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Distribution and growth styles of isolated carbonate platforms as a function of

fault propagation

R. Loza Espejel, Tiago M. Alves, and Tom G. Bleskip

3D Seismic Lab, School of Earth and Ocean Scierieasliff University, Main

Building-Park Place, CF10 3AT Cardiff, United Kirgyd
Abstract

Fault control on the position and distribution edlated carbonate platforms is
investigated in Northwest Australia using high aye8D seismic and borehole data from the
Bonaparte Basin. Specifically, we address theicglahip between carbonate productivity
and fault growth so as to understand what the pyiroantrols on the growth of isolated
carbonate platforms are. Throw-depth (T-Z) andwhdistance (T-D) profiles for normal
faults suggest they formed fault segments that Vueked at different times in the study area.
This caused differential vertical movements: sorni® normal faults have propagated to
the surface, while others have upper tips 19 tori8@wo-way-time below the sea floor, with
the largest values comprising faults underneatlatsd carbonate platforms. As a result, four
distinct zones correlate with variable geometried sizes of carbonate platforms, which are
a function of topographic relief generated by uhgleg propagating faults. Some relay
ramps form a preferred location for the initiatexmd development of carbonate platforms,
together with adjacent structural highs. Due todtiplex effect of fault propagation to the
palaeosurface, and soft-linkage through relay ratmpse distinct models are proposed. Two
models explain carbonate platform growth and ormagxs changes in its internal structure:
(1) in the first model, fault throw is larger thearbonate productivity; (2) the second model

considers fault throw to be equal or less thanaraate productivity; and (3) the third model,
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fault throw post-dates the growth of the carbomdagform(s). The analysis of fault
propagation vs. carbonate platform growth showe leemportant, as the three models
proposed potentially correlate with variable fraetdensities and distributions within the
carbonate platforms. Based on our results, modalsl23 above enhance fracture- and fault-
dominated porosity and permeability to a greatgrele, making them a good target for

hydrocarbon exploration.

Keywords: Isolated carbonate platforms; continental margiwmthwest Australia;

fault growth; throw distribution; fractured resemvo

1 Introduction

Isolated carbonate platforms (ICPs) are of greatast to petroleum exploration due to
their reservoir potential. Some of the best exampfesuch potential are recorded in the
South China Sea (Neuhaus et al., 2004; Ding e2@1.4; Hutchison, 2014), Kazakhstan
(Collins et al., 2006; Kenter et al., 2008; Colletsal., 2016), the Middle East (Alsharhan,
1987), the Brazilian Coast (Buarque et al., 20#®,Barents Sea (Blendinger et al., 1997,
Elvebakk et al., 2002; Nordaunet-Olsen, 2015; AN24 6), amongst others. It is estimated
that reserves of about 50 billion barrels of oliiealent are accumulated within these
structures around the world (Burgess et al., 2@1@\uding fields such as the Luconia
Province and the Malampaya Field in the South CBiea (Neuhaus et al., 2004; Zampetti et
al., 2004; Rankey et al., 2019), the Karachagamaakcgndensate-oil field and the Tengiz
field in the Pre-Caspian Basin, Kazakhastan (Elebgl., 1998; Collins et al., 2006;

Borromeo et al., 2010; Katz et al., 2010).



48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

Isolated carbonate platforms are carbonate depbsit@accumulaten situ as
geomorphic features with significant topographipression relative to adjacent, time-
equivalent strata (Burgess et al., 2013). Thedatew carbonate platforms tend to have a flat
top as a result of the constrained space for \&nt@rbonate accommodation limited by the
sea level (Schlager, 2005). These carbonate phasfare also characterised by presenting
steep margins on their edges (Schlager, 2005)uéls, ssolated carbonate platforms show no
significant attachment to a continental landmasgylcan comprise several depositional
environments such as reefs, lagoons, tidal flatisfiamking slopes (Stanton Jr, 1967; Burgess
et al., 2013). Structural elements (such as faytdpeotopography, environment
(penetration of light to the seafloor, temperatardrients and salinity) and distinct biologic
assemblages are some of the mechanisms that, whemred, influence the timing,
location, growth and development of isolated cadbemplatforms (Schlager, 2005). For
instance, propagation of a fault to the surfacemadify the seafloor topography, which in

turn can influence carbonate platform development.

Research has been focused on the controls andageokisolated carbonate platforms
in a large, regional basin-scale (Bosence, 20050k, 2007). Additionally, the
stratigraphic relationships and depositional cantath structural features have been
generalised (Dorobek, 2007). Detailed structuratimds have been previously studied
focusing primarily on structural highs of sedimegthasins (Zampetti et al., 2004; Sagab
and Bourget, 2015a). In contrast to the publisitedature, this paper focuses on the Karmt
Shoals area to understand how underlying propagédults can control carbonate growth
and the morphology of ICPs in the Bonaparte Bdsig. (1). Sagab and Bourget (2015a) have
already undertaken an analysis of fault control$G#s in this area with a focus on the “Big
Bank” platform located to the northeast of the KaBhoals, using a different seismic and

well dataset. However, quantitative measurements hat been completed in depth, below
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the ICPs imaged on the present-day sea floor. Wtaladling the relationship between
carbonate productivity and fault history can previgseful information in regions with
complex extensional faults in synrift settings sastthe North West Shelf of Australia;
where footwall areas and structural highs (hoistgyact with the carbonate accumulation,
isolating the clastic supply (Bosence, 2005). Fgudivth history can also be used to provide
important insights into the development and tinmdCPs, as well as their relationship with

carbonate productivity rates.

The Bonaparte Basin (Fig. 1) presents Neogene dsfbat are mainly composed of
carbonate successions over which isolated carbqtetferms have developed since the
Pleistocene (Sagab and Bourget, 2015a). Isolatbdicate platforms started to develop in
areas recording changes in topography in the stalyes of the Quaternary (Mory, 1991;
Sagab and Bourget, 2015a). Some of these platfaeres controlled by structural highs
(horsts) in a highly faulted region (Burgess et2013). However, the platforms in the study
area have a much more complex story with diffepemiods of faulting and fault reactivation.
Therefore, a simple description relating theiriatibn to a unique mechanism cannot
completely address the geological and oceanogragiiings in which they were formed.
The observed spatial distribution of ICPs relativéault position suggests more complex
controls than just the faulting. There is a goothhar of isolated carbonate platforms that are
not positioned on structural highs and their irters cross-cut by faults. In detail, this work

intends to address the following questions:

a) How does the surface fault propagation influeneegifowth styles and distribution of
ICPs, and what is the relationship between carleoaatumulation and fault throw?
b) How can we facilitate the prospect identificatidd©@Ps and predict the best

structural setting for hydrocarbon accumulation?



98 2 Dataand methods

99 The seismic data used in this study includes agd&hsc volume (Karmt3D AGC
100 Time) located in the northern part of the Vulcam-®asin, Timor Sea (Fig. 1). The seismic
101 volume was acquired by Geco-Prackla in 1996 for Uéate Offshore Petroleum, covering
102 more than 2,000 kfwith a 6 s vertical penetration (Carenzi and Ckzz2008). The volume
103 was provided by Geoscience Australia and compB884 inlines (IL) and 5191 crosslines
104 (XL) with a 12.35 x 12.50 m line spacing and a iattsampling interval of 4 ms. The
105 frequency spectra of the interpreted volume infitise 3,000ms ranges from 10 to 70 Hz,

106 with an average value of around 20 Hz.

107 The seismic data is in time domain and of very ggaality in the Cenozoic interval,

108 allowing for a very detailed analysis of structuaesl ICPs (Figs. 2 and 3). The survey has
109 Dbeen processed by Veritas DGC in 1997 to corrdttupueffects and poor reflector

110 continuity beneath the ICPs (Ruig, 2000; Carendi@azzola, 2008). These pull-up effects
111 are related to differences in lithology. In gengtiaé carbonates within the ICPs have a

112  higher (\) velocity than the surrounding strata. Moreoviee, ICPs have a steep angle of
113 slope, which made the data acquisition and proegsabre complex due to the angle that the
114 acoustic waves were penetrating the subsurfadesetareas (Fig. 4). As a result, the pull-up
115 effects increase underneath these regions, aswélle stretched rims of the platforms (Figs.
116 3 and 4). Despite the efforts to correct pull-uigets, residual effects are still present on the
117 seismic volume (Fig. 4). In variance time slicebbethe ICPs, as a result of pronounced
118 velocity pull-up effects, the platform outlines atél observed (Fig. 4). In profile view, these
119 effects could be mistakenly interpreted as faulth wub-circular horst-like structures, but

120 normally the strata is continuous across the ppltenes (Marfurt and Alves, 2015) (Fig. 4).

121 Well completion data and proprietary geologicalorep from four different wells

122 (Mandorah-1, Ludmilla-1, Lameroo-1 and Fannie Bayvére used in seismic-well
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correlations (Fig. 5). Seismic well-tie was perfearusing check-shots and time-depth
(TWT-Z) tables found in the well reports. Well cpletion data include stratigraphic and
lithological descriptions based on cuttings an@wial core samples (Woodall, 1990;
Rexilius et al., 1998a; Willis, 1998; Willis, 1999 illis, 1999c; Willis, 1999a; Willis,
2000). Wireline logs (gamma ray, resistivity, déyyssonic) were digitised from raster
composite well logs to be used for correlationtoditgyraphic surfaces and depositional units
(Figs. 5 and 6). Micropaleontological analyseseafithonic and planktonic foraminifera, as
well as calcareous nannoplankton of three wellsnddaah-1, Ludmilla-1 and Fannie Bay-
1), allowed the correlation of wells and the agetad estimation (Rexilius et al., 1998b;
Rexilius et al., 1998a; Rexilius and Powell, 1998bxilius and Powell, 1999a) (Fig. 5).
Modern bathymetric data (taken from Geoscienceraliat Fig. 1) contributed to determine

the depth, size, shape and position of the ICPsesent.

2.1 Seismicinterpretation

Horizon and fault interpretation were performedbath vertical and map sections using
seismic amplitude and coherence data (Fig. 4).3&&ymic reflectors were mapped in the 3D
volume following basic stratigraphic principles ¢&k et al., 2006; Catuneanu, 2006; Mattos
et al., 2016) so as to identify the primary stapinic events from the Base Paleoceng (bl
the modern sea floor (SF) (Figs. 2 and 7). Well{ggmma ray, resistivity, bulk density,
neutron porosity and sonic) and biostratigraphia d@m four exploratory wells were
integrated into the seismic volume (Fig. 6). Thissé& surfaces and units were also

compared with previous interpretations by Willi998) (Figs. 5, 6, 7 and Table 1).

Key seismic horizons were mapped every 150 m inS\Eand NW-SE amplitude

seismic sections using strictly seeded autotracgargmeters on Schlumberger Petrel®.



147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

Isochron maps were calculated based on the intexpr®rizons in order to determine the
variation in thickness of the different units (F8). For the fault interpretation, a variance
attribute was extracted to better define majomseigliscontinuities (e.g. fault, channels,
karst features) (Figs. 4 and 9). Variance compdw@similarity of traces in all directions on
an interpreted surface (Chopra and Marfurt, 200ighlighting prominent discontinuities

such as faults and fractures (Brown, 2011; Maidnd Alves, 2015). Faults were initially
mapped on variance time slices to determine tbagth and strikes. The strikes of the faults
do not coincide with the inlines (IL) or crosslingd.) of the seismic survey (Figs. 9 and 10).
These sections cross-cut the fault with an arlyitaagle 3) between the IL or XL and the
strike of the fault. Therefore the interpreted fauh these sections show the apparentalp (
of the fault, which is less than the real dig)((Fig. 10) and can lead to erroneous data when
throw measurements are performed. For this reg@ypendicular sections to the strike of

the fault at each point of interest (Fig. 10a) weneated. These sections are key to visualise
the real (maximum) dipog) of the fault (Fig. 10b) and facilitate the integtation, which in

turn provide the maximum throw values that are ireguto obtain good quality data for the
T-Z and T-D plots. This method is key for the fahitow analysis to avoid inaccurate data
leading to erratic results. Fault linkage structusach as relay ramps are present in the study
area, and their recognition was deemed importanhtterstand the way(s) fault segments are
linked in the study area. Different zones wereldisthed based on features observed on a
coherence map in order to facilitate the descniptibthe different fault sets and types of

ICPs (Figs. 9b, 11, 12 and 13).
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2.2 Fault throw

Fault throw measurements were taken from diffefaumt segments to create detailed
fault throw-depth (T-Z) (Fig. 14) and throw—distan@-D) profiles (Fig. 15c¢) and thus
generate a high-resolution throw contour map (E&. Fault throws are used instead of total
displacements because the faults in the areaeaplgtdipping and present a small heave,
therefore the most convenient methodology fromnsieislata is to obtain the vertical
difference (throw) between the seismic reflectdrthe hanging-wall and the footwall across
the fault (Cartwright et al., 1998). Twenty (20)arpreted seismic horizons were used as key
markers when collecting throw data. Throw measurgswere taken from seismic sections
perpendicular to the strike of faults. We used langstrike spacing of 150 m between each
measurement and along-dip spacing of 25 ms. Tlysedeof detail led to an accurate

estimation of fault throws and to the completiorhfh-resolution fault map surfaces.

Throw-distance (T-D) plots were generated takirggrttaximum throw values of each
fault section along the strike of the fault (Fi§c). These T-D plots along with coherence
data and the throw surface map provide the locatfahfferent individual fault segments and
their linkage. Specific throw-depth (T-Z) profilésig. 14) are displayed to show the relative
depth of fault initiation. Finally, all fault throwata were plotted to generate high-resolution
contour throw maps in which details of the throwd &wlt segment interaction are observed

(Fig. 16).

2.3 |CP fault and area distribution

The area of each ICP was measured from differerd slices (Fig. 17) to produce a
histogram displaying frequency versus ICP area. (F8@). We undertook a detailed analysis

to determine if there is a correlation betweendilze of the ICPs and the number of faults
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crossing the structures as well as the numberuliistaurrounding the ICPs within a radius of
500m (Fig. 18b, 18c). For this analysis we tooledédnt time slices from the base
Pleistocene horizon to -216 ms with a spacing ofin84Fig. 17). For each ICP we counted
the number of crossing faults and surrounding $afnihere possible) and plotted the results
in Figure 18a and 18b. These analyses are coretiraiynthe seismic resolution. Only large-

scale faults visible on seismic data were takem aatcount for the analysis.

3 Geological framework

3.1 Tectonic setting

The Bonaparte Basin (Fig. 1) shows a complex siratevolution; it was subject to
multiple stress regimes, from predominant extensidhe Paleozoic to combined
compression and extension in the Mesozoic and @énokhis work focuses on the Nancar
Area, which is situated north of the Vulcan SubibBig. 1). The area records different
stresses that lead to a complex geological settitigrifting and compression events. During
Late Paleozoic and Jurassic times, two major epsodl extension occurred (Willis, 1998).
In contrast, during the Late Triassic, the Bonap&dsin was under compressional forces

(Longley et al., 2002; Sagab and Bourget, 2015gaSand Bourget, 2015b).

Late Paleozoic rifting created NW-trending struetusuch as the Flamingo and Sahul
synclines and the Londondery High (Willis, 1998pn@ersely, NE-SW Jurassic extension
resulted with the formation of the Malita Grabeml &ulcan Sub-Basin (Willis, 1998). Late
Jurassic rifting marks the onset of separation betwGreater India from Western Australia,
which was completed by about 132 Ma, resulting asin-wide Valanginian unconformity
(Willis, 1998). Subsequent to the Valanginian tgaession, clastic input to the basin became

scarce due to flooding of the source areas (Willk€8). Following continental break-up, the

9



218 area in which the Bonaparte Basin is included becampassive margin subject to thermal
219 subsidence with maximum water depths of about 500 time basin depocentre (Willis,

220 1998; Longley et al., 2002; Sagab and Bourget, ap15

221 In the Bonaparte Basin during the Early Cenozonpartant climatic changes occurred
222 due to the progressive drift of Australasia toribeth, placing the basin on a tropical latitude
223 within 30° of the Equator where carbonate factociasld develop in areas with low clastic
224 input (Balllie et al., 1994; Longley et al., 200%).the middle Eocene, a relative realignment
225 of tectonic plates gave place to a massive carkgraigradation to fill the accommodation
226 space provided by the underlying rift basins (Bat al., 1994). Progradational and

227 aggradational carbonate ramp settings reflect tee ke transition phase from siliciclastic to

228 carbonate deposition (Baillie et al., 1994; Willl998; Longley et al., 2002).

229 Tectonic convergence between the Australasian &Wstan plates from the Late
230 Miocene (6 Ma) to Pliocene along the Banda Arc tped a thrust belt on Timor Island,
231 which reactivated pre-existing extensional fautisedt-lateral transtensional structures
232 (Etheridge et al., 1991; Willis, 1998; Saqgab andifget, 2015a). At present, the Timor

233 Plateau and the Banda Arc converge along the Irsilmm@rough at an estimated rate of 77

234 mm.yrt, in a NNE direction (Ding et al., 2013; Sagab &udirget, 2015a).

235 The main fault families (set 1) in the BonapartsiBdave an average strike of 072°NE
236 and the secondary fault family (set 2) strikes 880°Saqab et al (2015a) suggested that fault
237 displacement in the area occurred from Late Miodertearly Pleistocene using the seismic
238 dataset referred therein as the Vulcan MegaSuMesy confirmed that a good number of
239 faults terminate just below the sea floor. Howegeme faults did not reach Pleistocene

240 strata due to a relative quiescence in tectonigiac{Sagab and Bourget, 2015a).

241
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3.2 Stratigraphic setting

Carbonate sequences in the Bonaparte Basin argnised throughout the Cenozoic,
with an onset in the Eocene (Fig. 7). The firsgstaf carbonate deposition records the
development of a broad ramp and is characterisedrbinor terrigenous input in the Early
Eocene and Early Miocene (Mory, 1991; Saqab anddgpy2015a). This carbonate ramp
succession is 3000 m thick and mainly composedalobeenite, calcilutite and marls, with
small volumes of chert in the Grebe and Oliver Fatrans (Fig. 7). At the base Miocene, a
regional unconformity is recognised through NW Aalsa (Longley et al., 2002; Sagab and
Bourget, 2015a) (Fig. 2). Following this event, thieraction between the Australian and
Pacific plates in the mid Miocene caused a trarssgpa which resulted in a regional flooding
episode with the development of a broad carbortel & the study area (Balllie et al.,
1994; Whittam et al., 1996; Longley et al., 20028¢g&b and Bourget, 2015a). Periodic
lowstands resulted in karstic (subaerial) erosiwoughout the Miocene. At the Base of the
Pliocene (Fig. 2), a local unconformity is recogaisn the north Bonaparte Basin (Marshall

et al., 1994; Sagab and Bourget, 2015a).

From the Late Pliocene to Early Quaternary, a tapwide, shallow-water platform
setting dominated in the Bonaparte Basin. Thiddetthe development of the Malita intra-
shelf basin (Bourget et al., 2013). Throughoutlthte Quaternary changes in the sea level
occurred (Yokoyama et al., 2001). The shelf maajithe Bonaparte Basin presents a mixed
system with alternating carbonate and siliciclasédiments (Bourget et al., 2013). Sagab
and Bourget (2015a) suggest that the initiatiothefICPs occurred in the Mid Pleistocene
due to sea level fluctuations, oceanographic charayel variations in the structural shaping

of the margin.
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3.3 Physiography

Carbonate platforms can develop along basin mamirsontinental shelves (Kendall
and Schlager, 1981). The ICPs in the BonapartenBasi situated on the upper continental
slope along the shelf margin (Veevers, 1971) (EjgThe growth and development of ICPs
could be attributed to different factors includiiegtonic movement, sediment supply,
tectonic subsidence, relative sea level changesigshothers (Wilson, 1999; Pomar, 2001;
Zampetti et al., 2004; Dorobek, 2007; Sattler et24109; Ding et al., 2014). For instance,
Van Tuyl et al. (2018) have shown ICPs that ingiiaby pinnacle reefs in the Browse Basin,

further south, with pinnacles providing shallowasdor the preferential growth of ICPs.

Isolated carbonate platforms in the Bonaparte Baaue a circular and ellipsoidal
morphology in plan view. Some of the most recogniséeatures of the ICPs in the Karmt
Shoals are interior patch reefs, interplatform cteds such as the ones within IERnd moat
channels (Veevers, 1971; Sagab and Bourget, 2QEBp)3). Moats surrounding the ICPs
have been interpreted by Veevers (1971) as thé ifssubsidence caused by the loading of

the same structure over unconsolidated sedimegt 8fi

Different platform sizes are observed in the stadha, ranging from 500 m to 18, 000
m in length. The isolated platforms are alignedhgla NE-SW direction (Fig. 3). This is a
similar direction to the shelf margin (Fig. 1).dathymetric data the ICPs are observed as

shallow topographic features ranging from 20 to@eep (Fig. 1).

4 Seismic stratigraphy

Several seismic horizons were identified and mapp#dn the Karmt 3D survey. In
Figure 2, seven key seismic-stratigraphic horizmesdisplayed, ranging in age from the

Base Paleocene to the sea floor. These horizormdedBenozoic strata into six distinct units

12
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(Figs. 5 and 7). All seismic-stratigraphic surfasese correlated with wireline data and

biostratigraphic data in order to constrain thgesand thickness (Figs. 5 and 6).

4.1 Unit 1: Early Eocene-Paleocene

The lower boundary of Unit 1 coincides with horizdnand comprises Early Eocene-
Paleocene strata (Figs. 2, 6 and 7). Horizerdincides with the Top of the Bathurst Island
Group, Paleocene base (Fig. 7) at a depth of Z381n the Ludmilla-1 well (Fig. 6).
Horizon H, can only be mapped in the south of the 3D surasyt pinches out towards the
north. It presents medium to low-medium positivisisec reflections. On well log data;H
shows an abrupt change in density with the higheisies reaching 2.6 g.c¢hfFig. 6). The
lowermost Unit 1 has an average thickness of 12@mdss bounded at its top by,Hvhich
correlates to the Top Paleocene (Fig. 7). ThiszZeorshows a high positive amplitude and
pinches out againstsHowards the north. The lower Unit 1 comprisestligiive-grey
calcareous claystones and predominantly mediunseaaained yellow-brown and very
light grey calcarenites of the Johnson Formatiol{®v1998) (Table 1). Horizon His
recognised on well logs as a dramatic change isitlewith values reaching 1.95 g.triThe

resistivity values are also low in this lower uménging from 0.2 to 4 ohm.m (Fig. 6).

One of the strongest positive reflections in Unig horizon H, which marks the top of
the Hibernia Formation (Fig. 7). In the Ludmillaa®ll, this reflection correlates with the top
of the Grebe Sandstone Member, and occurs at & dépB08.5 m (Fig. 6). HorizonH
marks the top of the 110 ms-thick upper Unit 1. phedominant lithology of the Grebe

Sandstone Member comprises a white to light gmey $iandstone (Willis, 1998) (Table 1).
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4.2 Unit 2: Oligocene-Middle Eocene

Unit 2 has an upper boundary at the top of the baseene unconformity (horizon
H,), which coincides with a high to moderate positweplitude reflection (Figs. 2 and 7). In
the Ludmilla-1 well, this reflection correspondste top of the Cartier Formation and
occurs at a depth of 1424.5 m (Figs. 6 and 7).léWwer boundary of Unit 2 coincides with
Hs, a Mid-Eocene unconformity. Unit 2 is a thick u@00 ms to 550 ms) and includes the
Prion Formation and the Cartier Formation (Fig.Uh)it 2 is an interval comprising greenish
grey calcareous claystones interbedded with olres-tp yellow-grey moderately hard
argillaceous calcilutites with minor yellowish-greglcarenites (Willis, 1998) (Table 1). This

interval is highly faulted across the interpretetssiic survey.

4.3 Unit 3: Miocene

The basal surface of Unit 3 corresponds to horlzgrwhereas its top surface
correlates to horizon4dHorizon H marks the base of Pliocene strata according to
biostratigraphic data and coincides with the toghefOliver Formation at a depth of 776.5 m
in the Ludmilla-1 well (Figs. 6 and 7). On seisrdata, horizon Klis a high to moderate
negative amplitude reflection easily mapped actiosstudy area (Fig. 2). This unit is
relatively thin (200-250 ms) to the south and tkrk to the north, where it shows an average
of 500 ms (Fig. 8). Unit 3 presents internal refl@es with fairly parallel geometries and low
to moderate amplitude. On wireline data,iarks an abrupt change in neutron and sonic
logs from relatively low values in Unit 3 to higlalues in Unit 4 (Fig. 6). The Oliver
Formation is mainly composed of light olive-greyoeaeous claystones interbedded with
greenish argillaceous calcilutites and light gidyminantly fine to medium grained

arenaceous calcarenites (Willis, 1968ble 1).
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4.4 Unit 4: Pliocene

Unit 4 is bounded by the base Plioceng)@&hd base PleistocenegjHhorizons (Figs. 2
and 7). The base Pleistoceng)(l$ marked by a high-amplitude, positive refleotat a
depth of approximately 561.5 m in the Ludmilla-1lMEigs. 6 and 7). Strata in this unit
consist of light olive grey calcareous clayston&fdl(s, 1998) (Table 1). Unit 4 comprises
the Barracouta Formation and varies in thicknes® f£00 to 350 ms, thickening towards the

NW (Fig. 8).

45 Unit 5: Pleistocene

On the interpreted seismic sections, the top of Broincides with the modern
seafloor at 220 m in the Ludmilla-1 well (Fig. Bhis Pleistocene unit varies in thickness
from 200 to 450 ms in areas with no ICPs (Fig@dse to ICPs, where thicker intervals are
present, the unit varies in thickness from 45030 @s (Figs. 2 and 8). The base of the unit
is horizon H, which also coincides to the base of most ICPs.ifterior of Unit 5 is
composed of high-amplitude reflections (Fig. 7)isBec reflections below the ICPs are not
continuous, suggesting a change in facies. Thengeresponse within these areas is
characterised by mounded morphologies and intgrohHotic to stratified reflections from
the margins to the ICPs internal structure, as epfor carbonate platform facies (Burgess
et al., 2013). Unit 5 comprises the Alaria Formatihich consist of yellowish-grey coarse-

grained calcarenites interbedded with silty catags (Willis, 1998) (Table 1).

The internal reflections of the biggest IEPBresent clinoforms suggesting the

coalescence of smaller individual ICPs into a lafgature (Figs. 9 and 19).
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5 |ICP geometriesand fault distribution

Within the study area, there are 51 Quaternary MiBsdifferent sizes, ranging in area
from 0.1 knf to 200 kni (Figs. 9, 17 and 18a). The histogram in Fig. 18as a
multimodal distribution of platform areas with terdifferent peaks. This is an indicator that
there are three groups of ICPs with different ar&ae first peak shows a group of ICPs with
an area of around 0.2 Knthe second peak shows the major frequency wikhd@as of 2
km? and a third peak shows a distribution of ICP$wait area of 20 kmThe higher
frequency of ICPs is located within the scale raoig knf. The smaller ICPs are
concentrated in the frequency peak of a rangezeksivith the order of 0.2 to 0.3 knThe

biggest ICP€) has an area of about 189 %m

The relationship between the ICP area and thesfaslindicated by the scatter plots
(Fig. 18b, 18c) suggests that there is no spatiaktation with regards to the ICP size and
the number of faults that cross these structuresimound them. However, the ICPs in the
Bonaparte Basin have a sub-circular and ellipsoitziphology in map view, with a NE

long-axis direction that is similar to the oriematof underlying faults (Figs. 3 and 9).

It is observed from the seafloor map (Fig. 3) agdmic sections (Figs. 11, 12 and 13)
of the Karmt shoals that the current ICPs couldelasen the result of the coalescent
evolution of smaller platforms. For instance, thge platforne is observed as an elongated
feature with two main branches (Fig. 9); this sigggeoalescence of smaller platforms. In
section view (Fig. 12) the platform interior is caeterised by clinoforms, which also
indicates the merging and aggradation of ICPs. I&maexamples previously described
include the isolated platforms of the East NatuaaiB (Bachtel et al., 2004) and offshore

Madura, Indonesia (Posamentier et al., 2010).
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A detailed structural interpretation of the baseigtbcene (k) using an extracted
coherence attribute resulted in the sub-divisiothefstudy area into four distinct zones (Fig.
9). These zones were defined based on the siz¢edhg, position and geometry of the

ICPs, as well as the type, density, and orientatfanterpreted faults.

51 Zonel

Zone 1 occurs to the northwest of the study aren &}. This zone is mainly
characterised by the absence of ICPs. Zone 1 pgeeadngh density of Plio-Pleistocene
normal faults striking NE. The faults have syntbetnd antithetic structures that are closely

spaced (100-300 m) (Fig. 12). These faults do nmpggate to the surface.

5.2 Zone?2

Zone 2 covers an area aligned NE-SW, just to théhsaf zone 1 and comprises the
large platforme together with 14 smaller isolated platforms (Bj.Plio-Pleistocene normal
faults strike NE-SW with an average of 072° (Figs, 12 and 13). The large isolated
platforme includes large fault zones with a net normal dffsech as F6 and F7, that cross
cut the platform as a later event (Figs. 9 and 19b). In contrast, to the NE the interior of

the ICPC is intact, and bounded by a fault system thauhes F5 (Fig. 9).

53 Zone3

Zone 3 is located to the south of Zone 2, and c@apia large number of ICPs (28).
Fault transect F1 is contained in this area (Fgad 13). There are two fault families in this

area; the principal family striking 072°NE (faulabhsects F1, F3 and F4) and a secondary
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406 family striking around 050°NE (fault transect FBhe interaction between faults creates
407 large relay ramp structures, such as the one contgiCPn), which is bounded by faults F1,

408 F2 and F3 (Fig. 9).
409
410 54 Zone4

411 Zone 4 occurs to the southeast of the study aigaqJand it is mainly characterised
412 Dby its relative scarcity of ICPs. There are onlyheismall ICPs, including ICB with an

413 average area of 1.5 KniThis zone presents a major fault zone around Fu(Fig. 12).
414
415 6 Fault throw analysis

416 In order to better understand the propagation hisibthe interpreted faults, maximum
417 throw measurements were taken from Fault F1 (Rigsand 15). This fault was selected for

418 our analysis because it crosses four different IGPB, v, ).

419 Fault throw measurements were completed in detadlry 150 m along the strike of the
420 faults, and every 25 ms along their dip. With themasurements, we generated detailed
421 throw-depth (T-Z) plots as well as a maximum thristance (T-D) plot (Figs. 14 and 15c).
422 The large amount of data was compiled to generhtgharesolution map of throw

423 displacement (Fig. 16).

424 T-Z profiles are useful to provide the style, tigniof fault initiation and the detailed
425 kinematic history of normal faults (Hongxing anddemson, 2007). Overall, the intention is
426 to analyse the slope of different curve segmendstiagir deflections within the throw profile.
427 Our analyses were based on the conceptual modedtoged by Hongxing and Anderson

428 (2007). A vertical line segment with a constanbthindicates a simple postdepositional
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429 fault, cutting the entire prekinematic stratigrapbection; it suggests that it was formed after
430 all the sedimentary layers were deposited. Anotlagrto determine the presence of a
431 postdepositional fault is by a constant growth ndg1.0 for all layers because there is no

432 change in the thickness of the strata.

433 On the other hand, a T-Z profile with a positivepd and throw values decreasing at
434  depth towards the older units, indicates a postsigpoal keystone-stretching fault, where
435 the fault propagates downwards, having the uppédrarasyoungest units with the largest
436 throw values. The growth index of postdepositistegtching faults is also identified by a
437 constant value of 1.0 or less, due to the thinoindpe layers by stretching. The timing of
438 fault formation post-dates the deposition of thi tecording the largest fault throw

439 (Hongxing and Anderson, 2007).

440 In the scenario that the T-Z profile presents aatigg slope, with throw values
441 increasing towards the older units, the preseneesyhdepositional normal growth fault is
442 recognised. The sedimentary sections expand ihahging wall, leading to a change in the

443 growth index with values greater than 1.0 (Hongxang Anderson, 2007).

444 The combination between throw profiles and growatirex are useful to provide

445 information of the time in which a fault first neeltes (Hongxing and Anderson, 2007). A
446 change from postdepositional keystone-stretchinl fa a growth syndepositional fault is
447  given by the deflection of a positive slope curv@tnegative curve. The growth index profile
448 in this case, shows a change in values from 118ssrto values greater than 1.0. The

449 maximum throw value in the profile along with tHeaage of the growth index corresponds

450 to the initiation of the fault growth (Hongxing aehderson, 2007).

451 Several seismic sections were analysed with T-Zilpsan order to determine the

452  growth history of the fault transect F1 (Fig. 1A%ross the study area, the results suggest that
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there are two fault displacement stages througth®u€enozoic. The stages are identified as
Paleogene faulting, with a maximum throw recorde®5 ms TWT, and Neogene-
Quaternary faulting with a maximum throw of 200 MW&T (ca. 287 m and 225 m

respectively, assuming an average velocity of 2858) (Fig. 14).

Fault throw values in Unit 1 decrease towardsatseb(Fig. 14). This segment of the
throw profile has a positive slope and the growtex presents values less than 1.0,
indicating that Unit 1 was deposited before fagittommenced (Fig. 14). Unit 1 is
considered as a prekinematic layer. The maximuowtivalues are observed around the Mid
Eocene horizon (k). Above this throw maxima, within Unit 2, throwluas start to decrease
towards younger strata (Fig. 14b, 14d, 14f and .18hé¢ throw profile in this segment has a
negative slope and growth index values are grélaséer 1.0 (Fig. 14). The change in
deflection from positive slope to negative slopeaddition to the change of growth index
values from less than 1.0 to greater than 1.0,estggchange from postdepositional faulting
to syndepositional faulting. These two faultingggts are considered to be the Paleogene

faulting (Fig. 14).

Fault throw and growth index values are observaeneain relatively constant around
the base Miocene horizon {Hwithin the uppermost part of Unit 2 and the lomest part of
Unit 3 (Fig. 14b, 14d and 14h). This can be intetgd as a period of fault inactivity in the
area. A change is observed upwards with a posstoyge throw profile with values
progressively increasing towards the uppermostgdddnit 3, around the base Pliocene
horizon (H) (Fig. 14b, 14f). The growth index profile reconddues less than 1.0. This
segment of the throw profile records prekinematiata. This stage is considered to reflect

postdepositional faulting due to the cessationctidy of the Paleogene faulting.

A second throw maximum is recognised in mid Lated@ne to Early Pliocene strata

around the horizon HFig. 14). This throw maximum indicates the stdrthe second
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478 faulting period described here as the Neogene-@uatgfaulting. Above this maximum, it
479 is observed that the throw values start to decreagards Quaternary strata, recognised from
480 the throw profiles as a negative slope line (Féh,114d, 14f, 14h). In this segment of the
481 profile, growth index values are greater than §uggesting thicker strata in the hanging-
482 wall, characteristic of a syndepositional normawgh fault. In some areas (Fig. 14a, 14qQ),
483 the growth fault propagates to the sea floor. Hewebelow the ICPs, fault throw decreases
484 and stops before reaching the sea floor (Fig. 14e). The presence of growth faults and the
485 thickening of the hanging-wall strata in Units 4ddn(Fig. 14a, 14c, 14e, 14g) confirm the
486 occurrence of a syndepositional fault. This suggtsit at the time of initiation of the ICPs
487 (Quaternary), the faults were still propagatingh® surface. The fact that the fault does not
488 completely cross-cut the platform indicates thaboaate productivity was higher than

489 vertical fault propagation rates.

490 The T-D plot in Figure 15 shows the maximum falitbtv values along the strike of
491 fault transect F1 for the Neogene-Quaternary.dinghdifferent maximum peaks along the
492 fault transect, which is indicative of the preseatdifferent individual fault segments within
493 fault transect F1 (Fig. 15b, 15c¢). These fault seggmare indicated by red solid lines in
494  Figure 15c along the fault throw maxima (yellowel)nA dashed line was drawn as the

495 interpretive extension of each fault segment. imisrpreted that lateral and vertical

496 propagation of these individual fault segmentsufgrmut the time led to soft linkage

497 between their fault tips, creating relay rampghiese relay ramps there is a transfer of

498 displacement from the footwall to the hanging-wale relay ramps are situated in areas
499 with relative minimum displacement between one sagmand another. These relay ramps
500 are shown in Figure 15c as pink rectangle areassd hnked fault segments created a large
501 fault transfer zone along fault F1 (Larsen, 198&d4en and Rotevatn, 2016). This type of

502 fault interaction exists at different scales of@ation (Fig. 9). In the study area, there are
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relatively small relay ramps (2 km wide) createdrmjividual fault segments, such as the one
located around the IC® (Fig. 15). Moreover, there are larger relay ratnpcsures (>10 km
wide) created by the interaction between larget fmahsects such as the relay ramp between

fault transects F1 and F2 (Figs. 9 and 19).

Relay ramps can only be observed on seismic ifdh® is large enough to be clearly
imaged in such seismic resolution (e.g. the redanyp containing the ICR&, shown as a light
purple polygon with a red outline in Figure 9b)l&eramps that are less than 1 km wide,
due to their small size, are not easily recogn@ethe seismic at first sight. For this reason,
it is necessary to use the T-D plot to accurawntify relay ramps, such as those in \CP
which are only clearly recognised from the T-D mae to the short throw values between
the fault segments (Fig. 15c). For the relay rathpscan be clearly identified in a seismic
section, they present rotation of strata betweenwo linked faults (e.g. Fla and F1b),
where the strike and dip of the beds are slighffeint to the general orientation (Fig. 15d,
15e). Relay ramps can be identified from the T-8t pi Figure 15c as the intersection
between two different fault segments (pink areasiially occurring in areas with low throw
values. Relay ramp structures are not only seésuwihtransect F1, but in some other parts of
the study area (Fig. 9). There are some small r@lanps that are placed close to the large
fault structures, such as the ones shown in Figlrdisplayed as light purple polygons with
a red outline. There are also some other largepsashown as light pink polygons on the

map (Fig. 9b), such as the one containing iCP

Fault throw measurements of about 200 T-Z ploteriadong the fault transect F1 were
used to generate a high-resolution fault throw (fag. 16). Unlike in the T-D plot (Fig. 15c)
the geometry of the individual fault segments camétermined as well as the depth of the
fault's nucleation. The fault throw surface mapwhdhe elliptical-like geometry of the fault

segments (white ellipses in Fig. 16). The maximbrow is localised inside the fault
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segment (warm colours) suggesting fault initiai@artwright et al., 1998; Hongxing and
Anderson, 2007). The throw values decrease towhsdfault tips (cold colours) (Muraoka
and Kamata, 1983). One example is seen at abdb@@2n along strike, where there is an
area of high throw around horizon.H he fault throw values decrease laterally anticadty
from about 240 ms (orange colour) in the core efftult segment to lower values of about

130 ms (yellow and green colours) towards the figost

Similar to the T-D plot, relay ramps can be intetpd in the areas where the two fault
tip segments interact and present relatively lowwhvalues. These relay ramp areas are
plotted as pink zones on the fault throw map, agthe relay ramp between the fault

segments la (Fla) and 1b (F1b) (Fig. 16).

The presence of two faulting events is clearly geiged in the T-Z plots (Fig. 14) and the
fault throw map (Fig. 16). The Paleogene fault sexgts are observed below horizon H
between -2000 and -1500 ms TWT (Fig. 16). The Neeg@uaternary faulting event is

observed with fault segments mostly above H

7 Fault propagation styles

In the study area, Paleogene and Neogene fault$Eastriking (Fig. 9). They have a
net normal component. The fault network preserdszidual fault segments linked to each
other (Fig. 9). The linkage and overlap betweeresghfault segments results in the creation
of large fault transects, which is known as geoimewherence. The displacement of each
fault segment accumulates and creates a large(¥&alsh and Watterson, 1991; Conneally
et al., 2014). The formation of the fault transdetsto F8 present geometric coherence (Fig.

9).
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Around fault transect F1, within the overlap zobhetwveen different fault segments,
small relay ramps are observed primarily from TiBtpand the throw surface map as well
as large relay ramps easily identified in the vaseamap (Figs. 9, 15 and 16). In Figure 15,
where ICPua is located, there is an intact relay ramp withaximum width of about 2 000

m.

The interaction of several fault segments can eradarge fault, e.g. fault transect F1.
These long faults, if interpreted on a regionalesea one large fault, can interact with other
large fault transects. The interaction of the ftlinction in a similar way to individual fault
segments. As a result, they can generate exteastas of a relay ramp such as the 8 km
wide relay ramp between F1, F2 and F3 containied@Pn (Fig. 9). The relay block
normally presents considerable bed rotation andded deposits even if it is not visible in
seismic resolution (Fossen and Rotevatn, 2016)s\igpect that this uneven paleo-surface
could be a good foundation for the initiation oPi€based on the fact that all the ICPs that
are cut by fault F1 directly correlate to the positof an underlying relay ramp. However,
direct spatial relationship between most relay rauaipd the position of ICPs has not been

identified.

8 Discussion

8.1 Reationship between carbonate deposition and fault growth

In the Bonaparte Basin, there is a high conceommaif ICPs across the shelf margin
(Fig. 1). The area is highly faulted as observeith woherence attribute maps (Fig. 9). Fault
throw data suggests correlation with the positiblinked fault segments and associated

relay ramps (Figs. 15 and 16). Despite the lacspatial relationship, some of the ICPs such
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asa, 3,V, 9, €, ¢, n and0 correlate with the locus of an underlying relampaas

demonstrated in the T-D plot (Fig. 15¢) and thdtfduow map (Fig. 16). For this reason, the
concept of fault throw analysis is introduced asdditional aspect to take into consideration
when identifying ICPs where there is an extensige#ting (Burgess et al., 2013; Rusciadelli
and Shiner, 2018) and to generate different maafdiSPs when the faults interact with their

growth or their subsequent development.

The initiation of the ICPs in the Timor Sea hasrbattributed to antecedent
topography that was able to trigger the preferésgattlement of reef building organisms, and
thus controlled the distribution of isolated carateplatforms in the Vulcan Sub-Basin
(Sagab and Bourget, 2015a). This antecedent toplygia tectonic-related due to the
extensional faulting in the area. It is well docunteel in the literature that ICPs can start on a
structural high with a horst-like structure, sushtlze ICPs in the Maldives Archipelago
(Paumard et al., 2017). Sagab and Bourget (2018 tiocumented the development of the
“Big Bank” in an adjacent area to the Karmt Sho@itss ICP was interpreted by the latter
authors as to be controlled by a structural highweler, as recognised from our 3D seismic
dataset, there are some scenarios in which ICP®dgrow on structural highs (Fig. 9). In
this work we try to extend the understanding oftfaantrols on ICPs where they are not

exactly on structural highs, but are crosscut lojt$a

As recognised from the T-D profile (Fig. 15c¢) aheé fault throw map (Fig. 16), the
ICPs in fault transect FI( 3, y andd) are underlain by different relay ramps formedhumy
interaction of the fault tips between two fault semts. These relay ramps produce local bed
rotation (Giba et al., 2012) that creates a chamg@pography. The gradual transition from
intact rock to a breached relay ramp developsurastin the area, even before the two
interacting faults are completely breached (FossehRotevatn, 2016). Fossen and Rotevatn
(2016) have shown a field example from the CanyaddaNational Park, USA, in which the
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ramp is highly fractured. Therefore it is probatddnave a high concentration of fractures in
the sub-seismic scale even if the ramp appears tobtinuous and unbreached in the
seismic data, as it is not fully imaged on thers@sdue to its resolution. This uneven
topography may then favour the concentration ofoofpmist biota and result in the initiation
of ICPs (Fig. 20). However, this correlation betweelay ramps and the development of
ICPs is not a direct relationship. Nevertheless & way to explain the control of some ICPs.
Transfer zones including relay ramps (soft-linka@e) known to be important features in
controlling basin stratigraphy due to the markednge in relief in both hanging wall and
footwall associated to the transfer zones (Leeddr@awthorpe, 1987; Gawthorpe and
Hurst, 1993). The Abu Shaar el Qibli carbonatefptat in the Gulf of Suez is an example of

an ICP positioned on a transfer zone (Gawthorpe-andt, 1993; Cross et al., 2008).

Based on our analysis, we observed three scenanmsich faults interact to trigger
the initiation and development of ICPs: (1) intéi@t of single fault segments and the
creation of relay ramps (Figs. 19 and 20a, 200))lai@e scale relay ramps created by large
fault transects (Figs. 19 and 20c); and (3) stmattoighs (Fig. 19). Furthermore, the ICPs

can start on different places of the relay ramprc{dse to the fault tip( Figs. 15 and 20a)

or (2) inside the relay ramp (Figs. 15 and 20b).

Three distinct models explaining carbonate platfgrowth are proposed here based on
the comparison between productivity- and fault Wraates. (1) one in which fault throw is
larger than carbonate productivity (Figs. 19f, Bagl 21); (2) a second model considering
fault throw to be equal or less than carbonate ytidty (Figs. 19d, 19e and 21); and (3) a
third model in which fault throw post-dates thewtio of the carbonate platform(s) (Figs.

19b, 19c and 21).

In our study area, the three types of models asegmt. The type 1 can be seen in zone

2 with platforms presenting intact internal struetsince no faults cross-cut the structures
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(Fig. 191, 199). These ICPs developed in the stimatthigh bounded by faults F1 and F4.
There is a cluster of isolated platforms withirsthlock including ICR. Type 2 ICPs can
also be found within the zone 2. An example ofet? platform developed inside of a ramp
is shown in Figure 19d, where the faults F1 andreated a large ramp with a wide
rotational surface suitable for the developmerthefICPn. A type 2 platform developed
between the fault tips of two different individdallt segments is shown in Figure 19e. This
type of platform is characterised as faulted inntsrior, as observed in the seismic line. The
type 3 ICPs are characterised by the post growditirig. The faults propagate after the
growth and deposition of the ICPs, such as in @feelfaulted by several faults, including
faults F6 and F7 (Figs. 19b, 19c and 21). This ¢@observed as type 2 to the northeast
(Fig. 19c¢) in which the syn-depositional fault pagates to the surface. In the same area of
the ICPe it is also recognised a shallow fault that waseligyed after the ICP growth,

implying a type 3 ICP.

8.2 Implicationsfor petroleum systems on continental margins

ICPs are well-known as good targets for resenamrgaining significant accumulation
of hydrocarbons. It is estimated that around 5liobilbarrels of oil equivalent reserves are
accumulated within isolated carbonate platformsiadathe world (Greenlee et al., 1993).
Several super-giant fields are found in ICPs suctha Tengiz and Kashaghan fields in the
Precaspian Basin (Kuznetsov, 1997). Another benéthe ICPs is that several petroleum
system elements can be easily identified in seisBecause of their geometry, the trap and
seal properties are favourable with a four-waydgsure; normally well sealed by fine-
grained marine strata or evaporites (Burgess ,e2@13). Sideways, adjacent or underlying

strata can form good source rocks with a clear atigm pathway and migration focus into

27



649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

the ICP trap (Burgess et al., 2013). However, fidha ICP structures have the same
potential and volume capacity to store hydrocarbBnos this reason, it is critical to not just
identify the ICP structures, but to perform a breraglvaluation before deciding where is the

best structure to drill and increase the probahititget an exploration success.

It is known in the literature that relay ramps esgant potential pathways for vertical
migration fluids (Fossen and Rotevatn, 2016). Redayps can enhance vertical porosity and
permeability due to a range of fluid-rock intergetprocess. The breaching within the relay
structure, can develop a fracture system that ex@sgpoorosity and permeability (Fossen and
Rotevatn, 2016). Furthermore, during the relay tigraent and breaching, the faults can
create compartmentalised blocks that can geneifééeetht isolated reservoirs. One example
is the Gullfaks Field in the northern Sea (Fossehtdesthammer, 1998; Fossen and
Rotevatn, 2016). These structures can serve asalgrathways for fluid migration and
hydrocarbon accumulation (Fossen and Rotevatn,)20hérefore we can predict that ICPs
located over relay ramps are good reservoir taget® they make an attractive scenario for
hydrocarbon migration and trapping. The hydrocartem migrate through the relay ramp

and then store within the platform.

The ICP strata is recognised to present an eaniengtion, leading to a rigid structure
(Burgess et al., 2013). The early cementation efallatform can lead to a significant
development of small-scale faults and fractures wie syn-tectonic deposition of the
platform (Cross et al., 2008). Therefore we cagritiiat the ICPs with syn-tectonic growth
such as the ones corresponding to the type 2 nppdpbsed herein may have a constant
fracturing on the platform interior due to the -j@positional growth of the platform during
the upwards fault propagation growth. Similarlye thpe 3 model ICPs may develop fracture

networks in their interior as the fault propagatethe platform interior. This induced
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fracturing could develop a secondary porosity witlie platform structure that signifies an

enhanced reservoir capacity (Cross et al., 2008).

Based on our analysis of ICPs in the Karmt Shoalprmepose that in exploration of
new prospects, once the isolated carbonate plasfamnidentified from seismic data, one
way to discriminate which ICP possesses the besiasio to be a hydrocarbon reservoir is by
identifying the ICPs that are positioned on a retayp. In accordance with the models
proposed, the ICP with a higher confidence of ss€e@euld be found in type 2 and 3 models
(Fig. 21). The type 2 and 3 ICPs are developed @teg ramp, which may facilitate the
hydrocarbon migration towards the ICP interior.tRarmore, the structure interior should be
highly fractured due to the syn- and post- depmséi faulting, leading to an enhanced

volume capacity to store hydrocarbons.

Tectonism is well documented in many geologicairsgs from 2D and 3D seismic
data as well as from outcrop analysis to be a mesimathat influence the location, growth
and demise of ICPs around the world. The most comeooafiguration is related to
topographic highs created by the uplift of blocksihded by faults, named as fault-block
carbonate platforms in Bosence (2005). Late Oligeegarly Miocene carbonate platforms
from the Maldives Archipelago are described to tetiolled by structural highs (Paumard et
al., 2017). Another major example is the Miocenednia province, where reefs grow on

prominent fault blocks (Zampetti et al., 2004; RéisBoerensen et al., 2016).
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9 Conclusions

Fault throw measurements taken from 3D seismic al&dw the creation of detailed
throw-depth (T-Z) and throw-distance (T-D) profiles well as a high resolution fault throw
displacement surface. These profiles and maps alithgvell data are the basis to analyse

the timing of fault initiation and fault growth elaion.

The Cenozoic in the Vulcan Sub-Basin presents tages of faulting: the
Neogene/Quaternary faulting and the Paleogendriguivhich are observed as throw
maximas from the T-Z plots (Fig. 14) and throw aad map (Fig. 16). A period of fault
inactivity between these faulting stages is recegphifrom the Late Oligocene to Early

Miocene.

The development of ICPs based on the Karmt3D seidata, suggest their initiation
from the beginning of Unit 5 onwards. However, Sagad Bourget (2015a) mention that the
ICP development started during the Mid Pleistoc®adeo-topographic discontinuities in the
Pleistocene are attributed to the fault displacdraed the related deformation of the
seafloor, generating structures such as relay ramgstructural highs. As recognised from
the distribution analysis of ICPs versus faultg)(R8), the majority of the ICPs does not
have a direct relation to the faults. However, saifhe ICPs (e.g, (3, y andn) relate to the
position of relay ramps underneath. For these el@snpelay structures play a very

important role in the initiation and developmeni©Ps.

Three different models were presented showingdlaionship between ICPs and fault
linkage and distribution: (1) one in which faultdkv is larger than carbonate productivity;
(2) a second model considering fault throw to bea¢qr less than carbonate productivity;

and (3) a third model in which fault throw post-ekathe growth of the carbonate platform(s).
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The models proposed herein are useful as analdgutse hydrocarbon prospectivity
evaluation of ICPs in extensional settings in thiessirface. The recognition and comparison
of an ICP using 3D seismic data and the given nsockeh lead to the prediction of the
structure with a greater hydrocarbon migration apldme capacity. The type 2 and 3 ICPs
present the best scenarios for hydrocarbon praspgcihey present a favourable
hydrocarbon migration pathways (relay ramp) andcstiral traps (platform facies), which
can be highly fractured, providing an important egof enhanced (secondary) porosity. We
expect that these models can be applied to siseflings on equatorial margins around the

world to facilitate the identification of new praesgi targets.
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1008 the Sahul Flamingo Nancar Area. Bathymetry datartdkom Geoscience Australia. Basin

1009 boundaries modified from Longley et(@D02).

1010 Figure 2. Two-way time (TWT) arbitrary seismic plefwith NE-SW orientation

1011 through the wells Ludmilla-1 and Nancar-1, ST. Tie@n seismic events in the area are
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Figure 3. 3D perspective visualisation of the ipteted seafloor map from the
Karmt3D seismic volume. The map displays the Kéimbals with several isolated
carbonate platforms. (1) Moat channels surrountiiRgs, (2) interior patch reefs, (3)

interplatform channels (4) lagoon, (5) platform ri{®) platform steep slope.

Figure 4. 3D seismic display showing seismic arapgktcorendered with variance
attribute of IL 5333, XL 3335 and time slice -932.nvelocity pull-up effects are observed in
section view as fault shadows or fault-like struetu(green arrow) and false “uplifted” strata
(red arrow) as a result of vertical changes incsigfo These effects are also seen in time
slices as sub-circular features creating falsaraglof the overlying ICPs (green arrows).
Real faults (blue arrows) present continuity inhbtbite time slice and the vertical sections, as

well as the offset in the continuity of the seismafiectors.

Figure 5. Well log correlation showing the stragiginic correlation of the area and the
corresponding surfaces interpreted on seismic daecorrelation was performed taking
Ludmilla-1 as the principal well based on gamma{@aR) and sonic (DTC) logs as well as
integrated biostratigraphic (foraminiferal and napliankton) data taken from raster
composite well logs and micropalaeontological répfRexilius et al., 1998b; Rexilius et al.,
1998a; Willis, 1998; Rexilius and Powell, 1999bxHas and Powell, 1999a; Willis, 1999c;
Willis, 1999b; Willis, 1999a). The spatial corretat was carried out by identifying seismic
markers within the wells using seismic data. Folt leeations and the correlation line see

Figure 9.

Figure 6. Composite log showing GR, RT, NPHI, RH@®| DTC of the Ludmilla-1

well. Integrated biostratigraphic data from siddwale and cutting samples is presented
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with the foraminiferal and nannoplankton zones &k respective ages. Interpreted seismic

markers correspond to seismic horizons. Data t&kem Willis (1998).

Figure 7. Cenozoic stratigraphic chart of the nodastern Bonaparte Basin including
seismic stratigraphic units. Modified from Willi$998) and Sagab and Bourget (2015a). The

seismic section crosses the Ludmilla-1 well foerehce.

Figure 8. Isochron maps showing the TWT thickredgbe different units. (a)
Isochron of unit 5 from Seafloor horizon t@ Korizon. (b) Isochron of unit 4 from horizons
Hs to Hs. (c) Isochron of unit 3 from horizonsHo horizon H. (d) Isochron of unit 2 from

horizon H, to horizon H.

Figure 9. Time structure map (a) and coherence (imapf the base PleistocenegiH
showing the four subdivided zones (separated bgrgselid lines) of the study area. White
dashed lines represent the interpretation of emgriesentative faults (F1-F8) with a general
trend of NE-SW. ICP outlines are shown as blue eddines. Eight ICPs are identified by
Greek letters(-8). The largest relay ramps are mapped, indicatetidight pink polygons.
Small relay ramps are plotted as purple polygoris wired outline. The red line frame
represents the area of interest in which detallealt measurements have been undertaken to
generate T-Z plots (Fig. 14), T-D plots (Fig. 1Bgahe high-resolution contour fault throw

map (Fig. 16). The position of the six wells argpdtayed for reference.

Figure 10. Fault interpretation methodology diagsaMap view (a) showing a fault
intersection to a time slice. The sections to kerdor fault interpretation and throw
measurement should be perpendicular to the strigach particular point since the fault is
slightly curved. IL and XL are not useful sinceyttwit the fault at an arbitrary angde The

3D view (b) shows a fault with two intersecting ts&@es: one perpendicular to the strike
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where the real dipof;) can be taken, and a second section intersedtizg arbitrary angle to

the strike, which shows the apparent dip of thdtfau

Figure 11. Uninterpreted (a) NW-SE seismic line aodesponding interpreted (b)
section showing the four different zones in the &&&a. Zone 1 presents no faulting. In zone
2, there is a presence of two different fault systeone in the Neogene-Quaternary and the
other one in the Paleogene. An ICP developed attmvBleogene-Quaternary faults. Zone 3
presents highly faulted Neogene-Quaternary stratafaults propagating to the surface; as
well as Paleogene faulting. Within zone 4, therenly one small fault in the Neogene-

Quaternary.

Figure 12. Uninterpreted (a) and correspondingpméted (b) NW-SE seismic line
showing the three different zones in the centréhefstudy area. Zone 1 in this section shows
the presence of normal fault systems throughou€Cteozoic. This zone is characterised by
the absence of ICPs. Zone 2 shows the presenbe bt fault systems: Neogene-
Quaternary and Paleogene. There are faults belewb ICPs in this zone. Zone 3 contains
the major fault in the area (fault F1), which prgates to the surface; and minor Neogene-
Quaternary normal faults. Zone 4 includes a laagdt farea with synthetic and antithetic

faults.

Figure 13. Uninterpreted (a) and correspondingpméted (b) NW-SE seismic line
showing the three different zones in the NE ofgtugly area. Zone 1 does not present
faulting. In zone 2 there is a presence of aniitifaults in the Neogene-Quaternary strata,
and there are some synthetic faults in the Cretecstrata. Zone 3 is highly faulted and the

ICP is underlain by the major fault system of fait

Figure 14. Fault throw vertical profiles (T-Z Pl@black curve) and growth index plots

(orange curve) with seismic sections perpendidaldine strike of fault transect F1. Profiles
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1083 were taken at various distances, from the southtiest the fault transect F1 to the

1084 northeast tip (see distances above each plotthédocation of the lines along the fault
1085 plane, see Figure 15c. Across the area there aréhtow maximas (red circles), indicating a
1086 period of fault initiation. The first period of fiing occurred during the Late Paleocene-
1087 Early Eocene with downward fault propagation (dibterow line) into unit 1 and upward
1088 fault propagation (solid arrow line) into unit Zadre is a period of fault inactivity between
1089 units 2 and 3 which are represented by an almostant throw (dashed arrow line). The
1090 second period of faulting occurred during the Wdiecene-Early Pleistocene with a

1091 downward fault propagation into the base of ur(d&ted arrow line) and an upward

1092 syndepositional fault propagation into the unitnd 5 (solid arrow line). The rapid decrease
1093 in throw values near the sea floor reflects thesg@nee of a growth sequence. It can also be
1094 observed as values greater than 1.0 from the grma#x plot. Horizontal lines indicate the

1095 interpreted seismic horizons.

1096 Figure 15. Uninterpreted (a) and interpreted (Bywof an area of interest of the

1097 extracted coherence attribute over thdibhe structure map. Different fault segments

1098 displayed with solid red lines encompass the tretnsfefault F1. ICP outlines are displayed
1099 in blue. Symbolst, (3, y andd represent the ICPs crossing the fault F1. Thehbsigllow

1100 solid line indicates the position of the cross isect(c) Maximum fault throw profile (T-D
1101 Plot) of fault F1 in the Neogene-Quaternary fagjtapisode shows different interpreted fault
1102 segments with a red line. The blue dashed linegsept the boundaries of the ICPs, and the
1103 green dashed lines indicate the position of theplefs displayed on Figure 14. Relay ramps
1104 are interpreted to be located where two differanttfsegments intersect and the throw values
1105 are relatively small compared with the maximum whaf both segments. These relay ramp
1106 zones are displayed as pink areas. Uninterprejeah(linterpreted (e) NW-SE seismic

1107 section shows faults Fla and F1b with the relaypratructure in between.
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Figure 16. High-resolution fault throw surface napng the strike of fault F1 with
vertical exaggeration of 3x. Cold colours represewtthrow values, whereas warm colours
indicate high throw values. The hanging-wall levaishe interpreted horizons (kb Hg) are
displayed for reference. The position of the IGdrawn with red lines. White line ellipses
represent the interpreted individual fault segmdpiisk dashed lines represent the large scale
fault segments. The areas of low throw values batvtke individual fault segments are
interpreted to be the relay ramps, which are piiadi® pink zones. It is clear to see the
presence of two faulting events (Paleogene andQ@lgtternary) mostly divided by the,H

horizon. The ICP position is interpreted to betexlato the presence of relay ramp zones.

Figure 17. Coherence attribute seismic slices®kharmt3D with a spacing of 64 ms

from the base Pleistocene to -216 ms. ICPs arefiguewith a light blue outline.

Figure 18. Histogram and scatter plots showindnigtpgram with a multimodal area
distribution of ICPs; (b) scatter plot of the ICfe@ against the number of crossing faults; (c)

scatter plot of the ICP area versus the numbeauwdtd around ICPs within 500 m.

Figure 19. Seismic lines showing the detailed gaonwd the different types of ICPs.
Horizon H; variance map shows the location of the sectiondi(ee large ICR appears to be
as type 3 (b) or a combination between type 2 afw), 3uggesting that for large platforms
the development of ICPs can be a mixture betweléereint types. The ICR showing the
development of the platform as type 2 in the imeéay ramp (d). The ICRwith a type 2
development with faulted and fractured inner stitee{e). Different ICPs developed on a

structural high and show an intact internal strree(fiand g).

Figure 20. Schematic diagrams showing relay ramyzttres and the position of ICPs.

(a) ICPs located in the fault tips; (b) developmaniCP inside the ramp; (c) relay ramp
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formed by several fault segments on a larger sehtre ICPs can develop either in fault tips

or on the ramp.

Figure 21. Schematic diagram of isolated carboplaftorms as a function of fault
throw ratio (T) and carbonate productivity (P). Tipe 1 ICP develops in structural highs
and the ICP is intact. The type 2 ICP developsiiar@a where there is antecedent faulting,
such as on a relay ramp, and where the carbonadegivity is higher than the throw
displacement. The type 3 ICP develops initiallypomon-faulted zone. Once formed, faults

can crosscut the ICP, fracturing their internalcture.
13 Table Captions

Table 1. Seismic character and lithologies of #iemic units interpreted in the study
area. Correspondence of the seismic horizons snitbrk with the horizons in the literature

(Willis, 1998).
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TWT

Epoch Seisr.nic Horizon Comp_arable Thickness Internal Charact.er, _Geometry, and Lithology
Unit horizons Terminations
(ms)
--Seafloor-- --Sea Bed-- Moderate- to high- amplitude reflectors. Chaotic | Yellowish-grey coarse-grained calcarenites interbedded
Pleistocene 5 200-650 under ICBs and parallel to discontinuous in with silty calcilutites.
other areas.
- He-- - BPLE - . . . . .
Moderate- to high-amplitude continuous Light olive grey calcareous claystone.
Pliocene 4 110-350 reflections. Fault offsets present in the
reflectors.
- Hs-- -- BPLI -- - - — - -
Low- to moderate amplitude internal seismic Greenish grey to light grey calcareous claystone
Miocene 3 350-550 reflections, subparallel to wavy. Highly faulted inte':rbedded with gr'eenish grjey to very light grey
reflections. argillaceous calcilutites and light grey arenaceous
e Hyee —TM3 - calcarenites.
¢ Low- to moderate amplitude seismic reflections, | Light olive-grey calcareous claystone, olive- to yellow-
Oligocene subparallel to wavy. Seismic reflections grey argillaceous calcilutites, and yellow-grey to light
2 170-550 | intersected by faults. grey calcilutites with minor yellowish-grey medium to
coarse calcarenites.
Late Eocene H TGREB
3 Moderate- to high- amplitude internal White to light grey very fine to fine grained sandstones.
Early Eocene 0-120 reflections. Unit truncating to the west.
1 o Hoe —TED - Moderate amplitude sub-continuous reflections. | Light olive-grey calcareous claystone and yellow-brown
2 Wedge-shaped seismic unit thickening towards and very light grey medium to coarse grained
Paleocene 0-200 . . . s
the south. calcarenites; white to very light calcilutites,
interbedded with light grey calcareous claystone.
- Hy-- I
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Distribution and growth styles of isolated carbonate platforms as a function of fault
propagation

R. Loza Espgjel, Tiago .M. Alves, and T. Blenkinsop

3D Seismic Lab, School of Earth and Ocean Sciences, Cardiff University, Main Building-
Park Place, CF10 3AT Cardiff, United Kingdom

Highlights:

a) Extensional faults partly control the position and distribution of carbonate platforms
off Northwest Australia.

b) Relay ramps can form preferential structures for the initiation and development of
isolated carbonate platforms.

c) A relationship among platform growth and fault growth is established.

d) Three models explaining carbonate platform growth are proposed to assess reservoir

character.



