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a b s t r a c t

In cross-section, an hourglass structure can be visualized as an older horst block and superimposed,
younger graben. Bounding faults of the horst and graben blocks represent separate conjugate fault
systems formed by two distinct episodes of extension in the Timor Sea during Late JurassiceEarly
Cretaceous (1st-phase) and Middle Miocene e Pliocene (2nd-phase); with an w120 My hiatus of limited
or no fault activity in-between. Horst blocks were formed by the 1st-phase of extension and buried post-
deformation. With the onset of the 2nd-phase of extension, the hourglass geometry began to form by
nucleation of the graben-bounding faults in the shallow sedimentary section, in isolation from the horst-
bounding faults. Location of the graben is biased by the buried horst block and graben-bounding faults
grew down-dip from the shallow locus of nucleation toward the underlying horst block on which only
minor reactivation occurred. Detachment of the two systems in this way was predominantly controlled
by the first-order mechanical layering. A thick, shale-rich, ductile layer separates the horst- and graben-
bounding fault systems and acts as a barrier to vertical fault propagation. Confinement of the graben-
bounding faults into the shallow section was also facilitated by outer-arc style extension due to litho-
spheric flexure controlling the 2nd-phase strain in the region. The complex evolution history and the
composite nature of the hourglass structures resulted in systematic along-dip variation of displacement.
This variation predominantly relates to syn-kinematic deposition and location of fault tips that are
controlled by the ductile layer. The presented evolution model of the hourglass structures concentrates
fault tips and related stress perturbation onto the top seal and is likely to be detrimental to top-seal
integrity.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Normal faults with same strike but opposite dip direction are
common in extensional settings and referred to as conjugate
normal faults (Anderson, 1951). Conjugate normal fault systems are
dominant element of the deformation pattern in the Timor Sea and
form complex structures known as the hourglasses (Fig. 1) (Woods,
1988; Patillo and Nicholls, 1990). The term “hourglass” is only used
as a descriptive term in this manuscript and refers to composite
fault blocks with a deeper horst block generally below the Val-
anginian unconformity that is overlain by a shallowgraben complex
within the Cenozoic strata (Woods, 1988) (Fig. 2). Hourglasses
attract exploration interest in the Timor Sea (Fig. 3) with hydro-
carbons typically trapped in the deeper horst blocks (Woods, 1992;
Smith et al., 1996). Yet, cases of trap breaching with partial or
).
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complete loss of hydrocarbon columns are known and noted as the
principal exploration risk in the area (Lisk et al., 1998; O’Brien et al.,
1999; De Ruig et al., 2000; Gartrell et al., 2005, 2006; Langhi et al.,
2010). Hence, understanding of the evolution and deformation style
of the hourglass structures is critical to effective risk management.

Studies from the Timor Sea traditionally attributed the hour-
glass geometry imaged on the seismic profiles to crossing of
oppositely dipping conjugate normal faults (Fig. 1) (Woods, 1988;
Nicol et al., 1995; Bretan et al., 1996; Gartrell et al., 2005). Operation
of crossing conjugate normal faults has been the subject of previous
studies and several models have been proposed for the kinematics
of the intersecting pairs. Ramsey and Huber (1987) noted that
simultaneous operation of crossing conjugate normal faults brings
a compatibility problem around the intersection zone requiring
modification of the cross-sectional area (or volume in three
dimensions). They concluded that the compatibility problem can be
avoided by sequential slip of the intersecting pairs. Nicol et al.
(1995) investigated these structures in Cartier Trough (Fig. 3)
and concluded that crossing conjugate normal faults slip
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Fig. 1. Transverse seismic profiles across the hourglass structures: (A) Corallina; (B) Vidalia; and (C) Laminaria structures with horizon and fault interpretations. Bold faults represent
the faults included in throw analysis (see text for details). Vertical scale is TWT in seconds. Horizon names h10eh80 are the naming convention used in this study and well picks
illustrates age of the corresponding horizon. Note that there is vertical exaggeration due to vertical axis being in time domain. Well pick abbreviations: JO e Oxfordian; KA e Aptian;
TE e Eocene; Tm3 e Base Miocene; Tm1 e Late Miocene; Bpli e base Pliocene; SB e sea bed (Fig. 2).
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simultaneously and the kinematic incompatibility is accommo-
dated by a systematic reduction of displacement and a corre-
sponding increase in ductile strain (at the scale of seismic data)
toward the intersection zone. Watterson et al. (1998) presented
outcrop examples to illustrate that the vertical displacement
gradients and increase in strain toward the intersection zone can be
accommodated by intergrain slip, volume decrease or multiple
smaller scale faults. Ferrill et al. (2000, 2009) showed that truly
simultaneous activity of crossing conjugate normal faults is limited
to extremely small displacements due to rate limiting area change
process. Alternating, sequential slip on crossing pairs resolves this
constrain without a need for an area change and can be used to
restore even the most complicated crossing conjugate normal fault
patterns (Ferrill et al., 2000; Çiftçi and Bozkurt, 2009).



Fig. 2. Stratigraphic column of the Laminaria High area. Periods of 1st- and 2nd-
phases of extension, seismic stratigraphic markers, interpreted horizons and main
source-reservoir-seal intervals are also illustrated. Modified from De Ruig et al. (2000).
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Although these models provide viable explanations to operation
of crossing conjugate normal faults and may be relevant to hour-
glass structures in some parts of the Timor Sea (e.g., Nicol et al.,
1995), the examples in the Laminaria High area can be distin-
guished from them based on some basic observations. The horst-
and graben-bounding conjugate normal faults represent two
different fault systems which have formed by two different phases
of extension with different stress fields and a w120 My time gap
(1st- and 2nd-phases of extension in Fig. 2). During the 2nd-phase
of extension, the two systems might have connected vertically with
reactivation of the older system and formed geometry similar to
crossing conjugate normal faults (e.g., Fig. 1B). However, the
deformation style of the entire hourglass structure cannot be
simply explained by crossing conjugate normal faults models as
this geometry formed w120 My after the main deformation phase
of the deeper horst block. Furthermore, the displacement variation
on the faults does not correlate to crossing conjugate normal fault
geometry but relates to the composite deformation characteristics
of these structures.

The aim of this study is to improve the understanding of the
hourglass structures over the Laminaria High area based on the
data from Corallina, Vidalia and Laminaria structures (Figs. 3 and 4).
To accomplish this, syn-kinematic intervals and first-order
mechanical stratigraphic units were differentiated in the strati-
graphic column and the displacement distribution was mapped on
the bounding fault surfaces. We show that the variation of
displacement is related to syn-kinematic stratigraphic expansion
and mechanical boundaries in the sedimentary column. The
assessment of displacement distribution suggests a detached
evolution of the graben and horst-bounding faults which may or
may not be connected depending on the local geology. This
evolution has implications in evaluation of hydrocarbon trap
integrity in the area. Inferences may also be relevant to other areas
possessing similar fault pattern, vertically detached fault systems
or mechanically anisotropic stratigraphic column.

2. Geological setting

The Australian North West Shelf is one of the main hydrocarbon
provinces of Australia and comprises four main compartments
(Fig. 3): Carnarvon, offshore Canning, Browse and Bonaparte basins
(Purcell and Purcell, 1988). These Phanerozoic basins are collec-
tively referred as theWestralian Superbasin (Yeates et al., 1987) and
represent basement involved segmentation with strong geological
similarities among the basins. Bounded by the Banda-Timor orogen
to the north, Argo Abbysal Plain to the west and Proterozoic craton
and basins to the south, the North West Shelf evolved through
series of major rifting phases and host thick sequences of Paleozoic,
Mesozoic and Cenozoic sediments (AGSO, 1994; Baillie et al., 1994;
Longley et al., 2002; Borel and Stampfli, 2002). The dominant
NWeSE structural trend is the product of the Late JurassiceEarly
Cretaceous rifting (i.e., 1st-phase of extension) of the Argo abyssal
plain (Fig. 2) (AGSO, 1994; Baillie et al., 1994).

The Laminaria High is located at the north of the Bonaparte Basin
adjacent to the shelf-slope break (Fig. 3). It represents a plat-
formeremnant bounded by the Flamingo Syncline and the Nancar
Trough (Smith et al., 1996). The structural grain here is predomi-
nantly EeW-oriented and deviates from the regional NEeSW trend
although bothwere inherited from the 1st-phase rifting (Figs. 3 and
4). This phase was followed by the postrift subsidence through the
rest of theMesozoic andmost of the Cenozoic era. From theMiocene
onward, the Timor Sea was intensively influenced by the collision
between the Australian and Eurasian plates along the Banda-Timor
orogen (O’Brien et al., 1993). This triggered the 2nd-phase of
extensional deformation in the area (Fig. 2); probably due to thrust
loading around Timor Island and consequential lithospheric flexure
of the Australian plate margin (Fig. 3) (Bradley and Kidd, 1991;
Langhi et al., 2011). The onset of the collision is dated to the Late
Miocene at approximately 8 Ma (Shuster et al., 1998; Charlton,
2000; Keep et al., 2002) with a second pulse occurring during the
Pliocene at w4e3 Ma (Charlton et al., 1991).

The stratigraphic column reflects the 1st-phase rifting and the
following passive margin evolution in the region (Fig. 2). The early
syn-rift Plover and Laminaria formations, which represent deltaic
and shallowmarine deposition (Labutis et al., 1998), are overlain by
the Late Jurassic to Cretaceous shales (Frigate, Flamingo and Echuca
Shoals formations) of the deepening continental shelf (Whittam
et al., 1996). The AptianeMaastrichian interval (Darwin, Jamieson,
Woolaston, Gibson, Fenelon and Turnston Formations) comprises



Fig. 3. Simplified location map and main structural domains around the study area. Gray shading depict the structure of top Permian horizon (modified from Edwards et al., 2005).
Inset map illustrates main compartments of the Australian North West Shelf and the surrounding area.
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stacked progradational wedges of silty claystone cleaning up to
calcareous shale and marl-prone sediments (Whittam et al., 1996).
As the wedges fill up the accommodation created by the subsiding
margin, carbonate content increases andmonotonous succession of
silty claystones grades upward into calcareous claystone, calcilutite
and marls. An extensive cover of prograding shelfal carbonates
(Johnson, Hibernia, Prion, Cartier, Oliver and Barracouta forma-
tions) deposited during the Cenozoic to represent themature phase
of the passive margin.

Hydrocarbons are typically reservoired in the Callovian Lami-
naria Formation and sealed by the overlying thick section of shales
and silty claystone (Fig. 2). Source rocks are found in the Plover
Formation and Frigate shales (Preston and Edwards, 2000; George
et al., 2004). An initial early gas charge is suggested during the
Late JurassiceEarly Cretaceous in response to the elevated heat
flow during the rifting (Lisk et al., 1998). The main hydrocarbon
charge occurred near the middle to late Eocene (w50 Ma), with
possible late-stage gas and oil charges during renewed subsidence
from the Miocene onward (Kennard et al., 1999).
3. Methodology

Analyses in this study are predominantly based on the strati-
graphic and structural interpretations of the Laminaria 3D seismic
survey. This survey was acquired in 1995 with an approximate
coverage of 760 km2 and was shot in an EeW direction using
12.5� 25 m asymmetric binning (De Ruig et al., 2000). The data has
been processed and post stack depth migrated sections are avail-
able for interpretation with an SEG negative polarity.

Our interpretation was focused on the Laminaria, Corallina
and Vidalia hourglass structures (Fig. 4). Faults were initially
picked manually on every 5th cross-lines (125 m) that are
oriented orthogonal to the structural trend. This interpretation
was guided by extraction of a full resolution (12.5� 25 m)
coherency cube along horizons and time slices. This allowed
accurately mapping the fault traces and correlating fault
segments up to the limit of the seismic resolution. Faults which
can be traced more than 500 m along-strike were included in the
interpretations.



Fig. 4. Maps showing fault patterns in the Laminaria High area with locations of Vidalia, Corallina and Laminaria structures. See Fig. 3 for the location of maps in the North West
shelf. (A) Time structure map of Late Jurassic horizon (h80 in Fig. 1) illustrating the older horst blocks; and (B) time structure map of the Base Pliocene horizon (h20 in Fig. 1)
illustrating the younger grabens of the hourglass structures. Coordinate grid is UTM Zone 51S.
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Horizons were also picked manually on every 5th cross-line and
every 20th in-line (250 m) and the manual horizon picks were fed
into an automated horizon hunt algorithm for continuous picking
through the volume. That was followed by quality control of the
horizon interpretations and touch ups, especially around fault cuts.
Every horizon that can be correlated across the faults and traced
with confidence was included in the interpretation with total up to
15 horizons from sea bed to top reservoir interval (Figs. 1 and 2).

Horizon and fault interpretations were exported into 3D
modeling software where the time-domain seismic interpretations
were depth converted using multi-layered velocity model. Each
hourglass structure was treated separately using a single well
located on the horst block. Velocities for layers were selected under
the control of this well to provide the best match between the
horizons and the corresponding well picks. Once the fault and
horizon data were brought into the depth domain, 3D models were
built and fault-horizon cut-offs were computed to constrain
displacement distributions. Isochore maps were extracted between
consecutive horizon pairs and examined for syn-kinematic sections
with stratigraphic thickening on the hangingwalls. Various cross-
sections extracted from the models were used to assess the
observed trends in displacement distributions and their relations to
syn-kinematic sections.

Given a sound fault/horizon interpretation, the largest error for
the described workflow is likely to be sourced by the time to depth
conversion. Tying each structure to a single well will produce an
error increasing away from the well due to lateral variation of the
velocity.We assumed that this lateral variation can be ignored at the
scale of this study. The modeling errors also remain insignificant at
first-order and are unlikely to alter the observed geological trends.

4. Phases of extension and related syn-kinematic deposition

Periods of syn-kinematic deposition can be defined based on the
variation of stratigraphic thickness across the hangingwall and
footwall blocks. For this purpose, isochore maps were extracted
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between interpreted horizons (Fig. 5). Although an isochore map
indicates vertical thickness, the low stratigraphic dip associated
with the investigated hourglass structures allows us to use this
information as a proxy for stratigraphic thickness (Fig. 1). We
averaged the isochore thickness across 2-km wide belt along the
fault for hangingwall and footwall blocks to compute the hang-
ingwall to footwall thickness ratio (Fig. 5). Fig. 6 illustrates this ratio
that was plotted against each layer for north- and south-dipping
faults.

Two main periods of syn-kinematic deposition can be recog-
nized on Fig. 6. They are shaded as gray areas where the hanging-
wall/footwall thickness ratio is consistently above 1.0 for both
north- and south-dipping faults of the three structures. These
periods occur below h75 and above h30 and correlate to the
regional 1st- and 2nd-phases of extension, respectively. Therefore,
we will refer to these intervals as 1st and 2nd syn-kinematic
packages. Note that the average fault orientation varies
between the 1st and 2nd syn-kinematic packages as much as 20�

(Figs. 4 and 6).
The Valanginian unconformity (KV) is associated with the end of

syn-rift deposition for the 1st-phase of extension (Fig. 2) (Longley
et al., 2002). This unconformity occurs only 20e35 m below the
h75 and is probably included within the seismic response of this
horizon (Fig. 1). Thickening of the h70eh75 interval on the hang-
ingwalls is predominantly related to passive filling of the remaining
accommodation space following the demise of the 1st-phase of
extension. This interval can be linked to 1st syn-kinematic package
but it represents deposition over surface relief and burial of the
ceased 1st-phase structures (Fig. 6).

The stratigraphic interval between h70 and h30 indicates no
consistent change in the hangingwall thickness relative to footwall
with thickness ratio clustering around 1 (Fig. 6). This indicates that
the stratigraphic interval was deposited in quiescence without any
fault activity.
Fig. 5. Illustrative examples of isochore maps from the Corallina structure. Isochores in
blocks. (A) Between h20 and h25 e contour interval is 10 m; (B) between h45 and h
northernmost and southernmost faults; and (C) between h75 and h80 e contour inter
hourglass structure.
5. Mechanical stratigraphy

Faulting in sedimentary rocks can be influenced by mechanical
stratigraphy caused by varying competency and thickness of the
layered units (e.g., Wilkins and Gross, 2002; Ferrill et al., 2007;
Ferrill and Morris, 2008; Morris et al., 2009). Mechanical strati-
graphic units can possess varying style and intensity of deformation
within the same column of rock and under the same stress condi-
tions. Mechanical stratigraphic units do not necessarily correlate
to lithostratigraphic units but closely relates to gross lithic prop-
erties which control the mechanical response of rock to stress
(e.g., Donath, 1970).

The sedimentary column associated to the hourglass structures
can be divided into three key lithic units dominated by limestone,
shale and sandstone, respectively (Fig. 7). These units have
significant thicknesses and are laterally extensive at the basin scale.
Variation of uniaxial compressive strength (UCS) across these units
was computed using P-wave sonic logs from a borehole over each
structure (Fig. 7). This computation is based on the empirical
correlation between slowness and UCS proposed by Horsrud
(2001). UCS values correlate to the gross lithological divisions
and suggest that these units are likely to behave as three distinct
mechanical stratigraphic units (MU). Limestone dominated shal-
lowest MU-1 is a competent unit with thickness exceeding 2000 m
and UCS of the interval averaging around w27 MPa (ranges from
w17 to 40 MPa). Note that sonic log coverage of this unit is not
complete resulting in partial UCS computation. MU-1 is underlain
by an incompetent shale dominated MU-2 with thickness around
500 m and average UCS of w18 MPa (ranges from w10 to 29 MPa).
Sandstone dominated and competent MU-3 is located at the base
of the drilled section with an average UCS of w24MPa (ranges
from 20 to 27). Maximum drilled thickness of this unit is w400 m
in Vidalia-1, but it is likely to extend further below the drilled
section.
crease toward the darker shades and tick marks on the faults depict hangingwall
50 e contour interval is 20 m. The graben block here was defined between the
val is 50 m. Refer to Figs. 3 and 4 for age and position of the horizons within the



Fig. 6. Plot showing the hangingwall to footwall thickness ratio with respect to north- and south-dipping faults of the Corallina, Laminaria and Vidalia structures. The ratio is
consistently >1 below h70 and above h30 marking 1st- and 2nd-phases of syn-kinematic deposition (gray shaded areas). Rose diagrams depicts orientation of faults cutting h80
(lower row) and h25 (upper row) horizons. Length of petals is scaled to number of strike measurements (100 m apart) along the footwall cut-off of the related horizon.
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6. Geometry of the hourglass structures

The faults bounding the hourglass structures are referred to as
1st- and 2nd-phase fault systems to link them to related defor-
mation phase and syn-kinematic deposition (Fig. 8). It is difficult to
make this distinction precisely due to two reasons: (i) There is
reactivation and perhaps upward propagation of the 1st-phase
faults during the 2nd-phase of extension; and (ii) faults of 1st- and
2nd-phases can be connected to form a composite structure with
different segments belonging the different phases. For simplicity,
however, wewill bind the 1st-phase faults by the top of the 1st syn-
kinematic package and refer any fault beyond as the 2nd-phase
faults (Fig. 8). This discrimination will be justified in the next
sections.

6.1. 1st-phase faults

The 1st-phase faults are the main system forming the EeW-
oriented fabric in the area (Fig. 4A). They comprise oppositely
dipping, conjugate fault sets and form series of EeW trending
horsts and intervening grabens with highly segmented spatial
distribution. Fault dips are generally in the range of 60e65�,
although the dip can vary to 45e50� locally. The horst blocks
generally define the bases of the hourglass structures (Figs.1 and 8).
Their width varies from w1 km (e.g., Vidalia and Corallina struc-
tures) to w5 km (e.g., Laminaria structure) at the Late Jurassic h80
horizon (Fig. 4A). The along-strike extent of the individual 1st-
phase faults varies from 2 to 30 km but the associated horst blocks
generally extend in the range of 7e12 km. They dip toward east and
west to merge into more subtle larger scale horst blocks. Horst
blocks can be asymmetric or tilted (e.g., Corallina structure) with
displacement differing among the bounding structures. Offsets
exceeding 500 m are common on these faults and considerable
thickening of the stratigraphic section is notable on their hang-
ingwalls through the 1st syn-kinematic package (Figs. 5C and 8).
6.2. 2nd-phase faults

The grabens bounded by 2nd-phase faults generally superim-
pose the horst blocks bounded by 1st-phase faults (Fig. 4B). The
structural trend could deviate in the younger system and the faults
carry relatively less displacement (<200 m) (Figs. 4 and 8). Yet, they
are still influential on the distribution of stratigraphic thickness
within the shallow section (Figs. 5A and 6). The subsidence of the
graben blocks can be asymmetrically distributed between the
north- and south-dipping faults with single or multiple bounding
faults (Fig. 1). Second order synthetic and antithetic faults are
common within the hangingwall. The fault system has low struc-
tural maturity and generally comprises short, overlapping
segments with intervening relay ramps (Fig. 4B). Hence the inter-
vening graben blocks may not be well defined spatially in contrast
to the underlying horst blocks.

The deformation style of the 2nd-phase grabens varies slightly
between the studied structures: (i) An asymmetric graben is
formed in the Corallina structure with the north-dipping fault
accommodating a larger part of the 2nd-phase strain; this fault is
also associated with a series of antithetic faults (Fig. 1A and 8A); (ii)
the graben of the Vidalia structure displays two principal conjugate
segments with slight asymmetric distribution of strain and few
associated small antithetic faults (Figs. 1B and 8B); and (iii) the
Laminaria graben represents a cluster of 2nd-phase faults with two
main segments and a series of subordinate antithetic and synthetic
faults (Figs. 1C and 8C).

1st- and 2nd-phase faults approach each other around the
h60eh70 interval above the 1st syn-kinematic package (Fig. 8).
Vertical kinematic coherency between the two systems varies
widely between the soft-linked and hard-linked end members. It
can be observed that the 2nd-phase extension resulted in some
reactivation of the 1st-phase faults and the reactivation offsets can
be resolved on the post 1st-phase horizons such as h70 (Fig. 8).
These reactivations can extend the 1st-phase faults above the 1st



Fig. 7. Stratigraphic columns of the three hourglass structures depicted by Laminaria-1, Corallina-1 and Vidalia-1 wells. Lithology, mechanical stratigraphic units (MU), gamma ray log
(GR) and uniaxial compressive strength (UCS) computed from p-wave sonic logs (Horsrud, 2001) are illustrated. Some of the key horizons depict the correlation between the wells
and stratigraphic location of the MUs. Note that competent MU-1 and MU-3 are separated by incompetent MU-2. Hatched interval of MU-2 depicts the weakest section of the unit.
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syn-kinematic package. However, the reactivation amount varies
among the structures and generally remainsminor compared to the
maximum offset of the 2nd-phase faults.

7. Analysis of displacement distribution

Displacement or slip on a fault surface can be resolved into
vertical and horizontal components referred to as throw and heave,
respectively. Analysis of the fault slip and its components in the
Laminaria high area indicates systematic variation of fault
displacement (Fig. 8). Slip profiles clearly depict two displacement
maxima (tmax1 and tmax2) that are separated by a distinct
displacement minimum (tmin). All the slip anomalies consistently
occur around the same stratigraphic level for the three structures
although slight along-strike variations exist (Fig. 9). Throw patterns
closely follows the slip patterns due to steep fault dips and captures
the displacement variation along the structures (Fig. 8). Therefore,
we generally use the throw as a proxy to the displacement. Note



Fig. 8. Geological cross-sections illustrating the hourglass structures: (A) Corallina, (B) Vidalia; and (C) Laminaria structures. Faults and syn-kinematic packages formed by 1st- and
2nd-phases of extension are illustrated on the cross-sections. Displacement distributions are plotted on the right and left side of the each cross-section for north- and south-dipping
faults, respectively. Each throw profile was divided into throw domains (A, B, C) which were discussed in detail in the text. No vertical exaggeration.
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that the slip profiles are cumulative for the overlapping synthetic
fault segments.

tmax1 is associated with the 1st-phase faults and MU-3 with
displacements exceeding 500 m as observed on the horizon h80
(Figs. 8 and 9). Up-dip from tmax1, the throw decreases within MU-2
along with the 1st syn-kinematic package down to a minimum
value (tmin) near the top of MU-2 (Fig. 8). Between tmin and the
present-day seafloor (t0), several small scale displacement peaks
and troughs are observable within the MU-1 (Fig. 9). However,
these relative variations are not consistent among the adjacent
profiles and another displacement maximum can be defined at
tmax2 (Figs. 8 and 9). Displacement at tmax2 is smaller than tmax1 and
rarely exceeds 200 m. tmax2 generally occurs near h35 slightly
below the 2nd syn-kinematic package. Throw decreases up-dip
within the 2nd syn-kinematic package and dies off at the
present-day seafloor at t0. Similarly, throw decreases down-dip
away from tmax2 and drops to minimum at MU-2.

The observed throw profiles form three main domains possess
different throw gradients (i.e., the rate of throw change per
stratigraphic thickness along the fault; Fig. 10). We use positive and
negative gradients to represent down-dip increase and decrease of
throw, respectively. Domain A covers the interval between tmin and
tmax1 and is characterized by positive gradient reaching up to 0.95
with an arithmetic average of 0.58. This suggests a throw decrease
of 58 cm in average per meter of stratigraphic section. The gradient
in domain B is also positive between tmax2 and t0 with a relatively
lower average of 0.20. The throw gradient in domain C is negative
corresponding to down-dip decrease of throw from tmax2 to tmin.
The gradient average of �0.12 in this domain is distinctly smaller
than the gradients observed through domains A and B.

The above discussion relates to the observed present-day
throws which can deviate from the actual throws at the time of
faulting due to compaction of sediments. The impact of compac-
tion is likely to be more significant within the syn-kinematic
packages where faulting occurred in poorly compacted sedi-
ments that are subsequently buried. Largest deviation is expected
in the 1st syn-kinematic package with burial depth above 3000 m.
Taylor et al. (2008) modeled displacement loss as a function of



Fig. 9. Fault models and throw distributions for Corallina (A), Laminaria (B) and Vidalia (C) structures. Throw profiles were extracted 1 km apart along each structures and depicts
vertical distribution of cumulative throw on north-dipping (solid line) and south-dipping (dashed line) faults. 1st- and 2nd-phase faults were modeled as continuous surfaces as
possible to capture the variation of throw although they may not be connected (Fig. 8). Zero throw zones on the fault surfaces depict areas where the faults are disconnected or
segmented.
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depth for various lithologies and growth indices where the growth
index is defined as the ratio of the difference in hangingwall and
footwall thicknesses divided by the footwall thickness. As growth
indices are generally around or exceed 1 for the 1st syn-kinematic
package, displacement loss due to compaction hardly reaches 10%
at the current burial (Fig. 6 in Taylor et al., 2008). The deviation is
likely to be less through the carbonate dominated 2nd syn-
kinematic package. Compaction related displacement loss is
probably insignificant in the h50eh70 interval because faulting in
this interval occurred during the 2nd-phase after considerable
burial.

8. Discussions

8.1. Displacement distribution

Displacement distribution provides insight into the propagation
and slip history of faults (Walsh and Watterson, 1987, 1988; Cowie



Fig. 10. Generalized vertical throw gradients observed on the hourglass structures.
Three distinct throw domains (AeC) can be defined based on the direction and
gradient of throw change. Down-dip increase and decrease of throw are illustrated by
positive and negative gradients, respectively.
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and Scholz, 1992). It is also useful to reconstruct the evolution
history of segmented or composite structures (Childs et al., 1995,
1996; Morley, 1999). An ideal displacement distribution on a single,
blind, normal fault surface can be described by a zone of maximum
at the fault center that decreases to zero radially in all directions
(Barnett, et al., 1987; Walsh and Watterson, 1988). A displacement
profile can portray this distributionwith a centrally located zone of
maximum (Fig. 11A). It is a common assumption that the fault
nucleates at this zoneofmaximumdisplacement as parts of the fault
near the tips have undergone less slip compared to the zone of
nucleation (Walsh andWatterson, 1987; Childs et al., 1993; Wilkins
and Gross, 2002; Meyer et al., 2002). Accordingly, a gradient arises
away from themaximum in up- and down-dip directions to account
for the demise of displacement at the fault tips and relates to tip
propagation gradients (Fig. 11A) (Cartwright and Mansfeld, 1998;
Wilkins and Gross, 2002; Walsh and Watterson, 1987). Low and
regular displacement gradient is commonly associated with blind
fault tips (e.g., Meyer et al., 2002; Baudon and Cartwright, 2008b).

On a growth fault reaching to the free surface, a displacement
plateau forms between the point of maximum displacement and
the free surface (Fig. 11B). Syn-kinematic stratigraphic expansion
initiates at the upper tip of the fault (Fig. 11C). Due to thicker
deposition on the hangingwall block, displacement gradually
diminishes upward in the syn-kinematic section given that the
sedimentation rate keeps pace with rate of displacement
(e.g., Taylor et al., 2008; Baudon and Cartwright, 2008a,b). The
associated displacement gradient could be variable depending on
the rate of sedimentation and can be differentiated from the tip
related gradients based on the knowledge of syn-kinematic strata.

8.2. Evolution of the hourglass structures in the study area

The steep positive gradient in domain A correlates with the 1st
syn-kinematic package (Figs. 8 and 10). The high gradient value in
this domain (reaching up to 0.95) is unlikely to be accommodated
in crustal conditions unless there is a volume change across the
fault plane. The required volume change was effectively provided
by the syn-kinematic strata in the form of thicker stratigraphic
section on the hangingwall. This suggests that the displacement
distribution along the horst-bounding faults was predominantly
controlled by an initial stage in the evolution of the hourglass
structures that comprised the formation of the 1st-phase fault
system, the deposition of 1st syn-kinematic package and the
passive filling of the remaining accommodation after fault activity
ceased (Fig. 12A).

The influence of the 1st-phase fault system on the deposition
was probably terminated by h70. Lack of any syn-kinematic section
between h70 and h30 (Fig. 6) suggests that the deposition took
place at structurally quiescent conditions through the interval
without significant relief on the free surface (Fig.12B). This suggests
that no significant displacement has accumulated on the 1st-phase
faults during this stage.

Following a quiescent period of approximately 120 million
years, 2nd-phase faults initiated (Fig. 12C and D). Maximum
displacement (tmax2) between h30 and h45 suggests that faults
were probably nucleated in this interval. Once initiated, they
formed a relief at the free surface and triggered growth deposition
of the 2nd syn-kinematic package. The correlation between the
domain B and the 2nd syn-kinematic package is consistent with the
displacement variation through syn-kinematic strata (Figs. 8 and
11). Domain B extends slightly below the 2nd syn-kinematic
package suggesting that the throw gradient is also partly
controlled by up-dip fault growth (Fig. 8). A higher gradient
generally occurs within the syn-kinematic section and a distinct
gradient increase is often observable at the upper most section
(Fig. 9).

As the 2nd-phase faults kept up with the free surface during the
2nd syn-kinematic deposition, they also grew down-dip in order to
maintain a proportional displacement accumulation (Fig. 12C and
D). This process is predominantly restricted to the domain C and
probably controlled the low throw gradients of the domain. The
average gradient of 0.12 in this interval (Fig. 10) correlates to the tip
gradients measured on the outcrop exposures (Wilkins and Gross,
2002).

Two end-member scenarios could be proposed for the down-
dip growth of the 2nd-phase faults from tmax2: (i) The first model
suggests a proportional growth (or radial growth) with gradual
increase of fault length as throw accumulates (Fig. 12C). This model
is based on the well-documented linear relationship between the
fault dimensions and the displacement (Walsh and Watterson,
1988; Cowie and Scholz, 1992; Dawers et al., 1993; Schlische
et al., 1996; Kim and Sanderson, 2005). (ii) The second model
relies on the rapid establishment of the fault length, probably in the
form of multiple vertical segments. Then, the displacement accu-
mulates without a major change in the fault dimensions (Fig. 12D)
(Walsh et al., 2002; Meyer et al., 2002; Morley, 2002).

While the 2nd-phase faults nucleated and grew during the 2nd-
phase of extension, 1st-phase faults (i.e., the pre-existing zone of
weaknesses) remained relatively inactive (Fig.12C and D). Although
there are variations among the structures, reactivation offsets of the
1st-phase faults are generally minor and less than the offsets
accrued by the 2nd-phase faults. The lack of pervasive reactivation
is well imaged by the presence of the displacement minimum (tmin)
generally between h60 and h70 interval (Fig. 8). A slightly different
throw distribution is observable on the north-dipping fault of the
Vidalia structure where the tmin is almost eliminated due to
significant displacement accumulation (Fig. 8B). This distribution
illustrates a case of hard-linked connection between 1st- and 2nd-
phase faults (Fig. 8B).

8.3. What controls the deformation style?

Fig. 7 depicts the first-order mechanical anisotropy of the
sedimentary column with three mechanical stratigraphic units



Fig. 11. Idealized displacement profile of a single fault surface: (A) a blind fault; (B) a fault with upper tip reaching to the free surface; and (C) (B) with syn-kinematic stratigraphic
expansion.
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(MU), the competent MU-1 and MU-3 separated by the incompe-
tent MU-2. This mechanical layering is one of the key controls over
the presented structural style and evolution of the hourglass
structures (Fig. 12).

Prior to the 2nd-phase of extension, the upper tips of the 1st-
phase faults probably remained below the KV marker within the
incompetent MU-2 (Figs. 2 and 13). Incompetent rocks (e.g., shale)
can accommodatemore pre-failure strain than the competent rocks
(e.g., sandstone or limestone) before the localization of deforma-
tion into a discrete slip plane (Donath, 1970; Ferrill and Morris,
2008). As a result, faults initially localize in competent layers
(Schöpher et al., 2006) and incompetent layers with sufficient
thickness can retard fault propagation or act as amechanical barrier
to fault growth (e.g., Ferrill et al., 2007; Ferrill and Morris, 2008;
Morris et al., 2009). With the onset of the 2nd-phase of extension,
the 1st-phase faults were possibly reactivated but up-dip propa-
gation to the younger section were largely inhibited due to the
ductile capacity of the MU-2, especially the KV-TE2 interval that
completely buries the 1st-phase faults (Fig. 13).

While the 1st-phase faults were contained below a mechanical
barrier formed by MU-2, the 2nd-phase faults were likely to
nucleate and grow in the limestone dominated, competent MU-1
(Fig. 13). After the nucleation, the 2nd-phase fault grew down to
the vicinity of horizontal barrier (i.e., MU-2) that also retarded the
linkage of the 1st- and 2nd-phase fault systems. Thus, the upper
section of the incompetent MU-2 remained as the displacement
minimum and the main interval preventing the hard linkage of the
two systems especially for the Laminaria and Corallina structures
(Fig. 8A and C). Hard linkage and elimination of distinct throw
minimum (tmin) in the Vidalia structure can be attributed to thinner
claystone interval (between KVeKC) which may form less effective
horizontal barrier at this structure (Figs. 8B and 13). The hard
linkage may also be favored by almost parallel alignment of the 1st-
and 2nd-phase fault systems (Fig. 6) which led to better kinematic
coupling in the Vidalia structure.

Another potential control on the poor linkage of the 1st- and
2nd-phase fault systems relates to the evolution of tensional stress
field in the region. The elastic flexure of the Australian plate when
subducting under the Banda Arc is commonly considered as the
cause of the 2nd-phase of extension (O’Brien et al., 1999; Londono
and Lorenzo, 2004; Langhi et al., 2011) (Fig. 14). Langhi et al. (2011)
modeled that the elastic flexure introduces localized extensional
strain within the MU-1 that is probably controlled by the minor
reactivation of the faults in MU-3 (Fig. 14). This suggests that the
location, orientation and geometry of the 1st-phase faults
controlled the localization of 2nd-phase strain in MU-1 and the
grabens preferentially nucleated above the main horst blocks.
The flexural extension is likely to formmore 2nd-phase strain in the
shallow section that gradually decreases downwards as portrayed
by the distribution of Maximum Coulomb Shear Stress (MCSS;
Jaeger and Cook, 1979) in Fig. 14C. This stress distribution also
controls the detached nucleation and growth of the 2nd-phase
faults from the 1st-phase faults and the linkage mechanism in-
between.



Fig. 12. Schematic model showing the evolution stages of the hourglass structures and displacement accumulated at each stage. (A) 1st-phase faulting with syn-kinematic package
and throw domain A; (B) Quiescent period of approximately 120 My without fault activity and displacement accumulation; and (C) 2nd-phase faulting with syn-kinematic section
and evolution of throw domains B and C. Model is based on the gradual down-dip fault growth; and (D) Same as C but with rapid down-dip fault growth. t1et5 represents throw
accumulation through time. Dashed line in throw profiles depicts minor reactivation of 1st-phase fault during the 2nd-phase of extension.
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8.4. Hourglasses: time transgressive composite structures

Distinct deformation phases and their influence on the deposi-
tion are the main control over the systematic variation of
displacement on the hourglass structures in the study area.
Domains of positive displacement gradients (i.e., domains A and B
in Fig. 8) are predominantly caused by the periods of syn-kinematic
stratigraphic expansion. The negative gradient domain (i.e.,
Domain C in Fig. 8) is controlled by vertical detachment of the two
systems due to combined effects of flexural extension and hori-
zontal mechanical barrier to fault propagation. Therefore, the
along-dip variations of the displacement and the location of
displacement minimum are not directly related to the potential
intersection zone of the oppositely dipping faults (Fig. 8C). This
observation differs from some presented examples of the inter-
secting conjugate normal faults (e.g., Watterson et al., 1998).

In Fig. 15A, antithetic pairs F1eF10 and F2eF20 are independent
conjugate fault systems formed by two separate phases of exten-
sion that are w120 My apart. Although the location of the graben
was probably controlled by the location of the underlying horst
block, a caution is needed before integrating the two systems into
a single crossing conjugate framework in the study areawhich may
exist in other parts of the Timor Sea (e.g., Nicol et al., 1995). Note
that synthetic pairs of F1eF2 and F10eF20 cannot be considered as
the same faults, because they have different ages, locally deviating
strike orientations and different displacement characters due to
independent displacement accumulations (Fig. 12). There are cases
that the hard linkage is established between the synthetic faults of
two systems as in the case of north-dipping fault of the Vidalia
structure (Fig. 8B). The resulting fault is a time transgressive,
composite structure with a displacement distribution reflecting the
composite character of the fault plane. A model-based interpreta-
tion could propose that the south-dipping fault is offset by the
north-dipping fault in the Vidalia structure (Fig. 8B) as suggested by
the crossing conjugate fault models (Ferrill et al., 2000, 2009). But
note that there is no continuum of displacement between the
proposed offset segments of the south-dipping fault (Fig. 8B) as
should be expected if this was once a continuous fault plane.
Furthermore, north-dipping fault does not carry enough displace-
ment near the h60 horizon which may correlate to the inferred
offset of the south-dipping fault.

Another interpretation ambiguity might be to infer a hard
linkage between the synthetic pairs of 1st- and 2nd-phase faults
between h60 and h70 in the Corallina structure (Fig. 8A) and to
interpret the throw minimum (tmin) as resulting from the low-
angle connection between the two fault systems. However, the
trends of throw gradient extend above and below h60eh70
interval where fault interpretations show no dip variations. In



Fig. 13. Schematic diagram showing mechanical stratigraphic units and location of
horizontal barrier (gray shaded area) detaching the 1st- and 2nd-phase fault systems.
See Fig. 7 for the discrimination of mechanical units (MU).
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Laminaria structure, some fault intersection zones correlate with
displacement maximum (tmax2; Fig. 8C) and the displacement
minimum still occurs in the h60eh70 interval where there is no
fault intersection.
Fig. 14. Forward deformation model with mechanically anisotropic sedimentary column and
lithospheric flexure of the Australian Plate due to trust loading at Timor (Fig. 4). (B) Six-la
deformed by folding it to fit the theoretical flexure of the Timor Sea foreland (dashed line). (B
deformed model as a proxy for 2nd-phase fault location and density.
These observations suggest that the crossing conjugate fault
models are not applicable to the investigated hourglass structures
in the Laminaria High area and the observed systematic variation of
displacement is not controlled by the crossing conjugate geometry.

8.5. Implications of the presented hourglass model on trap integrity

Hydrocarbon leakage in the Laminaria High area is generally
attributed to reactivation of the 1st-phase faults and upward
remigration relating to a fault seal problem (Lisk et al., 1998;
O’Brien et al., 1999; De Ruig et al., 2000; Gartrell et al., 2005, 2006;
Langhi et al., 2010). The predicted membrane seal quality of the top
seal is high (De Ruig et al., 2000 and references therein) and the
absence of aquifer overpressures support low top-seal failure risk.
In the presented model with two detached fault systems, the fault
tips concentrate to the interval of throw minimum which corre-
sponds to the regional top seal. These tips areMode II fault tips with
tip lines oriented orthogonal to the sense of slip. A variety of tip
damage zones is defined for Mode II tips; these being wing cracks,
horsetail fractures, synthetic branch faults and antithetic branch
faults (Atkinson, 1987; Kim et al., 2004). They are widely variable in
terms of scale from millimeters to hundreds of kilometers and
usually extend well beyond the actual tip of the fault zone.
Therefore, even though the top seal is an interval with high ductile
capacity, subseismic scale, distributed tip front deformation zone
can develop across the interval and form subseismic fracture
systems impacting on the flow behavior of the top seal.

Fig. 14B shows a forward deformation model that captures the
scale, detached fault style, and mechanical stratigraphy of the
hourglass structures in the study area. The slip on the 2nd-phase
faults with inactive horst blocks concentrates the high values of the
maximumCoulomb shear stress (Jaeger and Cook,1979) into the tip
zone of the 2nd-phase faults. If we consider themaximumCoulomb
buried horst-graben blocks. From Langhi et al. (2011) (A) Schematic diagram showing
yer model with mechanical stratigraphic units MU-1eMU-3 as in Fig. 7. The model is
) Distribution of Maximum Coulomb Shear Stress (MCSS; Jaeger and Cook, 1979) on the



Fig. 15. (A) A schematic diagram of the 1st-phase (F1 and F10) and 2nd-phase (F2 and F20) faults in the study area. (B) Forward deformation model of the schematic configuration in
(A) capturing the deformation and scale of hourglass structures in the study area. Color illustrates the distribution of Maximum Coulomb Shear Stress (MCSS; Jaeger and Cook, 1979).
X shows the orientation of optimum conjugate failure planes with size scaled to MCSS. The model was computed using Dynel 2D (Maerten and Maerten, 2006).
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shear stress as a proxy to location and density of subseismic scale
fracturing (e.g., Maerten and Maerten, 2006; Crider and Pollard,
1998), the most intense tip deformation is likely to take place
immediately above the reservoir bearing horst block, mostly within
the top-seal section (Fig. 15B). Stress perturbation near fault tips is
known to enhance fracture permeability by opening and shearing
and therefore could risk the top-seal integrity (e.g., Tamagawa and
Pollard, 2008; Langhi et al., 2010). Leakage through top seal could
also explain the oilewater contact in the Corallina structure that is
locally above the fault e top reservoir intersection by 20e30 m
(Gartrell et al., 2006).

9. Conclusions

Analysis of along-dip displacement distribution can be effec-
tively used to reconstruct the slip and growth history of faults and is
particularly useful for composite structures which span through
multiple deformation phases. Knowledge of syn-kinematic sections
andmechanical stratigraphic units are the other preliminary inputs
to these analyses as they have an impact on displacement gradients.

The investigated hourglass structures in the Laminaria High area
are composite structures with bounding faults evolving across 1st-
and 2nd-phases of extension (Fig. 2). Fault offset varies systemati-
cally and a displacement minimum commonly occurs within an
incompetent unit that detaches the 1st-phase horst-bounding and
2nd-phase graben-bounding structures. Displacement variation
and style of deformation are in agreement with the complex
evolution history of the structures and the applicability of crossing
conjugate fault models (Ferrill et al., 2000, 2009) to the hourglass
structures is limited in the study area. The proposed evolution
model concentrates fault tips and related stress perturbations into
the minimum displacement zone which partly correlates to the
regional top seal. Soft interactions among fault tips and the inter-
ference of stress perturbations may create complex ductile (at the
seismic scale) deformation zone and increase vertical permeability
through this interval risking the top-seal integrity.
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