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Mechanism of Upfault Seepage and Seismic Expression of
Hydrocarbon Discharge Sites from the Timor Sea
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Abstract

Three-dimensional coupled deformation and fluid-
flow numerical modeling, charge-history analysis, and
seismic imaging of inferred leakage-related geobodies are
integrated to investigate the response of a complex set of
Jurassic trap-bounding normal faults to extensional reacti-
vation and to assess hydrocarbon upfault seepage on the
Laminaria High (Timor Sea, Australian North West Shelf).
Fluid inclusion data are consistent with the presence of pa-
leo-o0il columns below the current accumulations in the
Laminaria and Corallina fields. Evidence for other partially
breached (current and paleo-oil column) as well as brea-
ched (dry with paleo-oil column) closures across the region
implies that active and widespread seepage took place after
the time of initial oil charge. The distribution of current and
paleo-oil zones, and the location of inferred hydrocarbon
leakage indicators defined on 3D seismic data, correlates
with the prediction of fault-seal effectiveness based on
modeled strain distribution. Within the geologic frame-
work of the Laminaria High area, this distribution sug-
gests that when sufficient reactivation shear strain is ac-
cumulated by reservoir faults, ductile deformation might
give way to brittle failure in the top seal, allowing active
flow pathways to develop and upfault seepage to take
place from the reservoir to thief zones or the seafloor. The
observations emphasize that strain and upfault fluid-flow

partitioning is constrained by prereactivation fault size,
lateral fault-tip distributions, and the presence of fault jogs
inherited from successive episodes of growth processes.
These elements can explain the complex distribution of
paleo- and preserved oil columns in the study area and fur-
ther support Cenozoic tectonic activity as being the first-
order control on trap breaching and hydrocarbon seepage
in this region.

Infroduction

Faults can be conduits or barriers to fluid flow, depend-
ing on stress conditions, strain distribution, tectonic set-
tings, and rock properties and distribution (Bjgrlykke et al.,
2005). Although permeability across faults may obviously
result in fewer fault traps and perhaps less reservoir com-
partmentalization and column height, crossfault migration
may be important during field production. Permeability
along faults has an important role as a hydrocarbon migra-
tion route from source rocks and plays a role in overpres-
sure development and/or upfault leakage (e.g., Fisher and
Knipe, 2001; Fisher et al., 2003; Farseth et al., 2007;
Underschultz, 2007). Critically stressed faults (e.g., reacti-
vated faults) are widely cited as conduits for fluid flow
(Anderson et al., 1994; O’Brien et al., 1999; Revil and
Cathles, 2002; Ligtenberg, 2005).
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12 Hydrocarbon Seepage: From Source to Surface

The mechanisms by which fault reactivation results in
the leakage of hydrocarbons are not well understood (e.g.,
Revil and Cathles, 2002; Wilkins and Naruk, 2007). How-
ever, the relationship between tectonic activity and leakage
is not under debate (e.g., Muir-Wood and King, 1993;
Haney et al., 2005), and active faulting in the brittle upper
crust is associated with the generation of dilatant strains
and consequently increased porosity and permeability.
Whether leakage occurs as a consequence of buildup and
release of geopressured fluids (e.g., Sibson, 1992, 1996;
Sleep and Blanpied, 1992), as a result of critical stressing of
faults (Barton et al., 1995), or because of slip-induced dila-
tion (Wilkins and Naruk, 2007) is uncertain; but documen-
tation of fluid flow in seismically active basins demonstrates
a clear link between active faulting and vertical fluid flow in
permeable conduits (e.g., Anderson et al., 1994; Losh,

1998; Losh et al., 1999; O’Brien et al., 1999; Revil and
Cathles, 2002; Heggland, 2005; Ligtenberg, 2005; Under-
schultz et al., 2005).

The exploration risk associated with late-stage fault-
seal breach is recognized as a major issue affecting hydro-
carbon prospectivity in the Timor Sea (Bonaparte Basin,
Australian North West Shelf; Figure 1). The high inci-
dence of breached or underfilled Jurassic hydrocarbon
traps is commonly considered to result from Neogene ex-
tensional to transtensional tectonic reactivation affecting
most of the trap-bounding faults (O’Brien et al., 1996;
Shuster et al., 1998; O’Brien et al., 1999; Gartrell and
Lisk, 2005; Gartrell et al., 2006; Rollet et al., 2006). Pri-
ma facie evidence for this outcome is provided by the
abundant reactivated faults that regularly pierce the seal;
however, not all of these faults appear to result in upfault
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hydrocarbon leakage. Therefore, the accurate prediction
and characterization of along-fault hydrocarbon remigra-
tion pathways is a critical element in the effective risking
of exploration traps as well as being an important implica-
tion for production well design.

Numerical geomechanical models have been applied in
the region to minimize geologic risks due to fault reactiva-
tion and to simulate more specifically the behavior of faults
and fluids in response to reactivation. Zhang et al. (2009)
characterize the interaction between stress and strain states
and the development of fluid-flow conduits based on the re-
sponse of simplified faults and reservoir-seal geometries to
extensional reactivation. Langhi et al. (2010) construct a
complex coupled deformation and fluid-flow numerical
model for the Laminaria High (Bonaparte Basin, Timor
Sea, Australian North West Shelf), highlighting the hetero-
geneous distribution of shear strain and dilation as well as
fluid flux.

This chapter aims to further test the numerical model-
ing approach through more sophisticated geomechanical
modeling constrained by additional empirical observations
to investigate hydrocarbon preservation risk for complex
reactivated structural traps in the Laminaria High area.
Based on the integration of independent data on (1) charge
history from fluid inclusion analysis and (2) fluid upfault
leakage from 3D seismic interpretation and attribute map-
ping, we investigate and calibrate key structural elements
impacting upfault fluid-flow and trigger mechanisms, and
we propose a conceptual model identifying preferential re-
migration pathways and discharge processes.

Geologic framework and
petroleum system

The area of study covers the Laminaria High in the
northern Bonaparte Basin, a Mesozoic-Cenozoic dep-
ocenter on the northern part of the Australian North West
Shelf (Figure 1). The preexisting Paleozoic structural
grains, including Late Devonian to Early Carboniferous
northwest-trending extensive structures and Permo-Car-
boniferous northeast—southwest rift-related structures, are
generally too deep to be observed on seismic data but
could have locally significant influence on the distribution
and thickness of the Mesozoic-Cenozoic deposits (de
Ruig et al., 2000).

Successive episodes of rifting that culminate with Late
Jurassic—Early Cretaceous rifting associated with the open-
ing of the abyssal plains (AGSO, 1994; Baillie et al., 1994)
are responsible for the development of the Mesozoic
structural trend in the Bonaparte Basin. The associated

southwest—northeast strike generally observed in the
Bonaparte Basin and on the North West Shelf (Figure 1)
changes to east—west in the Nancar Trough and Laminaria
High area (Figure 2; see de Ruig et al. [2000] and Langhi
and Borel [2008]). The resulting structural architecture in
this area is characterized by horst-and-graben systems and
fault blocks typical of a rifted margin, with abundant steep-
ly dipping normal faults (40°-60°). Structural mapping at
the Jurassic level shows fault strike lengths ranging from
approximately 1 to 30km (~0.6—-18.6 miles), with the
smallest structures usually representing simple linear fault
zones and the longer ones displaying jogs resulting from
lateral fault growth processes and segment linkage (Figure
2; see Marchal et al. [2003] and Langhi and Borel [2008]).

The local stratigraphic succession (Figure 3) clearly re-
cords the rifting and subsequent postrift subsidence with (1)
the early synrift Plover and Laminaria deltaic and shallow
marine formations (Labutis et al., 1998), (2) the Late Juras-
sic to Cretaceous shale (Frigate, Flamingo, and Echuca
Shoals Formations) from the deepening continental shelf
(Whittam et al., 1996), and (3) the Aptian—Maastrichtian in-
terval of stacked progradational wedges (Darwin, Jamie-
son, Woolaston, Gibson, Fenelon, and Turnstone Forma-
tions) comprised of silty claystones cleaning up to
calcareous shale and marl-prone sediments (Whittam et al.,
1996). From the late Mesozoic through most of the Ceno-
zoic era, the Timor Sea represented a mature passive mar-
gin characterized by an extensive cover of prograding shelf
carbonates (Johnson, Hibernia, Prion, Cartier, Oliver, and
Barracouta Formations) (Whittam et al., 1996).

From at least the Miocene onward, the geologic evolu-
tion of the area has been influenced increasingly by the com-
plex oblique collision between the Australian plate and the
Southeast Asia plate, resulting in the accretion of the Timor
prism (Figure 1) (O’Brien et al., 1993) and the development
of an underfilled foreland basin that includes the Bonaparte
Basin (Figure 1). The resulting lithospheric flexure due to
thrust loading at Timor Island is believed to generate a wide-
spread but relatively small amount of postrift extensional re-
activation observed in the region (Bradley and Kidd, 1991;
Lorenzo et al., 1998; Langhi et al., 2011). The onset of the
collision between the Australian continental crust and the
Banda volcanic arc is dated to the Late Miocene from about
8 million years ago (Ma) (e.g., Shuster et al., 1998; Charl-
ton, 2000; Keep et al., 2002) (Figure 3), with fault activity
occurring at the Miocene-Pliocene boundary and during the
Pliocene (Charlton et al., 1991; O’Brien et al., 1999). This
fault activity resulted in the formation of sets of east-north-
east—west-southwest-trending normal faults within the Ce-
nozoic cover sequence in the study area, usually clustering
above the preexisting rift faults.
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The connection between fault traces at Jurassic and Ce-
nozoic levels (Figure 4) is sometimes difficult to ascertain be-
cause of the nature of intervening Cretaceous lithology (shale,
mudstone, and marl), seismic signal degradation, and subseis-
mic faulting (Gartrell et al., 2006). However, faults with high-
er postrift displacements tend to show clearer connectivity
between the Upper Cenozoic and Lower Jurassic levels.

The petroleum system of the region has been well de-
scribed (e.g., Lisk et al., 1998; Kennard et al., 1999; Longley
et al., 2002), with all of the components needed to form hy-
drocarbon accumulations. Traps are abundant, principally as
tilted fault blocks or narrow horst-block structures. The
Callovian-aged Laminaria Formation (Figure 3) was depos-
ited as synrift, mostly shallow marine sediments that infill
accommodation space created by Jurassic tilted normal fault
blocks. These blocks constitute the dominant exploration
target in the northern Bonaparte Basin. Source-rock inter-
vals are found in the Jurassic Plover and Laminaria Forma-
tions. There is ubiquitous evidence for hydrocarbon charge
in the northern Bonaparte study area in terms of the current
fields as well as oil-filled fluid inclusions (Lisk and Eading-
ton, 1994; Brincat et al., 2001). Conventional shows and
leakage indicators (O’Brien and Woods, 1995; O’Brien

et al., 1996) provide overwhelming support that most traps
accessed charge. The main phase of oil charge is interpreted
near the Middle Eocene (about 50 Ma; Kennard et al., 1999).
Across the region, an initial Late Jurassic—Early Cretaceous
gas charge, followed by widespread late-stage gas and oil
charges from the Miocene onward, has been proposed (Lisk
et al., 1998; Kennard et al., 1999).

The thick, ductile, regionally extensive Early Creta-
ceous marine mudstone and shale (Figure 3) form the effec-
tive regional top and lateral seals to these traps. On the
Laminaria High, at no point is the seal offset by faulting;
closures are always located within fault juxtaposition seal
limits. Therefore, cross-fault leakage due to the juxtaposi-
tion of sandstone units is not anticipated. Top-seal failure
risk is low, based on (1) the high predicted membrane seal
quality (oil-column heights of 150—400 m; de Ruig et al.
[2000] and references therein), (2) the absence of thief
zones in the top seal (de Ruig et al., 2000; W. Bailey,
personal communication, 2009), and (3) the absence of
present-day aquifer overpressures.

However, the trap architecture has been reactivated
during late Tertiary to recent convergence between the Eur-
asian and Australian plates (Figure 1). The resulting shear
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column shows the subdivision used in the numerical model-
ing. HC = hydrocarbon.

failure associated with fault reactivation is considered to be
the mechanism responsible for trap breaching in the Lami-
naria High area and the Timor Sea (Castillo et al., 1998;

Figure 4. Typical cross section across the Laminaria High;
location is on Figure 2. ©® Grebe sandstone thief zone (?),

®@ Oliver basal member thief zone, ® Miocene-Pliocene expul-
sion site, @ present-day seabed expulsion site. Laminaria
North is breached and has lost all hydrocarbons; Laminaria,
also breached, lost only a small amount of reservoired hydro-
carbons. F1, F4, F5, and F6 refer to faults on Figure 2.

O’Brien et al., 1999; Gartrell et al., 2006). A paper by de
Ruig et al. (2000) rules out seal failure occurring from ten-
sile or hydraulic fracturing due to high differential stresses
that favor shear fracturing and reactivation of existing faults
over hydraulic fracturing as pore pressures rise.

Severe changes in trap geometry (e.g., tilting) that could
cause hydrocarbons to be lost from closures are not postu-
lated because the gross fault-block organization was estab-
lished during Jurassic rifting. Water washing has also been
proposed as an alternative mechanism to explain the signifi-
cant underfilling of the traps in the study area (Newell,
1999), but data from George et al. (2004) suggest that this
model is unlikely to represent a first-order control on the de-
gree of current trap fill. Most published works (e.g., O’Brien
et al., 1996; Shuster et al., 1998; O’Brien et al., 1999; Gar-
trell and Lisk, 2005; Gartrell et al., 2006) consider the verti-
cal remigration of hydrocarbons along Tertiary reactivated
fault planes as the most likely explanation for trap breach.

Data and methodology
Data

Our study is based on the interpretation of 3D seismic-
survey and well data covering the Laminaria High and ex-
tending to the Nancar Trough (Figure 1). The structural and
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stratigraphic mapping relies on the interpretation of the
northern part of the Vulcan subbasin MC3D megasurvey
(Edwards et al., 2005), provided by PGS Exploration, Aus-
tralia. This data set is comprised of five separate surveys ac-
quired between 1995 and 1999, merged into an integrated 3D
migrated volume in 2000. The raw DMO stacks of each sur-
vey were merged and output as three volumes: a raw DMO
stack volume, a raw migration volume, and a final filtered mi-
gration volume with SEG negative polarity which is used in
this study. The 3D seismic data cover approximately 5600 km?
(~2160 miles?) over the Laminaria High, Nancar Trough, and
Londonderry High. The grid is oriented to the northeast,
with final symmetric bin spacing of 56 x 56 m (184 x 184 ft).
A representative cross section from the study area
shows that the Cenozoic carbonate section is characterized
by a high signal-to-noise ratio (S/N) (Figure 4). The high
S/N decreases in the Early Cretaceous—Late Jurassic sec-
tion as a result of the presence of low reflectivity at the top
of the reservoir (Smith et al., 1996). This reduction in S/N
has contributed to poor imaging of the top of the porosity
level and has adversely impacted accurate trap definition.
Eighteen closures have been drilled within the study
area, with a total of 40 vertical and deviated wells. They
provide standard petrophysical and lithological data used in
interpretation and static model building as well as samples
for the fluid-inclusion analyses used to assess basic charge
history of Late Jurassic reservoirs and paleoaccumulations.

Hydrocarbon charge history

Initial indications of hydrocarbon charge usually come
from conventional oil shows in the form of fluorescence and
mud-gas levels measured during drilling. The intensity of
these shows is often used to infer the presence of an intact
or residual oil column, but these shows can be degraded by
the drilling process — particularly in lightly explored ba-
sins where wells are often drilled overbalanced to counter
unexpected drilling kicks.

Conventional oil and gas shows can be combined with
unconventional oil and gas shows provided by oil-bearing
fluid inclusions to investigate hydrocarbon-fluid contacts
and to provide a more comprehensive evaluation of the
oil-charge history and oil-migration risks in petroleum
reservoirs (e.g., Karlsen et al., 1993; Lisk and Eadington,
1994; Isaksen et al., 1998; Lisk et al., 1998, 2001; Brincat
et al., 2001; Gartrell and Lisk, 2005; Brincat et al., 20006).

These unconventional oil-show methodologies rely on
detecting small samples of migrating hydrocarbons that be-
come entrained within the rocks and sealed as fluid inclu-
sions from the pore volume during cementation. Fluid in-

clusions are protected from contamination introduced while
drilling and are not affected by time or conditions of sample
storage, making them ideal for retrospective analysis.

Fluid inclusions are microscopic (commonly 2-50 um)
samples of paleopore-space fluids that form during burial
processes and are encapsulated within suitable host minerals.
Suitable host materials are commonly comprised of fractured
detrital quartz or feldspar grains, their authigenic over-
growths, or any pore-filling cement with a framework crystal
structure. Fluid inclusions can occur within time-specific dia-
genetic cements, usually once the reservoir temperatures ex-
ceed 80°-90°C or about 2200 m (e.g., Worden and Morad,
2000). Alternatively, inclusions may be trapped along healed
fractures within the detrital grains, formed throughout most
of the burial history. Fluid inclusions may contain varying
percentages of gas, oil, and water and may be thought of as
proxy sample points of pristine pore-space fluid at the time
the inclusion was sealed off from the pore network.

GOI™ technique

The grains with oil inclusions (GOI™) technique (Lisk
and Eadington, 1994; Eadington et al., 1996) is used to as-
sess the frequency of oil inclusions and to assess the level of
paleo-oil saturation (e.g., Lisk et al., 2001; Lisk et al., 2002;
Brincat et al., 2006). GOI numbers represent the percentage
of quartz and feldspar grains containing oil-bearing fluid in-
clusions in sandstone that are compared against an empiri-
cal database of GOI values from known oil fields to esti-
mate the maximum oil saturation of a reservoir through
time (Eadington et al., 1996; Lisk et al., 1998).

e GOI values less than 1% indicate samples that show no
evidence of high oil saturation.

e GOl values greater than 5% are used to infer attainment
of high oil saturation So (>30% or formation of an oil
column) at some time.

e The positions of paleo-oil/water contacts (paleo-OW-
Cs) are defined by a significant and sustained drop in
GOI values, typically to values of less than 1%.

Unlike conventional oil shows, oil trapped within fluid
inclusions is sealed from the pore network and is impervious
to changes in fluid type caused by leakage, water washing,
and gas flushing; the oil is not altered by contamination in-
troduced during drilling.

Limitation

The fluid-inclusion trapping process may be hindered
by circumstances other than reservoir quality. The presence
of ductile minerals such as glauconite can cushion the
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detrital quartz grains and hinder the ability of these grains
to fracture. This condition prevents oil inclusions from be-
ing trapped when these fractures are recemented by local
pressure solution effects. Glauconitic content greater than
5% will reduce the order-of-magnitude variation among the
samples that have always had low oil saturation and those
samples that had high oil saturation sometime in the past
(Lisk et al., 1996). Fracturing of quartz grains also relies on
depth, and this process appears to initiate at depths exceed-
ing 1000 m; so GOI samples taken from depths shallower
than 1000 m are more likely to produce a false negative and
therefore have lower confidence.

Coupled geomechanical deformation
and fluid-flow modeling

The FLAC3D (fast Lagrangian analysis of continua 3D)
finite-difference code is used in this study to simulate the in-
teractions between deformation and fluid flow in rocks
(Cundall and Board, 1988; Itasca, 2005). A brief description
is provided here; readers are referred to Itasca (2005), Ord
(1991), Ord and Oliver (1997), Strayer et al. (2001), and
McLellan et al. (2004) for detailed descriptions of the consti-
tutive laws governing deformation and fluid flow in the code.

In the simulations, rock materials and geometries (i.e.,
stratigraphic layers and fault zones) are represented by
hexahedral elements forming a 3D continuum mesh and are
simulated as Mohr-Coulomb isotropic elastic-plastic mate-
rials fully coupled with fluid flow (Cundall and Board,
1988; Itasca, 2005; see also Vermeer and de Borst [1984],
Ord [1991], and Strayer et al. [2001]). They behave accord-
ing to the Mohr-Coulomb isotropic elastic-plastic constitu-
tive law for mechanical deformation and Darcy’s law for
fluid flow in response to the applied boundary conditions.
As such, the modeled material deforms initially in an elastic
manner until the maximum shear stress reaches the yield
threshold magnitude 7; and then deforms plastically to large
irreversible strain after yielding. The Mohr-Coulomb yield-
ing criteria are described by

| 7l = C — 0, tang, (H

where 7; is the yield threshold shear stress, C is the cohe-
sion, oy, is the normal stress on an arbitrary plane in the ma-
terial, and ¢ is the friction angle.

The postyielding plastic strain is governed by a nonas-
sociated plastic-flow law with constant cohesion C, friction
¢, and dilation angles y (Vermeer and de Borst, 1984). Dur-
ing plastic shearing deformation, a Mohr-Coulomb material
may undergo positive volume strain (i.e., volume increase

or dilation) (Ord and Oliver, 1997). The dilatant potential of
the Mohr-Coulomb material for plastic deformation is char-
acterized by a positive dilation angle y. Additional param-
eters for the mechanical deformation include shear modulus
G, bulk modulus K, and tensile strength 7. These parame-
ters are kept constant during a simulation.

Fluid flow (single phase) is coupled with mechanical
deformation during a simulation and is governed by Dar-
cy’s law for an isotropic porous medium (Bear and Verruijt,
1987). It involves the permeability tensor k;; (in m?), fluid
viscosity u, pore-fluid pressure P, fluid density py,, acceler-
ation g, position of the sample points x; and y;, and elevation
z. The calculated Darcy fluid-flow velocities V;; are primar-
ily a function of gradients in pore-fluid pressures and varia-
tions in permeability, given by

Vij=—(kis/pt) 0/9x; (P — p,,g 2). @

Four main aspects characterize the interaction between
mechanical deformation and fluid flow. First, deformation-in-
duced volumetric strains or mechanical volume changes cause
fluid pore-pressure changes (e.g., a local dilation will lead to a
local pore-pressure decrease). Second, changes in fluid pore
pressure result in changes in the effective stress in modeled
rocks and hence affect material yielding (e.g., a local reduc-
tion in effective stress will facilitate plastic yield). Third, the
development of any topographic features resulting from bulk
deformation will lead to changes in fluid-flow patterns by af-
fecting pore pressure and/or head distribution. Fourth, me-
chanical deformation could lead to permeability enhancement
and hence change fluid-flow patterns (see ‘“Fault Permeability
Variation Scheme” and “Discussion,” following).

Limitation

The modeling methodology of this study relies on a
Mohr-Coulomb elastic-plastic constitutive law that incor-
porates a constant, small dilation angle. Thus, a fault sub-
jected to reactivation shearing will dilate constantly with
the accumulation of shear strain. Such behavior is reason-
able for the low-to-intermediate degrees of fault reactiva-
tion shearing, which is the case in our study. But it could
lead to overestimating dilation in highly sheared faults, on
which the development of dilatancy could diminish due to
fault-gouge development. Similarly, the simple permeabili-
ty enhancement scheme of this study only applies to faults
with low-to-intermediate degrees of reactivation and shear-
ing, where fracture-damage permeability enhancement
dominates (Caine et al., 1996), rather than to highly sheared
faults with well-developed fault-gouge materials.
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The outcome of the coupled modeling is highly depen-
dent on the applied boundary conditions. For our study, the
stress regime represents a regional estimate, constrained by
a paleostress inversion produced in the Timor Sea (Gartrell
and Lisk, 2005); the bulk extension is consistent with re-
gional knowledge (e.g., Longley et al., 2002; Gartrell and
Lisk, 2005; Gartrell et al., 2006). Although local variations
might occur, such conditions should reasonably capture the
Cenozoic tectonic regime. The initial pore-pressure condi-
tion used in the modeling is locally constrained by in situ
pressure data. However, it still represents a simplified sce-
nario, and this parameter can affect the local fluid flow and
the distribution of stresses and strains. The modeling of flu-
id flow is strongly dependent on the simplistic fault perme-
ability variation scheme proposed here. We acknowledge
that this approach does not take into account the full com-
plexity of the permeability distribution and the evolution in
a fault zone; however, we postulate that it can be used for
first-order qualitative tests of our proposed geologic model.

Seismic mapping

Fluid migration (including hydrocarbons) resulting
from upfault leakage will most likely affect the morphology
(e.g., Hovland and Judd, 1988; Hovland et al., 1994; Lig-
tenberg, 2005) and bulk proprieties of a rock body (Judd
et al., 1992) in or around fault zones and within adjacent
discharge sites. The various seismic attributes and mapping/
analysis techniques presented in the following sections
have been combined to image and characterize the remigra-
tion system from the Jurassic reservoirs to the overburden
or free surface in the study area.

Discharge sites

In the Timor Sea, hydrocarbon leakage defined on seis-
mic data has been inferred from hydrocarbon-related diage-
netic zones (HRDZs), which produce acoustic anomalies
and a pull-up effect following remigration of hydrocarbon in
shallow aquifers and the resulting cementation process (e.g.,
O’Brien and Woods, 1995; Cowley and O’Brien, 2000).
Specific environmental conditions needed to promote the
formation of HRDZs could explain the absence of HRDZs
in the study area; instead, buried thief zones and expulsion
sites fed by conductive structures are believed to represent
the main seismically mapped indications of vertical hydro-
carbon leakage (Figure 4). Local amplitude anomalies are
the most common seismic expression of such inferred dis-
charge sites. Bright spots are expected in porous sandstones
that are intercalated within the carbonate-dominated Tertia-
ry section that contains residual hydrocarbons as well as

shallow sediments presently containing gas (e.g., Heggland,
2005; Ligtenberg, 2005; Roberts et al., 2006; Rollet et al.,
2006; Halliday et al., 2008).

Authigenic carbonate hardgrounds and localized car-
bonate reef development, potentially resulting from hydro-
carbon leakage (e.g., Hovland et al., 1994; Bailey et al.,
2003; Roberts et al., 2006), can also produce restricted
zones of high-reflectivity seismic facies.

More than a dozen common attributes capture the vari-
ation of seismic reflectivity (e.g., reflection strength, rms
amplitude, true amplitude, energy), although most of them
are strongly correlated to one another and all display the
same basic information (Barnes, 2007). In this study, we
frequently use the energy attribute returning the squared
sum of the sample values in a specified time window. Spec-
tral decomposition has also been used to further quantify
the reflectivity in volumes of interest and to investigate fea-
tures that tune at a given frequency rather than at the domi-
nant frequency of the source wavelet. This practice allows
for a thorough assessment of the lateral variation of geo-
bodies (e.g., Partyka et al., 1999; Giroldi et al., 2005). Ad-
ditional attributes such as similarity, dominant frequency,
dip, azimuth, and curvature have also been used to discrimi-
nate discharge sites on the basis of their continuity, frequen-
cy content, and geometry.

Near-fault remigration pathways

Faults acting as conduits for fluids from Jurassic reser-
voirs might be associated with low-energy and chaotic near-
vertical seismic facies that are interpreted as hydrocarbon
chimneys (e.g., Ligtenberg, 2005).

In an attempt to further assess the distribution of ac-
tive remigration pathways in the study area, a meta-attri-
bute chimney cube (Meldahl et al., 2001; Aminzadeh
et al., 2002; Ligtenberg, 2003) has been computed. Stan-
dard 3D seismic data and a set of attributes capturing the
reflectivity, similarity, frequency, and dip of the seismic
signal are integrated with training data defined by the in-
terpreter and inferred to represent fault-related leakage
features. These data are then used to train a neural net-
work. Transparent and chaotic vertical seismic zones can
be caused by factors other than hydrocarbon migration, so
the chimney cube requires validation against additional
information such as discharge sites seen in seismic data
and coupled modeling outputs.

Limitation

An important factor limiting the seismic imaging of
leakage geobodies is the lack of well control. Indications of
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leakage presented here are not calibrated by wells; there-
fore, their interpretation relies on crosscorrelation with in-
dependent elements such as (1) estimation of the most likely
seismic response to changes of bulk proprieties caused by
hydrocarbon leakage, (2) the similarity with published and
well-documented seismic leakage indicators (e.g., Heg-
gland, 2005; Ligtenberg, 2005; Roberts et al., 2006; Rollet
et al., 2006; Halliday et al., 2008), and (3) the relationship
with the local structural network and the distribution of
breached or underfilled closures. Where hydrocarbon chim-
neys have been interpreted, away from the shadow effect of
faults and shoals, they are delimited by a main leaking fault
plane and antithetic and synthetic faults. This structural
framework could create some of the incoherency usually
associated with chimneys on seismic data. However, we es-
timate that this secondary faulting can also enhance the
structural permeability in the vicinity of the main fault
plane and trigger or sustain the development of a pathway
next to the plane.

Charge history and
fluid-inclusion data

The Laminaria and Corallina oil fields represent classic
fault-bounded closures (horst blocks) that contain the high-
ly productive Callovian reservoir sands. Their complicated
charge and retention history with evidence of larger paleo-
accumulations below the present-day oil column is typical
of the northern Bonaparte Basin.

The charge history of the Laminaria and Corallina
fields has been constrained by an integration of fluid-in-
clusion data with conventional oil shows and wireline log
data. The distribution of the current and paleohydrocar-
bon accumulations is used to calibrate the outcome of the
coupled geomechanical model. Fluid-inclusion results
from additional exploration wells over the Laminaria
High and Nancar Trough (de Ruig et al., 2000; Gartrell
et al., 2006) are also summarized to augment the distribu-
tion of breached structures. All depths given are in true
vertical depth measured from a datum of mean sea level
(TVDSS).

GOl results from the Laminaria oil field

GOl results across three wells and from 31 samples are
integrated to constrain the oil-charge history of the Lami-
naria field (Figure 5). The Laminaria-2 well is located in
the eastern part of the Laminaria field (Figure 2). The top
of the reservoir is at 3177 m (10,421 ft), and the current

free-water level (FWL) is at 3286 m (10,778 ft). High GOI
values between 7.0% and 20.2%, consistent with high oil
saturation and a paleo-oil column, are recorded down to
3297 m (10,814 ft). An anomalous sample (GOI val-
ue =0.1%) at 3254 m (10,673 ft) correlates with a lower-
quality reservoir and may represent a small zone of low-
ered paleo-oil saturation within an otherwise continuous
zone of high paleo-oil saturation. The sharp drop to low
GOI values recorded in all samples from below 3308 m
(10,850 ft) (0.0%-0.1%) is interpreted to represent the
crossing of a paleo-OWC, defining an 11-22-m (36-72-ft)
residual oil column. The intermediate GOI value (2.2%)
recorded in the uppermost sample corresponds to a shale-
prone section, and the smaller GOI value probably reflects
reduced reservoir properties that would have resulted in
lower oil saturation.

The Laminaria-4 well is located in the northern part of
the Laminaria field (Figure 2). The top of the reservoir is at
3278 m (10,752 ft), and the current FWL is at 3282 m
(10,765 ft). High GOI values between 9.0% and 56.4%,
consistent with high oil saturation and a paleo-oil column,
are recorded down to 3294 m (10,804 ft). The drop in GOI
values below this point (<0.1% and 1.3%) is interpreted to
represent the crossing of a paleo-OWC and constraint to a
9-12-m (30-39-ft) residual oil column. Samples near the
top of the reservoir show a low-to-intermediate GOI value
(<0.1% and 2.2%), consistent with low paleo-oil saturation.
Measured permeability (5 and 87 md) is much lower than
the typical reservoir value (>500 md; Woodside Offshore
Petroleum Pty. Ltd., personal communication, 1997); as
such, this zone may be associated with high capillary entry
pressures, which reduced paleo-oil saturation.

The Laminaria East-1 well is located in the eastern
part of the Laminaria field. The top of the reservoir is at
3262 m (10,699 ft), and the current FWL is at 3295 m
(10,808 ft). Two core samples between 3280 and 3286 m
(10,758 and 10,780 ft) have GOI values of 9.2% and 6.2%,
consistent with high oil saturation and the presence of pa-
leo-oil down to at least 3286 m (10,780 ft). Low GOI val-
ues were not obtained below this depth, so the position of
the paleo-OWC is not constrained in this well. Two core
samples taken near the top of the reservoir have GOI val-
ues of 0.5% and 0.1%, respectively, which is consistent
with a zone of low oil saturation. Both of these samples
have significantly lower permeability (0.1 and 51 md) than
the samples below (572 and 900 md); therefore, the low
GOI values equate with a zone of reduced oil saturation
due to poor reservoir quality. The slight variation in FWL
across the Laminaria field is related to the hydraulic head
distribution in the underlying aquifer (Underschultz,
2005).
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Figure 5. Laminaria field and Laminaria North structure, sample location, and GOI results for Laminaria-2, Laminaria-4, Lami-
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to, FWL = free water level. See Figure 2 for well locations.

The Laminaria North-1 well is located north of the
Laminaria field on the adjacent fault block (Figure 2). The
reservoir section is currently dry. Cuttings samples be-
tween 3353 and 3358 m (10,998 and 11,014 ft) and be-
tween 3383 and 3388 m (11,096 and 11,113 ft) have GOI
values of 5.2% and 16.2%, respectively, consistent with
high oil saturation and the presence of a paleo-oil column
that extends down to the total depth (TD) of the well. This
suggests the loss of at least 30 m (98 ft) of hydrocarbon
column.

GOl results from the Corallina oil field

GOl results taken from two wells and involving 20
samples have been integrated to constrain the oil-charge
history of the Corallina field (Figure 6).

The Corallina-1 well is located in the central part of the
Corallina field (Figure 2) and contains an oil column with an

FWL at 3210 m (10,529 ft). Five new samples have been tak-
en to better constrain the position of the paleo-hydrocarbon
contacts previously defined by Dutkiewicz and Eadington
(1997). High GOI values above the 5% threshold and con-
sistent with the attainment of high oil saturation and a pa-
leo-oil column are defined between the top of the reservoir
at 3140 m (10,299 ft) and 3260 m (10,693 ft). Two of the
samples from this interval contain lower GOI values (0.1%
and 3%) and indicate zones of reduced paleo-oil saturation
within the paleo-oil column. The drop in GOI values below
3260 m (10,693 ft) is interpreted to represent the crossing
of a paleo-OWC, and a 50-55-m (164-180-ft) residual oil
column is inferred. Deeper samples at 3265 m (10,709 ft)
have low GOI values between 0.2% and 0.5% and are con-
sistent with low oil saturation and a paleowater zone.

The Corallina-2 well is located in the northern part of
the Corallina field (Figure 2) and contains an oil column
with an FWL at 3210 m (10,529 ft). Samples from the top of
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the reservoir down to 3287 m (10,781 ft) have high GOI val-
ues (7.8%—21%), consistent with high oil saturation and the
presence of a paleo-oil column. The drop in GOI values be-
low 3287 m (10,781 ft) is interpreted to represent the cross-
ing of a paleo-OWC and the presence of a paleowater zone.
The paleo-OWC represents a 72—-82-m (236—269-ft) residu-
al oil column.

Charge reconstruction summary

The GOI data for the Laminaria and Corallina fields are
congsistent with the presence of a paleo-oil column below
the current OWCs. Across the Laminaria field, GOI results
from Laminaria-2 and -4 suggest a 9-22-m (30-72-ft)
paleo-oil column in the Laminaria field below the present-
day FWL. The GOI data also indicate that the block to the
north of the Laminaria field was initially charged, with the
currently dry Laminaria North-1 well containing a paleo-oil
column. In the Corallina field, the GOI data define a paleo-
oil column below the current approximately 77-m (~253-ft)

NW SE
Corallina Alaria-1 Laminaria East-1
12 4 2 ‘(projecled)

Laminaria North-1

I Oil column
[ Paleo-oil column

Figure 7. Schematic cross section across the Laminaria High
and distribution to present-day and P-OWC contacts.

Table 1. Laminaria High and Nancar Trough exploration
well results.

Prospect Charge

Alaria Dry with paleo-oil column, breached or off
structure

Bogong | Dry with paleo-oil column, breached

Buang Dry with paleo-oil column, breached

Buffalo | 50-m (164-ft) oil column with paleo-oil column

Buller 27-m (89-ft) oil column with paleo-oil column

Capung | Dry with oil shows, breached

Claudea | Dry with no hydrocarbon shows, lack of charge

Jahal 30-m (100-ft) oil column with paleo-oil column

Vidalia | Dry with small paleo-oil column (gas/oil inter-
face), breached

oil column (de Ruig et al., 2000) of between about 50 and
82 m (164 and 269 ft).

The low GOI values recorded at the top of the reservoir
in the Laminaria field and in Laminaria North-1 most likely
reflect the effect of poor reservoir quality, causing lowered
oil saturation. Alternatively, the values could imply that a
small paleogas cap overlies the paleo-oil zones. Similar low
GOl values are recorded in the uppermost samples from the
Alaria-1 paleo-oil zone located northwest of the Laminaria
field and southwest of the Corallina field.

These observations, together with other GOI results
from wells across the northern Bonaparte Basin (i.e., Brin-
cat et al., 2001), suggest that the original oil charge was
more extensive than is represented by the current oil col-
umns and that fields such as the Laminaria and Corallina
initially were filled to a deeper level than presently recorded
by the reservoir crude oil (Figure 7; George et al., 2004).
Additional fluid-inclusion data from the Laminaria High
and the Nancar Trough (Table 1) show evidence for paleo-
oil columns below present accumulations in other oil fields
(Buffalo, Jahal) and paleo-oil columns in several dry struc-
tures (e.g., Brincat et al., 2004; Gartrell et al., 2006).
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The paleo-OWCs in the west of the Corallina and Lam-
inaria fields (Corallina-1 and Laminaria-4 wells) are shal-
lower than the easterly wells (Corallina-2 and Laminaria-2).
This variation may indicate some degree of general easterly
tilt after the original charge, as observed on the Griffin field
in the northern Carnarvon Basin (Brincat et al., 20006).
However, postcharge tilting does not appear to represent a
major contributor to oil loss because the structures are not
currently filled to spill. For tilting and lateral remigration to
be the sole reason for oil loss, then, we would expect that
the fields would be at spill point today.

Coupled numerical modeling

We constructed a coupled deformation and fluid-flow
model for the Laminaria and Corallina fields to assess post-
reactivation strain distribution and to address the impact on
the retention of hydrocarbons.

Model architecture and properties

To build a coherent 3D mesh, some simplifications of
the stratigraphic and structural architecture were required.
The 3D model for the 50 x 25 x 10-km (31 x 15.5 X 6.2-
mile) Laminaria-Corallina area contains nine main faults
(Figure 8), mapped as continuous fault surfaces; several sub-
sidiary faults were ignored. Although the base of all of the
faults is located at the 5-km (3.1-mile) depth level through-
out the model, the upper fault-tip elevations are variable, as
determined from the shallowest part of each fault from the
seismic interpretation (Figure 4). The fault dip varies from
45° to 65° in accordance with depth-converted structural in-
terpretation. The top-reservoir and top-seal horizons were
filtered to remove local sharp geometric spikes.

The stratigraphic framework of the model has been sim-
plified to reflect the broad configuration of mechanical lay-

ers in the area. This framework consists of four rock units
(Table 2): (1) a top carbonate layer, (2) a middle shale layer
acting as the regional seal, (3) a sandstone unit including the
reservoir, and (4) a relatively weak basal rock unit incorpo-
rated to reduce the edge effects when faults reach the model
base. The thicknesses of these units are variable and are de-
fined from the seismic data interpretation (Figure 3).

Each rock unit is assigned with specific mechanical and
fluid-flow properties (Table 2), based on data from litera-
ture or rock-property data for the region (CSIRO unpub-
lished data, 2007).

Faults are represented by narrow zones with predefor-
mation permeability identical to the host rocks (Table 2)
and with low strength. In this study, we adopt a simple ap-
proach to allow fault permeability to change with shear
strain (see “Fault-Permeability Variation Scheme” below
for details). During the deformation of the model, dilation
and shearing deformation develop as a result of incorporat-
ing small positive dilation angles (Table 2) that are kept

Corallina-1

Figure 8. Geometry of the 3D numerical model. The upper
shale and carbonate layers are omitted to illustrate fault geom-
etries. The extension direction is given by the thick black ar-
rows arrows. Fault numbers are also shown.

Table 2. Initial material properties of the 3D Laminaria High numerical model.

Model unit | Density | Young’s | Poisson’s | Cohesion Tensile | Permeability | Porosity | Friction | Dilation

(kg/m*®) | modulus | ratio (MPa) strength (m?) (%) angle (°) | angle (°)
(GPa) (MPa)

Carbonate 2500 40 0.20 17.50 8.75 5% 1075 0.30 30 2

Shale 2400 2 0.35 2.75 1.38 1x107" 0.15 22 2

Sandstone 2450 25 0.25 15.00 7.50 Ix107 0.18 30 2

Basal unit 2550 2 0.20 2.00 1.00 I1x10™" 0.05 20 0

Faults 2300 1 0.15 1.00 0.50 Various 0.20 15 3
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constant throughout simulation. We consider this assump-
tion reasonable because of the small regional deformation
of the model (1.5% bulk extension).

Boundary conditions

The Tertiary reactivation in the Timor Sea was domi-
nated by an extensional stress regime with approximately
normal reactivation of rift faults (Gartrell and Lisk, 2005;
Gartrell et al., 2006). We simulate an approximation of this
regime in the model by applying constant extensional dis-
placement rates normal to the north and south edges. The
maximum bulk extensional strain for the model aimed to
achieve is approximately 1.5%.

The initial condition for formation-water pore pres-
sure in the model is derived from local in situ pressure
data from the Laminaria High area (Figure 9). A hydro-
static fluid-pressure gradient (0.433 psi/ft or 9.81 kPa/m)
is set between the seafloor and the top seal (top of the
shale layer). Based on a characteristic hydraulic head of
approximately 70 m (239 ft) for the top of the Laminaria
Formation or the base of the shale for the study area, a ver-
tical pressure gradient within the shale of 0.466 psi/ft or
10.57 kPa/m is defined. For the sandstone layer, we use
a slightly overpressured gradient (0.439 psi/ft or 9.95
kPa/m). These initial pore-pressure conditions define a
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0 . . . . . . . . . . -
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Figure 9. Initial pressure condition for the numerical model.
(a) Pore-pressure gradient (heavy solid black line) and hy-
draulic head (broken black line) used in the numerical model;
the hydrostatic pore pressure (broken gray line) and lithostatic
gradient (thin solid line) are also plotted for reference. The
model gradient represents a slightly overpressured system in
the rocks below the carbonate unit. (b) Stratigraphic units
used in the numerical model.

vertical hydraulic-head gradient across the shale that re-
sults in upward vertical flow.

Additional boundary conditions include a free-surface
condition for the model top, a fixed-model base in the verti-
cal direction (but free movement in the horizontal direc-
tion), and fixed-model east and west edges in the east—west
direction (free movement in the north-south extensional
direction). These boundary conditions are similar to those
used by Zhang et al. (2009).

Postreactivation throw and strains

All faults included in the model were activated and ac-
cumulated new displacement during the deformation. This
outcome is consistent with regional seismic interpretations
that all faults are reactivated to some degree (Gartrell and
Lisk, 2005; Gartrell et al., 2006). The postdeformation
throw distribution from the model is also regionally consis-
tent with the displacement profiles observed on seismic
data (Figure 10). This consistency suggests that the model-
ing run is able to reasonably simulate deformation distribu-
tion and strain portioning among the major faults across the
study area. Shear and volumetric strains are computed and
plotted after 1.5% bulk extension (Figure 11). Their gross
distributions are similar, with higher dilatational and con-
tractional volumetric strains associated with fault segments
that exhibit the greatest shear strains. The volumetric strain
distribution at the top reservoir level shows dilation (val-
ues > 0) in the fault zones coupled with areas of contraction
(values < 0) in the hanging-wall blocks (Figure 11c). These
patterns suggest that fault zones are predominantly dilata-
tional during extensional reactivation, but contractional
zones can develop within the hanging-wall blocks of faults
as a result of normal fault movement and rotation.

Shear strain is primarily localized on larger faults, but
the lateral distribution is clearly heterogeneous along indi-
vidual fault planes (Figure 11b). The large faults (F1, F4,
and F5 in Figure 11) delimiting the Laminaria and Corallina
oil fields accommodated most of the postrift extensional re-
activation and associated shear strain. More importantly,
they also exhibit sharp and significant shear-strain variations
along strike, especially where fault tips overlap. This pro-
cess creates shielded areas, with low shear-strain values that
correlate with the location of the two oil fields (Figure 11a
and 11b).

The Laminaria field is delimited to the north by the
north-dipping fault F5 that exhibits a rapid drop of shear
strain values at its western tip where it overlaps with faults
F4 and F6 (Figure 11a). To the south, the present-day field
is delimited by a splay branch connected with F4 that was
not initially incorporated into the numerical model. How-
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Figure 10. Plots of fault throw at the top of the reservoir (ver-
tical components of displacement along faults) versus distance
(along fault-strike length). (a) Throw output of the deforma-
tion numerical modeling. (b) Throw interpreted from 3D seis-
mic over the Laminaria High.

ever, the splay is regarded as a low-strain structure because
of the extensive deformation accommodated by the F4
splay as well as the behavior of the neighboring fault F11
that has roughly similar size and geometry as the splay and
displays low shear and volumetric strains.

The eastern part of fault F1 also exhibits a sharp drop of
shear strain where it overlaps with the central part of faults
F2 and F10 (Figure 11a and 11b). This drop correlates with
the location of the present-day Corallina field. A locus of
high shear-strain values is located on F1 directly west of the
Corallina field; it develops over a jog forming a connection
zone between two rift-fault segments. A similar process is
also visible on F4 and F7, where relatively high shear-strain
values correlate with fault corrugations.

B TR T T T T R .
e&\_:&\e AW P TETRNSK CorlinaFes =
—— s

'~ A AN
o — S

¥

Figure 11. Correlation of oilfield architecture and numerical
model results after 1.5% bulk extension. (a) Structural frame-
work at the Late Jurassic top-of-reservoir level. (b) Shear-
strain distribution at the top sandstone level (reservoir) in plan
view. (c) Volumetric strain patterns at the top-of-sandstone
level (reservoir) in plan view. (d) Fluid-flow-rate distribution
and schematic flow vectors (white arrows) in plan view.

(e) Fluid-flow-velocity distribution on a south—north cross
section. Located on Figure 11d.

Fault-permeability variation scheme

Prior to deformation in the model, the continuous fault
zones have permeabilities identical to those of their host
rocks, allowing cross-fault migration at points of juxtaposi-
tion but preventing upfault leakage across the top seal.

Based on findings from generic models (Zhang et al.,
2009), leakage mechanisms inferred from regional studies
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(Smith et al., 1996; de Ruig et al., 2000; Gartrell et al., 2006,
Ciftci and Langhi, 2012) and based on the observed correla-
tions between computed shear strain and preserved hydrocar-
bon accumulations on the Laminaria High (see ‘“Postreacti-
vation Throw and Strain” and “Discussion”), we have
incorporated a fault-permeability variation scheme for the
fluid-flow modeling in which fault permeability increases
with accumulation of shear strain (approximately reflecting
shear-induced dilation and permeability enhancement). Fol-
lowing reactivation, the maximum fault permeability with
shear strain or shear failure in respective host rocks is
2.0x 10 m? (2.15 x 107" ft> or 2.03 x 1072d) in carbonate;
1.0x 1075 m? (1.07 x 107" ft? or 1.01 x 1073d) in shale; and
no change in sandstone and soft basal unit (still 1.0 x 104 m?
[1.07 x 107" ft* or 1.01 x 1072d] and 1.0 x 107" m? [1.07 x
10777 £t2 or 1.01 x 107'd], respectively; permeability is in m?
with the relationship 1 d =9.8697 x 107"* m*[1 d = 1.0624 x
107'° £t*]). This simplistic relationship captures the increase
of structural permeability with initial shearing accumulation
along faults, in turn leading to the improved connectivity of
the fault/fracture networks through the top seal (de Ruig
et al., 2000; Gartrell et al., 2006; Ciftci and Langhi, 2010,
2012).

The approximation is reasonable for a model with rela-
tively small bulk extension (i.e., corresponding to an early
phase of fault reactivation). It is consistent with the general
expectation that low-permeability rocks would initially ex-
perience permeability increase when involved in shearing
deformation (e.g., shearing fractured shale) and is also con-
sistent with the experimental results of Zhang and Cox
(2000), showing permeability enhancement in a synthetic
mud with shearing deformation. Permeability reduction in
fault zones is possible at a later faulting or high shearing
stage with the development of fine-grained fault gouge.

Fluid-flow pattern

Following the fault-permeability variation scheme, the
modeled fluid flux within the reservoir after 1.5% exten-
sion is greatest in the vicinity of high-strain fault segments
(Figure 11d). Flow vectors usually are directed perpendic-
ularly toward fault strike from footwall and hanging-wall
blocks. At the proximity of a fault’s end, lateral fluid con-
vergence toward fault tips is usually observed. As reported
from generic numerical models with simple fault geome-
tries and similar gross mechanical stratigraphy to the pres-
ent model (Zhang et al., 2009), higher regional vertical
fluid flux is associated with larger faults as a result of
greater shear and dilatational strain and permeability en-
hancement. However, fluid flux along faults is inhomoge-
neous, with greater flux through fault segments accommo-

dating more shear and volumetric strains. Upward flow is
modeled within faults and host rocks (Figure 11e) due to
the pore-pressure gradient used as a boundary condition,
with slightly higher pore-pressure gradient in the reservoir
rocks below the shale section. However, upward fluid mi-
gration through the shale is predominantly through faults
— in particular, the large faults. Fluid flow in the sandstone
unit (reservoir rocks) shows a clear pattern of convergence
toward the faults.

Seismic expression of leakage
and discharge sites

Fluid remigration from the Jurassic reservoir is investi-
gated over the Laminaria and Corallina fields to calibrate
the coupled geomechanical model and the relationship link-
ing reactivation shear strain and enhanced structural perme-
ability.

Blind discharge sites (buried thief zones), expulsion
sites at paleo- or (near) the present-day seafloor, and hydro-
carbon chimneys are inferred from seismic interpretations
and are constrained with lithology reported from wells and
regional structural history. The recognition of these seismic
facies, assessment of their 3D distribution, and spatial rela-
tionship to the structural elements are calibrated against the
charge history from the fluid-inclusion data and the existing
trap integrity models to better constrain and predict the re-
gional remigration system.

Distribution of leakage indicators

Three distinct stratigraphic levels (near seabed, base of
the Barracouta Formation, and the Oliver Sandstone; see
Figures 3 and 4) display seismic anomalies that are spatially
associated with the structural network, suggesting a relation-
ship between upfault fluid migration and discharge into bur-
ied thief zones or through loss at the free surface (Figure 4).
In addition, two further levels (i.e., Late Miocene uncon-
formity and Grebe Sandstone) present sporadic seismic
anomalies (Figure 4); however, these are considered minor
and are not discussed here.

Interpreted near-present-day seabed
expulsion sites

Seismic bright spots at the seabed have long been rec-
ognized in the North Sea and the Gulf of Mexico, where
they are related to petroleum remigration and seepage pro-
moting production of authigenic carbonate (Hovland
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et al., 1985; Dando et al., 1991; Roberts et al., 2006). Sim-
ilar facies have been reported from the Yampi Shelf (about
300 km south-southwest of the Laminaria High; Figure 1)
and are also inferred to be associated with expulsion of
hydrocarbons (Cowley and O’Brien, 2000; Rollet et al.,
2006). In the subject area, this relationship is further
strengthened by the observation of free gas plumes seen in
the water column on echo sounder data (Rollet et al.,
2006). Reflectivity extractions derived from spectral de-
composition amplitude horizon slices (Partyka et al.,
1999; Giroldi et al., 2005) over the Laminaria and Coral-
lina fields show that the reflectivity distribution of the
near-seabed reflectors is clearly heterogeneous and is
tightly controlled by the structural network (Langhi, 2009;
Figure 12). We interpret these bright spots to be indica-
tions of hydrocarbon remigration from the reservoir, based
on the distribution and the similarity with previously re-
ported seafloor bright spots (Hovland et al., 1985; Dando
etal., 1991; Roberts et al., 2006).

The downdip side of the present-day Laminaria field is
bounded by a fault splay branch that connects laterally
with fault F4 (Figure 2). Based on the paleo-OWC defini-
tion from the fluid inclusion data, the Laminaria paleofield
extended farther to the east and was likely initially delim-
ited by F4. Vertically, F4 is connected with a series of
right-stepping en echelon faults that propagate through the
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Figure 12. Reflectivity at seabed above the Laminaria and
Corallina fields. (a) Extraction from spectral decomposition
amplitude horizon slices at 30 Hz for the seabed. (b) Struc-
tural framework at the Late Jurassic reservoir level. The sea-
bed bright spots are controlled by the structural network and
interpreted as indications of hydrocarbon remigration from
the reservoir.

Cenozoic up to the sediment-water interface, where it cor-
responds to the location of seafloor bright spots in the vi-
cinity of the Laminaria field (Figure 12). In addition to re-
cording paleoleakage, this observation could indicate
present-day fluid leakage associated with the high reactiva-
tion shear strain currently acting on fault F4 (Figures 4, 11,
and 12).

The seafloor reflectivity along F5, bounding the crest-
al side of the Laminaria field, is more difficult to ascertain
because of the presence of a large carbonate shoal that ob-
scures and degrades the seismic signal below (Figure 12).
However, the western en echelon Cenozoic segments of
F5 appear to display slightly less reflectivity compared to
the background (Figure 12). This decrease in reflectivity
could indicate more restricted fluid migration at the west-
ern end of the fault plane, where reactivation shear strain
drops off. A carbonate shoal is delimited by the eastern
part of F5 that connects downdip with the Jurassic seg-
ment bounding the underlying dry Capung structure; the
segment has high reactivation shear-strain values and
from fluid-inclusion data shows evidence of a paleo-oil
column.

Seafloor bright spots west and east of the Corallina
field along fault F1 (the north-bounding fault of the field;
Figure 12) suggest a lateral variation of structural permea-
bility along the structure that correlates with a decrease of
strain distribution where F1 overlaps with F2 and F10. A
moderate reflectivity anomaly is present along the Cenozo-
ic segments of F3 that delimits the dry but previously
charged (Dutkiewicz et al., 1997) Buang structure (Figure
12). This anomaly correlates with a local increase in mod-
eled reactivation shear strain (Figure 11).

Seafloor bright spots are also associated with the Vida-
lia structure (Figure 12). However, unlike the pattern ob-
served above the Corallina discovery, the reflectivity does
not grow dim above the closure but increases in intensity,
forming a strong anomaly that follows the trend of the
main bounding faults. This anomaly suggests extensive up-
fault remigration from the Vidalia closure (dry with proba-
ble indication of paleo-oil column; Brincat and Eadington,
1998).

Interpreted Miocene-Pliocene
expulsion sites

Seismic anomalies that locally recorded the main pulse
of deformation due to fault reactivation are present at the
Miocene-Pliocene interface (base of Barracouta Forma-
tion; see Figures 3 and 4) (Langhi et al., 2011). These anom-
alies constitute seismic facies with high reflectivity and
high signal coherency and are interpreted as authigenic
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carbonate hardgrounds and/or buildups aligned along con-
ductive fault planes. It has been proposed (Hovland et al.,
1994; O’Brien et al., 2002; Bailey et al., 2003; Rollet et al.,
2006) that coral reef growth might be linked with escaped
hydrocarbon or gas hydrates acting as a nutrient source.
The Miocene-Pliocene anomalies have been recognized
mostly over the Laminaria High (Figure 13), although the
development of modern carbonate shoals in the vicinity of
the present-day shelf edge creates velocity artifacts in the
subsurface. Stratigraphic features (e.g., channels, fans) that
impact the coherence of the seismic data can also obscure
or disrupt the seepage pattern locally (Figure 13).
Localized anomalies are associated with the eastern part
of fault F4 that bounded the downdip side of the Laminaria
paleofield, and the anomalies experience high shear strain in
the model (Figure 11; @ in Figure 13). No significant anom-
aly is associated with the western end of F5, supporting the
assumption that this fault segment has not leaked due to low-
er shear-strain accommodation (Figure 13). West of the
Laminaria field, an anomaly is located along the Cenozoic

segment of fault F4 (@ in Figure 13) and again correlates
with high shear strain in the model (Figure 11).

Widespread scattered amplitude anomalies are present
over the Corallina field (® in Figure 13) and expand east
and west, following the trend of the reservoir-bounding
faults (F1 and F2; Figure 13). The detailed 3D morphology,
internal pattern, and seismic signature suggest that this fa-
cies represents constructed carbonate platforms (Figures 14
and 15) that develop in response to the first hydrocarbon
seepage at the time of initial fault reactivation. At the Mio-
cene-Pliocene interface, anomalies are present along the
western part of F1, following the pattern observed on the
seafloor and suggesting local enhancement of structural
permeability (® in Figure 13). However, seismic facies
with high reflectivity and coherency are also distributed at
the location of the present-day field (® in Figure 13), sug-
gesting at least some episodic fluid migration at that loca-
tion. Fluid migration along the low reactivation shear-strain
fault F2 cannot be precluded based on the Miocene-Plio-
cene anomalies’ distribution.
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Figure 13. Average reflection strength over a 30-ms window 20 ms above the Miocene-Pliocene boundary, showing amplitude
anomalies interpreted as authigenic carbonate hardgrounds and/or buildups aligned along conductive fault planes. See text for

reference to numbers @-®.
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strength map extracted 20 ms above
the Miocene-Pliocene boundary in
the vicinity of the Corallina field,
showing the detailed morphology
of amplitude anomalies interpreted
as constructed carbonate platforms
developing in response to hydro-
carbon seepage at the time of initial
fault reactivation.
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Figure 15. Comparison between Miocene-Pliocene morphology and present-day example of a constructed carbonate platform.
(a-c) Details of the reflection strength map, located on Figure 14. (e-f) Satellite images of the coastline in the Exmouth Gulf,

Western Australia.

A large anomaly is located to the east of the Corallina
field and north of the Laminaria field (® in Figure 13). It is
well delimited to the north by the main fault segment form-
ing the eastern end of F1 (low modeled shear-strain fault
segment east of the Corallina field, Figure 11). To the south,

the anomaly is bounded by another Cenozoic overlapping
fault segment, forming a local relay zone (Figure 13). The
base of the Barracouta Formation seismic signature for the
completely breached Buang and Capung traps varies from a
diffuse anomaly feeding the overlying shoal near Capung-1
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(® in Figure 13) and a restricted local reflectivity anomaly
above Buang-1 (@ in Figure 13).

Over the Vidalia-Claudea trend, the seismic signature
evolves with the high-energy and coherent facies, well
developed over the Vidalia structure (® in Figure 13) but
growing dim over the Claudea structure. This variation
might not relate to lateral variation of fault permeability
but rather to the lack of charge, as highlighted by fluid
inclusion data (Vidalia-1 records a small paleo-oil col-
umn, but Claudea-1 does not).

Oliver basal member discharge site

In the Timor Sea, rising sea level during the Early
Miocene inundated the shelf but was punctuated by inter-
vening periods of lowstand that allowed the deposition of
the Oliver basal sandstone member overlying the Eocene
carbonates (Pattillo and Nicholls, 1990; see Figures 3 and
4). The distribution of this sandstone can be locally re-
stricted due to sediment bypass and reduction of sediment
supply. On the Laminaria High, the sandstone member is

804000 808000 812000 816000 820000
1 1 1 1

only found south and east of the Laminaria field; the wells
to the north and east commonly show a friable calcarenite,
equivalent to the sandstone member at the base of the
Oliver Formation. Stronger and broader reflections typi-
cally controlled by the structural network are present
within the Oliver basal member and are interpreted as
indications of upfault fluid migration and charging of this
porous formation laterally (Figure 16). Amplitude and
sweetness (instantaneous amplitude divided by the square
root of the instantaneous frequency) are used to assess the
distribution of these anomalies.

A series of strong anomalies, located east of the
Laminaria field, correlates with the part of fault F4 that
delimited the Laminaria paleofield (® in Figures 16 and
17). These anomalies, associated with a local increase in
reactivational shear strain (Figure 11) on that fault seg-
ment (Figure 17b), suggest a local improvement of struc-
tural permeability and discharge of hydrocarbon within
the sandstone forming the Oliver basal member east of
the Laminaria field (e.g., Laminaria East-1; BHP, 1996).
This anomaly continues to the east, where it is related to

824000 828000 832000 836000 840000 844000
1 1 1 1 1 1

8828000 8832000 8836000

8824000

8820000

8816000

Figure 16. Sweetness map in the Oliver basal member over the study area. The bright spots might indicate fluids migrating up-
fault and charging the porous formation laterally. See text for reference to numbers @-®.
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Figure 17. Inferred leakage indica- a)
tors in the Oliver basal member. 2 T s
(a) Laminaria top reservoir and Lam- - SRy

inaria paleofield bounding faults.
(b) A 3D detail of the shear-strain 3
distribution at the eastern end of
fault F4. (c) Sweetness map in the
Oliver basal member, showing the
inferred discharge site within the
thief zone.
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the segment of fault F5 that delimits the breached Ca-
pung structure (@ in Figure 16).

Discontinuous anomalies are present along the structures
that delimit the Corallina field (fault F1, Figure 16). West of
the present-day field, a series of anomalies correlates with the
distribution of high reactivation strain (Figure 11; ® in Figure
16). Amplitude and sweetness values grow dim over the pres-
ent-day oil accumulation where F1 overlaps F2 and accom-
modates less reactivation strain (Figure 11; @ in Figure 16).
East of the field, anomalies are also visible between two
south-dipping synthetic faults, suggesting the presence of an
enhanced fluid conduit (® in Figure 16). The overall pattern
of anomalies mimics the distribution of the reflectivity on the
seabed (Figure 12), with a pocket of relatively low anomalies
delimiting the present-day Corallina field.

The reflectivity and sweetness patterns over the Vida-
lia-Claudea structural trend evolve from west to east, with
positive anomalies clustering above the breached Vidalia-1
trap (® in Figure 16). These observations suggest extensive

i
.

Inferred discharge in
Oliver basal member
e

upfault remigration from this closure and average values
over the dry (uncharged) Claudea structure.

Interpreted hydrocarbon chimneys

The low-coherency and low-energy near-vertical facies
over the Jurassic reservoir horizon typically are associated
with faults in the study area, and no clear indication of hy-
drocarbon chimneys originating directly from the top seal
(i.e., away from fault) is observed. However, the recogni-
tion of chimneys in the vicinity of faults is often ambiguous
because of the presence of fault shadows (Figure 18), shoal
shadows, antithetic and synthetic faults, and discontinuous
seismic facies associated with the fault zone itself.

A few chimney examples are inferred near the Lami-
naria and Corallina fields; they represent typical low-coher-
ency and low-energy near-vertical facies located in the
hanging-wall compartment (not subject to fault-shadowing
effect) and not below a shallow shoal. A restricted chimney
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@)

Figure 18. Example of fault shadow creating low-coherency
and low-energy near-vertical facies, associated with an in-
ferred chimney in the Nancar trough.

is interpreted as originating from the bend on fault F1
bounding the Corallina paleofield. It represents an approxi-
mately 3.5-km-long (~2.2-mile-long) geobody that fully
develops where F1 intercepts the base of the Tertiary lime-
stone and extends to the base of the Pliocene (Figure 19b
and 19¢). However, this geobody is delimited to the north
by a small antithetic fault to F1 that could be partly respon-
sible for the chaotic facies.

A chimney is also interpreted at the bend on fault F4,
south of the Laminaria present-day field (Figure 19a and
19¢). The geobody is restricted to the part of F4 that once
bounded the Laminaria paleofield. It is located on the hang-
ing-wall compartment and is delimited to the south by a
series of antithetic faults. Although low-coherency and
low-energy facies are present in the Cretaceous section, the
interpreted chimney seems to develop fully at the base of
the Tertiary limestone and extend to at least the base of the
Pliocene.

The northern-bounding fault of the Vidalia structure
presents the same type of chaotic and low-amplitude facies

on the hanging-wall compartment, especially within the
Tertiary section. Similar to the Laminaria and Corallina in-
ferred chimneys, the geobody above the breached Vidalia
closure is associated with a series of antithetic and synthetic
structures to the main fault.

Discussion

Strain distribution and hydrocarbon leakage

The fluid-inclusion data from the Laminaria High
clearly indicate the presence of paleo-oil accumulations be-
low the Laminaria and Corallina fields, suggesting that both
traps initially were filled beyond the current contacts. Al-
though intense Tertiary reactivation of the Jurassic reservoir
faults is the favored mechanism for hydrocarbon remigra-
tion (e.g., Shuster et al., 1998; O’Brien et al., 1999; Gartrell
and Lisk, 2005; Gartrell et al., 2006; Langhi et al., 2010),
loss of hydrocarbon by the effects of water washing has also
been proposed (Newell, 1999). However, for water washing
to achieve the required level of volume reduction, the traps
needed to have been filled initially to spill with gas conden-
sate. This premise contrasts with the available petrographic
and geochemical evidence, showing that fluid inclusions
trapped in the Laminaria and Corallina fields contain oil
rather than gas condensate (George et al., 2004). Further-
more, water washing alone cannot explain the presence of
the dry traps that have evidence of significant paleo-oil col-
umns, as is the case for the Laminaria North structure and
across the broader northern Bonaparte Basin (i.e., Brincat
et al., 2001, 2004; Gartrell et al., 2006). Therefore, the cre-
ation of structural permeability during fault reactivation
and attendant upfault leakage of hydrocarbons appears to
be required to explain the paleo- and present-day oil-col-
umn distribution.

The consistency between seismically observed and
modeled displacements at 1.5% extension on the fault planes
near the Laminaria and Corallina fields (Figure 10) validates
the deformation simulation conducted over the study area.
Additionally, a high degree of correlation exists between the
location of the oil fields (Laminaria and Corallina) and dry
structures (Buang, Capung), the leakage indicators (Figures
12, 13, and 16), and the distribution of reactivation strains
indicated from the modeling (Figure 11). The distribution of
the reactivation shear strain accommodated by fault zones
shows the best correlation with hydrocarbon distribution in
the study area (Figure 11a and 11b).

The part of fault F1 west of the Corallina field consis-
tently shows seismic anomalies, inferred to reflect fluid mi-
gration (Figures 12, 14, 15, and 16), that correlate spatially
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SE
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Figure 19. Inferred hydrocarbon chimney. (a) Cross section with an inferred chimney along fault F1. (b) Cross section with an
inferred chimney along fault F4. (c) Time slice at 1200 ms, showing the lateral distribution of inferred chimney patterns along
faults F1 and F4. Fault traces at the time slice are black; fault traces at top-reservoir level are gray.
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with high postrift reactivation shear strain accommodated
on this large (~30 km [~18.5 miles]) structure (Figure 11b).
Directly west of the field, a jog on F1 is associated with a
locus of even higher shear-strain values that matches close-
ly with the position of the present-day OWC (Figure 11a
and 11b), suggesting structural permeability enhancement
and the development of a probable structurally controlled
spill point. The distribution and lateral variation of seismic
anomalies at the seafloor (Figure 12) and in the Oliver basal
member (Figure 16) as well as the presence of a possible
hydrocarbon chimney (Figure 19a and 19b) correlate tight-
ly with the shear-strain locus (Figure 11) and suggest en-
hancement of fluid circulation on the jog as the cause of
hydrocarbon loss from the paleo-oil field.

The extent of the paleo-oil column interpreted at the
base of the current accumulation on the Laminaria structure
(9 to 22 m [30 to 72 ft]) implies a paleofield delimited to the
south by the eastern end of fault F4 (Figure 2), where high
reactivation shear strain (Figure 11b) is predicted. This con-
clusion is consistent with the seismic anomalies noted at the
seabed (Figure 12), the Miocene-Pliocene interface (Figure
13), and the Oliver basal member (Figure 16) as well as a
possible hydrocarbon chimney (Figure 19¢ and 19d). These
elements support upfault fluid migration near the jog on
fault F4, leading to the reduction in size of the Laminaria
field.

The present-day Laminaria field is bounded by a splay
branch connected with F4 (Figure 2). Because of its short
length, this structure was not incorporated into the numeri-
cal model. However, the splay is regarded as a low-strain
structure due to extensive deformation accommodated by
F4 that protects the splay as well as the behavior of the
neighboring fault F11 that has a roughly similar size and
geometry as the splay and displays a low strain in the mod-
el. No seismic anomaly is associated with the splay. The
crestal side of the Laminaria field is bounded by the western
end of fault F5 (Figure 2) and is modeled to have accom-
modated low reactivation shear strain (Figure 11b). The dis-
tribution of the preserved oil column in the Laminaria field
implies that this fault segment has been sealing since the
period of charge — an assumption further validated by the
lack of seismic anomalies at blind discharge or seafloor ex-
pulsion levels.

Much higher shear strain is accommodated by F5 to the
east where it does not overlap the neighboring faults F4 and
F6 (Figure 11b). This part of the fault bounds the completely
breached and now water-wet Capung structure and is associ-
ated with seismic anomalies in the Oliver basal member
(Figure 16). The weak reflectivity increase reported from the
Miocene-Pliocene interface might be from the presence of a
carbonate shoal at the seabed, creating velocity effects. The

shoal is delimited by F5 (Figure 12) and most likely devel-
oped in response to upfault hydrocarbon seepage (e.g., Cow-
ley and O’Brien, 2000; Lavering and Jones, 2002; Rollet
et al., 2006).

Paleo-oil columns delineated at Buang and Laminaria
North have been breached (Table 1). Although fault F3,
bounding the Buang structure, is associated with seismic
anomalies at the seabed (Figure 12), the Miocene-Pliocene
interface (Figure 13), and the Oliver basal member (Figure
16), few anomalies are associated with F6 over the Lami-
naria North closure because of the geometry of this north-
dipping fault plane (F6) that connects with the south-dip-
ping fault (F4) below the Miocene-Pliocene interface
(Figure 4). The deformation model predicts that these struc-
tures (F3 and F6) should accommodate less shear strain
than neighboring leaking faults (F4, western end of F1; Fig-
ure 11b), which initially contradicted the assumption link-
ing reactivation shear strain and structural permeability.
However, modeled throws on F3 and F6 appear to be un-
derestimated (Figure 10), which would result in shear strain
being underestimated.

Leakage mechanism and conftrolling
parameters

Prior to the Cenozoic reactivation, the upper tips of the
main reservoir faults on the Laminaria High were located
near the reservoir-seal interface (Gartrell et al., 2006; Ciftci
and Langhi, 2010, 2012), only allowing cross-lateral migra-
tion between reservoirs units where sand-sand juxtaposi-
tion occurs and where no active membrane seal exists in the
fault zone. In the numerical model, this observation is hon-
ored by keeping fault-zone permeabilities identical to those
of host rocks.

For volumetrically significant upfault hydrocarbon
leakage to occur, the reservoir bounding the fault must tran-
sect the top seal to allow vertical migration to a discharge
site (Gartrell et al., 2006). The correlation between the loca-
tions of high reactivation shear strain in the model, the extent
of the present-day and paleo-oil field, and the distribution of
leakage indicators suggest that during reactivation, connec-
tion through the top seal may occur preferentially in areas of
high shear-strain accommodation on fault planes and due to
permeability enhancement in “freshly” damaged fault zones
through the top seal. This condition could lead to (1) reser-
voir-fault upward propagation, (2) dip linkage of reservoir
and overlying faults, or (3) the development of a connected
fracture network between fault tips (Ciftci and Langhi, 2010,
2012) (Figure 20). Based on the results of deformation ex-
periments on clay soils (Tchalenko, 1970; Bolton et al.,
1998; Petley, 1999), Gartrell et al. (2006) propose that the
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Figure 20. Conceptual model of fault evolution following the Cenozoic extensional reactivation. (a) Prereactivation state.
(b) Upward propagation of reservoir fault. The connection across the top seal can be achieved through (c) the dip linkage of reser-
voir and overlying faults or (d) the development of a connected fracture network between fault tips.

shale and mudstone which form the top seal in the Timor
Sea may need sufficient strain to accumulate before ductile
deformation gives way to brittle failure and before through-
going, connected fault zones develop. This process is sup-
ported by the modeling results, wherein faults bounding the
crestal side of the proven Laminaria and Corallina closures
accommodate increased levels of shear and volumetric
strains yet retain the present-day accumulations.

Generic numerical geomechanical models (Zhang et al.,
2009) and regional studies (e.g., Meyer et al., 2002; Gartrell
and List, 2005; Gartrell et al., 2006) demonstrate that the ini-
tial fault length provides a primary control on strain distribu-
tion between faults in the area. However, with the Cenozoic
dominated by extensional deformation approximately nor-
mal to the broad strike direction of reservoir faults (Gartrell
and Lisk, 2005; Gartrell et al., 2006), additional parameters
can significantly impact the distribution of deformation.
These include fault spacing, density, and tip arrangements
that might modify strain partitioning and locally relieve spe-
cific segments of large faults, reducing the reactivation strain
below some critical threshold. They also include variation of
fault-plane geometry with regard to the regional stress field,
which might create shearing-induced dilation loci and de-
velop leak points (Figure 11a—11c).

The interaction of faults most likely impacts structural
permeability development, as suggested for the east of the
Corallina field, where (1) seafloor reflectivity anomalies are
located along a low modeled strain F1 segment, correlating
with the development of a triple junction, and where (2)
Miocene-Pliocene anomalies along the same segment are
associated with overlapping Cenozoic segments, forming a
relay zone. Fault intersections have also been shown to be
critical sites for hydrocarbon leakage in other parts of the
Timor Sea (e.g., Skua field; Gartrell et al., 2004).

Remigration system

The elements presented in this chapter concur with pre-
viously published works (O’Brien et al., 1996; Shuster
et al., 1998; O’Brien et al., 1999; Gartrell and Lisk, 2005;
Gartrell et al., 2006) on Cenozoic tectonics being the driv-
ing mechanism behind trap breaching and hydrocarbon
seepage in the Laminaria High area and, more generally,
across the Timor Sea region. The absence of any clear hy-
drocarbon chimneys originating directly from the top seal
emphasizes the low likelihood of seal failure occurring due
to tensile or hydraulic fracturing, as suggested by de Ruig
et al. (2000).
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Based on fault-growth index mapping on the Laminaria
High, Langhi et al. (2011) show that the Cenozoic faulting
includes two restricted tectonic phases during the Middle
Miocene (16—13 Ma) and the Late Miocene (10-8 Ma) that
herald a main period of tectonic activity at the Miocene-
Pliocene boundary. This phase is responsible for the regional
development of the major Cenozoic fault system in the Lam-
inaria High area. Deformation appears to be ongoing during
the Pliocene, with a second tectonic pulse recorded from the
growth index at about 3 Ma. Data from Ciftci and Langhi
(2010, 2012) suggest that the main Cenozoic deformation
stage on the Laminaria High is accommodated by the pro-
gressive dip linkage of upward-propagating reservoir faults
with downward-propagating newly formed Cenozoic faults.
Once enough strain is accommodated on a developing reac-
tivated fault zone (i.e., the zone comprising the lower reser-
voir fault segment and upper Cenozoic fault segment), con-
nection through the top seal may occur and remigration of
hydrocarbons can take place (Figure 20c and 20d).

A rapid establishment of the fault length is inferred for
the main period of tectonic activity (Meyer et al., 2002) and
suggests the creation of through-going conduits immediate-
ly after the Miocene-Pliocene boundary, consistent with the
development of seismic anomalies near that stratigraphic
level and their interpretation as constructed carbonate build-
ups. O’Brien et al. (2002) report reef growth initiating in the
basal Pliocene south of the study area, near the present-day
shelf edge (i.e., near the Buller trap), and they associate
these features with hydrocarbon seeps.

The distribution of anomalies at the Miocene-Pliocene
boundary along the part of fault F1 that bounds the down-
dip side of the present-day Corallina trap implies that al-
though this segment accommodated less reactivation shear
strain and defines a shielded area, it might still have ini-
tially experienced some degree of leakage. Thus, at the
time of maximum fault activity and shear-strain accommo-
dation (Miocene-Pliocene), a connection across the top
seal might have initially developed between the reservoir
and the Cenozoic fault segments. However, the absence of
a seismic-leakage indicator at that location in the Oliver
basal member or at the seabed and the presence of a pres-
ent-day oil column against this fault segment imply that
such a “low shear-strain connection” was not sustained
through time.

Fault zones that accommodated sufficient shear strain to
develop a well-connected pathway across the top seal are
typically characterized by an upper tip located between the
Miocene-Pliocene boundary and the present-day seabed.
This observation implies that these structures intercept the
entire Cretaceous-Tertiary stratigraphic column, including

units with good reservoir properties where leaking hydrocar-
bon can be stored temporarily (thief zones). Over the study
area, variations of seismic facies interpreted as indications of
fluid circulation along faults are probably present in the
Grebe (Eocene) Sandstone formations and are intercalated
into the Late Cretaceous-Tertiary carbonate platform. How-
ever, low S/N compromises the accurate assessment of these
anomalies. The base Miocene Oliver basal member, formed
of sandstone or calcarenite, presents clear seismic anomalies
controlled by the structural network and interpreted as evi-
dence of fluid discharge. Lateral lithological variations due to
sandstone bypass can affect the distribution of leakage
anomalies; however, on the Laminaria High, anomalies are
also recognized where the Oliver basal member is formed by
calcarenites. The areal distribution of the anomalies clearly
exceeds the areal location of the late Jurassic closures (Fig-
ures 12, 13, and 16), suggesting that the hydrocarbon leaking
upfault originates from trapped oil accumulations and is fed
by migration routes along the main structural trends.

Based on the elements presented here, the favored
model for hydrocarbon remigration includes an initial Mio-
cene-Pliocene phase of leakage following the development
of pathways across the top seal due to shear-strain accom-
modation, leading to reservoir-level fault reactivation, link-
age with Cenozoic faults, and the development of the con-
duits to the base Pliocene seafloor (Figure 21). Although
part of the leaking hydrocarbon remigrated upfault to the
free surface, promoting authigenic carbonate hardgrounds
and localized carbonate reef development, another part was
discharged into thief zones intercepted by these conductive
structures (Figure 21). During this main phase of structural
reactivation, hydrocarbon chimneys might have developed
(Figures 18 and 19) at specific locations where shear strain
concentrated (e.g., fault jogs). The development of such
features appears to have been dependent on the develop-
ment of secondary Cenozoic structures, antithetic and syn-
thetic to the main fault plane.

Ongoing leakage probably occurred during most of
the Pliocene, whereas deformation continues to be accom-
modated by reservoir faults and Cenozoic faults (Figure
21). Within the Pliocene, buried thief zones could be
charged and chimneys further developed. Deformation
decreased significantly during the Pleistocene (Langhi
etal., 2011), although most of the major faults are still ac-
tive, as shown by offsets near the seafloor. The seismic
anomalies recorded from that level suggest that at least a
residual “soft-bleed” leakage (George et al., 2004) oc-
curred during the Pleistocene from fault segments that ex-
perienced most of the shear deformation during the Ceno-
zoic (Figure 21).
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Conclusions

Observations from multiple data sets and a range of
analytical techniques have been integrated to form a robust
understanding of the processes that have controlled hydro-
carbon leakage and preservation patterns on the Laminaria
High region of the Timor Sea. There are seven main con-
clusions of our work.

First, this case study demonstrates that numerical simu-
lations involving 3D coupled mechanical and fluid-flow nu-
merical models can be used to simulate the relationship be-
tween deformation and fluid migration along naturally
complex fault systems that deform under an extensional

reactivation setting. In the Laminaria High area, the model
accommodates the distribution of a suite of leakage obser-
vations and can be used to predict upfault hydrocarbon re-
migration pathways with increased confidence.

Second, the results of the work consolidate previous
models (Gartrell and Lisk, 2005; Gartrell et al., 2006), re-
lating trap integrity in the Laminaria High and greater
Timor Sea region to the heterogeneous distribution of shear
strain within a system of overlapping faults.

Third, the heterogeneous distribution of reactivational
shear strain on fault zones provides the first-order control
on upfault remigration associated with the breaching of
traps. Once sufficient shear strain is accommodated on a
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fault zone comprising the lower reactivated reservoir-fault
segment and upper newly formed Cenozoic fault segment,
ductile deformation yielding to brittle failure and connec-
tion through the top seal may occur, leading to the develop-
ment of an open permeable pathway.

Fourth, fault size (strike length and height) is the first-
order control for the distribution of reactivation shear strain.
However, the fault spacing, density, and arrangements at the
tip of the fault all produce an impact on strain partitioning
that might locally help reduce the reactivation strain and
create shielded areas less prone to upfault remigration.
Fault jogs are present at reservoir level due to lateral fault-
segment growth and linkage; during the Cenozoic reactiva-
tion phase, these features concentrated shear and dilatation-
al strain and hence may form preferential leakage pathways.

Fifth, charge-history reconstruction constrained by flu-
id-inclusion data together with coupled modeling outcomes
show that structures accommodating low shear strain dur-
ing the Cenozoic are more likely to retain hydrocarbon ac-
cumulations than structures accommodating high shear
strain. However, seismic interpretation of leakage indica-
tors suggests that even shielded fault segments holding a
current hydrocarbon column might have experienced some
leakage at the peak of the reactivation phase at the Miocene-
Pliocene boundary.

Sixth, a conceptual model of the local remigration sys-
tem suggests that most of the leakage occurred directly af-
ter the Miocene-Pliocene boundary on fault planes accom-
modating higher values of shear strain, resulting in upfault
hydrocarbon remigration with expulsion at the seafloor as
well as discharge into buried thief zones.

Finally, although we propose that episodes of dynamic
leakage occurred during most of the Pliocene, the deforma-
tion that continues to be accommodated by fault zones to-
day is linked less clearly. Nevertheless, seismic evidence
near the present-day seafloor suggests that a residual “soft-
bleed” leakage process might still be occurring.
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