diagenetic
kaolinite and fine-grained bright specks of pyrite. Most
quartz grains are in point contact with one another
although there is evidence for minor diffusive mass
transfer and local cementation at some grain contacts.
Potassium feldspar dissolution is also evident but little
secondary porosity appears to be present. In other parts
of the reservoir (Fig. 5c), quartz grains predominate,

more grain fracturing is evident, less kaolinite and pyrite
are present and there appears to be more influence of
diffusive mass transfer at grain contacts. Grain
morphology in this image is suggestive of quartz
overgrowths into the pore space. Porosity is still high,
with large well-connected pores evident.

The microstructure of the principal fault recovered by
Yodel-2 core is complex and can be divided into two
distinct domains.
1. Fault gouge is heavily cemented by pyrite and is

composed of unfractured and cataclastic components.
The presence of both fractured and unfractured
framework grains suggests this fault rock lies on the
protocataclasite-cataclasite classification boundary
(Fisher and Knipe, 1998). Pyrite crystals range from
large (mm) to dust-sized (mm) particles. It is unlikely
that this fault could have acted as a conduit for fluid-
flow for sufficient time to allow growth of large
pyrite crystals, rather that secondary pyrite
cementation occurred following deformation.

2. Domain 2 surrounds the pyritised fault gouge. Here
cataclastic processes have reduced grain sizes and
increased the efficiency of fault gouge grain packing.
Significant diffusive mass transfer has resulted in

Yodel

Figure 4 a. Location map showing the position of the Echo-Yodel
field in the Carnarvon Basin.
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Yodel-1

Yodel-2

Echo-1

Keast-1

Sculptor-1

Dockerell-1

Figure 4b. Semblance time slice at top reservoir. Note location of fault in proximity to the Yodel–2 well position. Fault is highlighted in blue.

enhanced quartz cementation throughout this fault
domain. Pore lining/occluding kaolinite is also present
and has been deformed. Pyrite is confined to dilated
fault strands, although occasional offshoots from
microfaults are observed (Figs 5d and 5e). Little post
cementation grain fracturing is noted.

Figure 5f shows a pyrite-cemented microfault from
the outer damage zone of the main fault. The deformation
features and morphology are remarkably similar to those
observed in the multiple faults strands within the inner
fault damage zone (Fig. 5d). The microfault is significantly
dilated with whole quartz grains entrained and some
minor cataclasis. Fracturing of pyrite also occurs within
the microfault.

Microstructural analysis of these faults indicates
that deformation occurred after kaolinite precipitation
and dissolution of potassium feldspar. The faults are
not heavily quartz cemented suggesting most fault
activity occurred at shallow depths and temperatures
<90ºC. However, cataclasis is observed and the wide
grain-size distribution exhibited by these faults
suggests more than one phase of deformation.
Unfractured framework grains within the fault zones
suggests deformation at low effective stresses and
concomitant disaggregation. The degree of cataclasis
is consistent with deformation at intermediate effective

stress levels (10–20 MPa) at depths of 1–2 km
(Menendez et al, 1996).

Capillary pressure measurements on faults in the
outer damage zone from Yodel–2 show threshold
pressures in the region of 40–80 psi, which, while higher
than that of the reservoir (2–4 psi), will not form a
significant seal over geological time. However, the inner
fault damage zone has threshold pressures of ~8,500 psi
and has a permeability to water (0.02 mD) six orders of
magnitude lower than that of the undeformed reservoir
sandstone (10 D). These data indicate significant seal
capacity, and reflect more efficient grain packing and
cementation within the principal fault zone. Hence, this
inner zone probably represents a baffle on both geological
and production timescales.

GEOMECHANICAL RESULTS

Cataclasites from Banyula–1 in the Otway Basin have
lower cohesive strength (5.4 MPa) than the reservoir
rocks (8.8 MPa; Fig. 6) but have a higher friction
coefficient (0.78 as opposed to 0.67). The failure envelopes
intersect at ~30 MPa, indicating in this case that the
cataclasites are more likely to fail at low differential
stress while the reservoir sandstone would fail at high
differential stress. Jacaranda Ridge–1, reservoir
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Figure 5a. Fault zone in core from Yodel–2 in the Carnarvon Basin. The fault zone is thick compared to typical microfaults seen in core
and has accommodated around 15 m of slip in multiple episodes. The boundaries of the hard, cemented fault zone with the surrounding
friable reservoir are sharp. This fault seals a hydrocarbon accumulation at the current day.
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sandstones, cataclasites and phyllosilicate framework
faults all have similar failure envelopes (Fig. 7). Fault
cohesive strength ranges from 12.5–14.8 MPa and friction
coefficients are 0.75–0.86. Surprisingly, the clay-rich
fault rocks exhibit the greatest cohesive strengths, highest
friction coefficient and are stronger than the cataclasite
or reservoir rock at all effective normal stresses.  The
failure envelopes of the cataclasite and reservoir
sandstone intersect at effective normal stresses of around
25 MPa, and suggest that the cataclasite is more likely to
fail when differential stress is high, while the reservoir
would preferentially fail under low differential stress
conditions.

The principal fault from the Yodel–2 core exhibits
cohesive strength of ~17 MPa and friction coefficient of
1.12, well in excess of the outer damage zone microfaults
and reservoir rocks tested from this well (Fig. 8). Minor
outer damage zone faults have failure envelopes that fall
in a narrow band with cohesive strengths between
3.76–10.11 MPa and friction coefficients of 0.59–0.87.
Hence the high strength of the core of the fault zone in
this area is likely to govern the reactivation potential of
this fault.

The importance of these geomechanical results is
twofold. Firstly they demonstrate that fault rocks can
have significant cohesive strength, which allows them to
fail by tensile, shear or mixed mode mechanisms.
Secondly, they show that while fault rocks can be weaker
than their host reservoir sandstones, as is often assumed,
they can also be appreciably stronger as a result of post

1 mm

Figure 5b. Backscattered electron image of the Yodel–2 reservoir
sandstone showing high, well connected porosity, with minor
kaolinite and quartz cementation. Dark grains are quartz and lighter
large grains are potassium feldspars.

1 mm

Figure 5c. Variability within the Yodel-2 reservoir sandstone, with
little kaolinite cement and very high porosity. Some quartz
overgrowths are evident.

2 mm

Figure 5d. Pyrite (bright) cemented protocataclastic microfault
from the main fault in (a). Some fracturing of quartz is evident,
although some grains are entrained into the fault zone whole.
Kaolinite is also deformed indicating precipitation pre-deformation,
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deformation lithification/cementation. Both these
observations have significant implications for the
assessment of reactivation potential and associated seal
breach through geomechanical methods. Current
geomechanical methods for assessing reactivation
potential often assume cohesionless fault planes and
thus shear failure alone, not allowing for the development
of tensile and mixed mode fractures. This may lead to a
significant error in assessing reactivation potential and
thus fault seal integrity. Equally importantly, most
geomechanical analyses implicitly assume that fault rocks
are weaker than the reservoir rocks from which they
were derived, but the laboratory results and
microstructural observations presented above show that
this is not always the case. Where fault rocks are stronger
than their host, different methods need to be employed
to detect the properties of such faults. The two cases of
stronger fault rocks presented here both intersect
hydrocarbon columns and prevent vertical leakage from
these pools.

PREDICTING THE RISK OF WEAK FAULT
REACTIVATION

The likelihood of weak fault reactivation and
associated seal breach can be assessed given knowledge
of the stress field, fault orientation and the failure
envelope for the fault rocks. Reactivation risk is assessed
with respect to the in situ stress field that is determined
by a variety of geomechanical techniques. Density and
check shot velocity data yield the vertical stress; borehole
breakouts and drilling-induced tensile fractures yield
the orientation of the horizontal stresses; leak-off and
extended leak-off tests yield the minimum horizontal
stress; and the maximum horizontal stress is determined
by the occurrence or non-occurrence of breakouts and
drilling-induced tensile fractures and knowledge of rock
strength (see Bell, 1990; 1996; Moos and Zoback, 1990;
Hillis and Reynolds, 2000). Fault orientations (dip and
dip direction) are determined from seismic interpretation,
based on the offset between reflector terminations at a
fault. Knowledge of the failure envelope is determined
from laboratory testing of intact fault rocks as described
above and constitutes a critical difference between the
technique presented here and previous methods for
assessing fault reactivation risk (Morris et al, 1996; Ferrill
et al 1999; Wiprut and Zoback, 2000; Castillo et al, 2000).

Given the above information, there are three critical
stages to assessing reactivation risk:

a) A 3D Mohr diagram representing the state-of-stress
and failure envelope for the fault is constructed
(Fig. 9). The risk of reactivation of a plane of any
orientation is expressed by the increase in pore
pressure (∆Pp) required to cause its reactivation,
i.e. horizontal distance on a 3D Mohr diagram
between a plane and the failure envelope.

b) The reactivation risk (∆Pp) for all planes is plotted
on a poles to plane, lower hemisphere stereonet
(Fig. 10).

2 mm

Figure 5e. Pyrite-cemented fault zone showing poor sorting of
fractured grains indicative of multiple slip episodes along the fault
plane.

2 mm

Figure 5f. Pyrite cemented fault zone from the damage zone
around 10m from the major slip surface. These faults are strikingly
similar in appearance to those in the major fault zone but have much
lower threshold pressures.
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Figure 6. Failure envelopes for the cataclasite and host reservoir at Banyula–1. At low effective normal stress (<30 MPa), the cataclasite
is weaker than the host reservoir sandstone. Friction coefficients fall in the range specified by Byerlee (1978) for sedimentary rocks under
low stress conditions but the fault rock has developed significant cohesive strength (~5.4 MPa).

Figure 7. Failure envelopes for cataclasite, phyllosilicate framework fault rock and host sandstone from Jacaranda Ridge–1. Under all
effective normal stress conditions, the phyllosilicate fault rock is the strongest rock and has high cohesive strength (~14.8 MPa). The host
sandstone is weaker than the cataclasite at low effective normal stress (<25 MPa) but stronger above this level. The cataclasite also has
appreciable cohesive strength (14.35 MPa).
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c) Fault architecture is mapped and polygons are
collapsed to a series of centreline points. Each
point along the fault has an associated dip and
dip direction. The reactivation risk (∆Pp) for
each fault segment is subsequently mapped on to
the fault centreline trace (Fig.11). These data
incorporate 3D information in a 2D plane.

The advantages of this methodology are twofold.
Realistic failure envelopes derived from laboratory tests
can be considered with respect to the in-situ stress field
and the likelihood of reactivation by all modes of failure
can be assessed with a single calculation as opposed to
the separate slip and dilation tendency analyses of Ferrill
et al, (1999).

Otway Basin case study

The Zema–1 well in the Otway Basin, South Australia
intersected an 86 m palaeo-gas column and a 15 m
palaeo-oil leg in the Lower Cretaceous Pretty Hill
Formation. The Zema structure required fault seal for
an effective trap to be present and is bounded by a
large east–west trending fault with a change in strike
to northwest–southeast towards the eastern tip (Fig
11). Detailed analysis suggested that both juxtaposition
and fault deformation processes were likely to provide
an adequate seal for the observed palaeo-column (Jones
et al, 2000). Hence the propensity for reactivation-
related breach of the fault seal at Zema–1 was
investigated.

The in situ stress regime at 2,860 m, the depth of the
base of the regional seal, in the offset Katnook–3 well (for
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Figure 8. Failure envelopes for the main fault zone, the boundary between the main fault and reservoir, the reservoir itself and damage
zone microfaults from Yodel–2. The main fault zone has a high cohesive strength (~17 MPa) due to intense quartz and pyrite cementation.
The boundary between the fault and reservoir is also strong, although the reservoir away from the main fault, and the microfaults in the
damage zone, have similar geomechanical properties.
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Overburden stress (σv) = 64 MPa;
Maximum horizontal stress (σH) = 82 MPa; and
Pore pressure (Pp) = 28 MPa,
Maximum horizontal stress (σH) orientation = 156°N.
The failure envelope used (t = 5.4 + 0.78σn’) is that

derived for the intact cataclasite at Banyula–1 (Fig. 6),
bearing in mind the assumption that geomechanical
properties remain similar over the distance between
these two wells (Fig.1).

The resultant polar plot and reactivation risk map
(Figs 10 and 11) reveal that a section of the fault bounding
the Zema prospect is prone to be reactivated within the
in situ stress field. Given that juxtaposition and fault
deformation processes are likely to have created an
adequate seal, and that the trap-bounding fault is prone
to reactivation, we interpret that fault reactivation is
indeed primarily responsible for seal breach and thus the
presence of the palaeo-column in the Zema–1 well.
Microstructural analysis confirms the presence of open
fractures in the subsurface associated with the cataclasite
(Jones et al, 2000) and laboratory reactivation of the
cataclasite showed the propensity for the development
of an interlinked tensile and shear fracture
network (Fig. 3b).

Also noteworthy here is that there is significant
variation in reactivation risk along fault segments with
relatively constant strike in the Otway Basin (Fig. 11).
This is primarily a consequence of changing dip along the
fault and indicates that the risk of fault reactivation must
be considered as a 3D problem and cannot be assessed
using fault strike data alone.

CONSIDERATION OF STRONG FAULTS

Strong faults are those that fail at higher shear stress
than intact reservoir rocks for the same effective normal
stress. The strength testing undertaken herein reveals
several types of strong faults. The phyllosilicate
framework fault rock at Jacaranda Ridge–1 (Fig. 7) and
the main fault zone from Yodel–2 (Fig. 8) are stronger
than their respective intact host reservoir sandstones at
all effective normal stress levels. The cataclasite at
Jacaranda Ridge–1 is stronger than the reservoir
sandstone at low effective normal stress but becomes
weaker at normal stresses >25 MPa (Fig. 7). The cataclasite
at Banyula-1 is weaker than the intact reservoir rock at
low effective normal stress but stronger at effective
normal stresses > 30 MPa (Fig. 6).

Geomechanical techniques used to predict fault
reactivation based on the assumption of zero cohesion
are particularly inappropriate in the case of strong faults.
Such strong faults are unlikely to be reactivated and the
seal risk is consequently lower at these localities. At
Yodel–2 and in the case of the phyllosilicate framework
fault rock at Jacaranda Ridge–1, reservoir rocks would
fail before fault rocks under all prevailing stress
conditions. In these cases, the orientation of the trap-
bounding fault is not relevant to assessing reactivation
potential. The preservation of hydrocarbon columns at
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Figure 9. Three-dimensional Mohr diagram with composite Griffith-
Coulomb failure envelope. All possible orientations of fault planes
lie within the shaded area. The horizontal distance between a plane
of any orientation and the failure envelope (which can be thought
of as the increase in pore pressure (∆Pp) required to cause failure)
is used to characterise the propensity of that plane to fail.

Orientation (Degrees)

Figure 10. Likelihood of reactivation of fault/fracture planes in the
Penola Trough, Otway Basin, based on the in situ stress regime and
the failure envelope derived for the cataclasite in Banyula–1.
Numerical values on the scale refer to ∆Pp values. Equal angle,
lower hemisphere stereographic projection of poles to planes.

which the requisite data to determine the in situ stress
field were available) was taken to be representative of
that in the Zema prospect. The techniques described
above were used by Jones et al, (2000) to constrain the in
situ stress field to:

Minimum horizontal stress (σh) = 46 MPa;
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these localities may be intimately related to the fact that
the trap-bounding faults are strong and thus not prone to
reactivation.

Future research on seal breach related to fault
reactivation needs to focus not only on geomechanical
techniques for predicting the likelihood of reactivation
of weak faults, but also on the prediction of failure
envelopes and whether trap-bounding faults are likely to
be stronger than intact reservoir rock (using such data as
burial and temperature history and rock composition).
An additional complication in the case of strong fault
rocks that needs to be considered is the likelihood of
reactivation of the interface between fault and intact
rock (Streit, 1999). The competency contrast at fault-
reservoir boundaries has been observed microstructurally
to play a role in cataclasite reactivation (Dewhurst and
Jones, in press). Major faults can develop damage zones
many tens of metres in extent and these latter areas may

in fact be weaker than cemented fault cores. For example,
the boundary between fault core and reservoir in Yodel-
2 is weaker than the main fault zone, while damage zone
microfaults and intact reservoir sandstones tend to have
similar geomechanical properties (Fig. 8).

IMPLICATIONS

Faults can seal by a number of mechanisms including
clay smear, cataclasis and cementation. Such processes are
directly relevant to the strength of the fault rock products
formed in that their ductility and/or lithification state will
govern their geomechanical response. In the case of clay
smear and cataclasis alone (i.e. without post deformation
lithification), fault strength will be controlled by the residual
strength of the fault rocks and in general, such deformation
will be cohesionless, or nearly so. However, where significant
cementation has taken place within fault cores and the
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Figure 11. F.A.S.T. map of the likelihood of reactivation of fault/fracture patterns for the Zema prospect in the Penola Trough, which
intersected a breached palaeocolumn. Colours along the fault segments refer to reactivation risk (∆Pp) values from Figure 10. The highest
risk of reactivation (lowest ∆Pp) coincides with the major fault closure on the structure. Variations in risk along the almost constant strike
of Fault 2 are due to changes in fault dip.
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more permeable damage zones, fault strength can increase
and the results above show that that increase in strength
can in fact be above that of the host reservoir lithology.

Sibson (1998) and Barton et al, (1995) have also
demonstrated the contribution of optimally oriented
shear fractures to structural permeability. For example,
if differential stresses are high (greater than 6T, where
T is tensile strength), Mohr’s circle can only touch a
failure envelope in positive effective normal stress space
which results in the development of shear fractures.
Similarly, if fault zones have zero cohesive strength, then
the failure envelope passes through the origin of the
Mohr construction and failure can only occur in shear
fracture space, regardless of the magnitude of the
differential stress.

The regeneration of fault rock strength through
cementation can result in the development of
considerable cohesive and therefore tensile strength
thus allowing the possibility of more than one mode of
failure. In describing the role shear failure plays in
reactivated fault zones, Sibson (1996, 1998) also notes
the conditions under which tensile and mixed mode
fractures may play a role in the development of structural
permeability networks. Where tensile strength exists,
tensile failure can occur under low differential stress
conditions (σ1-σ3<4T), while mixed mode extensional
shear fractures form at differential stresses intermediate
to tensile and shear failure (4T-6T) using a Griffith-
Coulomb failure envelope. In general, many instances of
fracture-induced top seal failure have been ascribed to
tensile failure as a result of pore fluid pressure reducing
minimum effective stress beneath that of rock tensile
strength (e.g. Watts, 1987; Caillet, 1993). However, in
fault zones, reactivation in tension can only occur when
faults have become severely misoriented for shear
reactivation with respect to the stress field or when such
faults have regained cohesive strength due to cementation
(Sibson, 1996, 1998). Little data are available on the
geomechanical properties of petroleum-related fault
rocks, although those presented above tend to suggest
that such rocks are by no means cohesionless or weak and
may be considerably stronger than the reservoir rocks in
which they are located. Fournier (1996) has shown that
where a fault has a finite cohesive strength that is less
than that of the host reservoir rock, failure may occur in
the fault core by tensile, shear or mixed mode fracturing.
While geomechanical techniques that assess reactivation
based on shear failure alone are not inherently incorrect,
a methodology that does not account for regained fault
strength, and thus the possibility of tensile failure, could
result in an erroneous determination of potential seal
risk and, indeed, errors in the determination of
orientations of structures most prone to reactivation.
Due to the lack of geomechanical data for petroleum-
related fault rocks, failure envelopes for fault reactivation
are often estimated from data collated by Byerlee (1978),
resulting in friction coefficients on the order of 0.60–0.85
and zero cohesive strength. The use of such assumed
failure envelopes however only allows for shear failure

conditions to develop as cohesive strength is zero. Closer
examination of the data and theory presented by Byerlee
(1978) shows that while an approximation that ignores
cohesive strength makes little difference at high effective
normal stresses (>100 MPa), the lower the effective
normal stress, the greater the error induced by neglecting
cohesive strength. It is likely that fault rocks in petroleum
systems at depths of 1–4 km fall in the lower stress range
where such errors can be significant. The existence of
these errors was noted in Byerlee’s (1978) paper to result
from definitions of friction in that typically a linear
relationship is assumed between shear stress and effective
normal stress, such that:

τ σ= + ′C B n

where τ is shear stress, C is cohesive strength, is
effective normal stress and B is a constant often defined
as the coefficient of friction (µ). However, the generally
accepted definition of friction (Byerlee, 1978) is:

µ
σ

= +
′

B
C

n

Hence, at shallow crustal levels in sedimentary basins,
errors in geomechanical assessments of fault seal are
contained not only in the assumption of zero cohesive
strength and thus shear failure alone, but also in the
definition of the friction coefficients themselves. Further
to this, many of the data collated by Byerlee (1978) come
from sawcuts in rocks, some of which were infilled with
gouge material, which may not be representative of
natural fault zones and thus geomechanical behaviour in
the field. The presence of extremely strong fault rocks in
the Carnarvon and Otway examples is testament to this.
Where limited data are available for conducting
geomechanical analysis of fault seal, it is recommended
that sensitivity analyses be undertaken to determine the
effects of both varying friction angle and increased
cohesive strength along fault zones where seal breach
due to reactivation is perceived as the major risk to the
prospect.

In two of the fields described above, fault rock strength
is greater than that of the reservoir, suggesting that
deformation associated with reactivation would
preferentially be partitioned into the weaker reservoir
sediments. Hydrocarbon columns are associated with the
fault zones from where these strong fault rocks were
sourced. Current geomechanical predictive techniques
that assume fault rocks are weaker than reservoir rocks
assess seal risk based on orientation and dip and thus
cannot account for situations where faults are the
strongest link in an individual prospect.
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CONCLUSIONS

The geomechanical properties of fault rocks govern
their response to imposed stress fields and therefore
significantly affect fault zone strength and reactivation
potential. Fault rocks taken from the Carnarvon and
Otway basins show significant post-deformation
lithification due to quartz and/or pyrite cementation that
has resulted in the regaining of cohesive and therefore
tensile strength. Such fault healing allows the
development of tensile, shear and mixed mode fractures
which link together to form structural permeability
networks. Microstructural observations from reactivated
Otway Basin cataclasites show that both tensile and
shear fractures can form in cemented cataclasites and
can form effective conduits for fluid transfer.

Evaluation of seal risk in reactivated terrains can be
undertaken using a geomechanical approach. Current
techniques tend to assume faults are cohesionless and
apply a simple friction law to derive a failure envelope,
an approach which, while not inherently incorrect, may
lead to errors in both orientations of faults at risk of
reactivation as well as absolute degree of risk. Application
of a new technique incorporating in situ stress conditions
with laboratory derived failure envelopes in the Otway
Basin fully corroborated seal breach in the Zema structure
due to reactivation. In this area, where fault rocks are
weaker than the surrounding reservoir sandstones, a
geomechanical approach to seal risking is applicable.
However, in two cases from the Carnarvon and Otway
Basins, fault rocks were found to be stronger than the
surrounding reservoir rocks due to preferential
cementation. In such cases, the assumption of fault rocks
being weaker than their hosts is not valid and therefore
such an approach would incorrectly appraise the degree
of reactivation risk.
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