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ABSTRACT

Ancient rift basins host important hydrocarbon-bearing systems worldwide. A review of
these systems indicates that the syn-rift reservoirs are commonly clastic, fluvio-deltaic facies with
marine-related seals. Although the passive margin systems overlaying many of these basins have
been well-studied and exploited, exploration into the deeper rift strata is riskier and relys on
seismic surveys with little well or core datdodern analogues, like the East African Rift System,
provide insights into the early stages of rift development, but seismic analysis of ancient rifts is
needed to analyze an entire rift cycleeismic surveys of the Jurassic sediments of the Dampier
Sub-basin image the complete rift stratigraphy and contain well data through most of the syn-rift
sediments. The purpose of this study is to better characterize the location and interaction of the
reservoir and seal facies within the Dampier Sub-basin using seismic geomorphological
techniques. This study focusd on the regional play intervals (RPI) within the syn-rift of the
Dampier Sub-basin: the J20 RPI, J30 RPI, J40 RPI, and the J50 RPI. The J2@tRiRed an
axially prograding delta system, the J30 RPI contained a transverse prograding, coarse-grained
delta system, the J40 contained deepwater fans and debrite deposits, and the J50 RPI contained a
mix of delta and submarine fan systems. The interpreted syn-rift stratigraphy of the Dampier Sub-
basin shows a switch from axial deposition during rift initiation to transverse deposition during rift
climax. This change in dominant sediment drainage direction during rift evolution is important
for exploration into syn-rift plays, especially since targeting high quality reservmis €&an be a
challenge in these system3hough transverse systems may contain immature sediments, this
study shows that they can be significantly sized features and, when sealed in source rock quality

shales, potentially productive plays.
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CHAPTER 1

INTRODUCTION

As offshore, passive margin hosted oil and gas fields become increasingly mature with
regards to exploration and development, there is renewed interest in exploring deeper into the rift-
related sedimentW KDW XQGHUOLH PDQ\ RRifib&skh sxiiRrift Qedifhent® ibstJ L Q V
nearly a third of the all the discovered giant oil and gas fields, fields that contain 500 million barrels
or greater of ultimately recoverable oil or gas equivalent, and are located worldwide (Figure
(Mann et al., 2003, 2007). Ancient rift basins are being newly discovered today beneath passive
margin sediments of many of the continental margins around the world, however, many of these
rift systems lie beneath post-rift salt deposits and imaging of the reservoir, seal and structural
elements remain difficult at best (Feijo, 2013). Nevertheless, there is strong evidence to suggest
that these newly explored, but older rift systems will prove to be as, if not more hydrocarbon rich,
than their predecessors (Doust and Sumner, 2007; Fraser et al., 2007; Burton and Wood, 2010;
Feijo, 2013). A review of the hydrocarbon system elements in these rift basins (Gawthorpe and
Leeder, 2000; Younes and Mcclay, 2002; Doust and Sumner, 2007; Lewis et al., 2015) show the
variety of sediment sources and seal facies occur in these basin types. However, poor imaging and
a lack of log penetrations and core indicates that reservoir and seal distribution andioecognit
criteria are poorly constrained. Some complexities that can increase risk of exploration and
development in these basin types include: multiple sources of sediment input from uplifting
margins and through axial bypass, maturity or lack thereof for reservoir sediments entering the
basin, difficulty seismically imaging morphologic elements in the basin, few well penetrations of

the deeper syn-rift fill, and an over reliance on conceptual models. Techniques in seismic



geomorphology have been underutilized on these deep basin areas as a means to better understand
the problems listed above. It is the goal of this research to utilize seismic geomorphologic
techniques to more deeply investigate available seismic volumes for insights into the structural
and stratigraphic makeup of these complex basin fills. One area of the world where both quality
seismic and well data exist of rift basin sediments is the northwest shelf of Australia, more
specifically the Northern Carnarvon Basin.

One of the most petroliferous areas within the Northern Carnarvon Basin lies along the
structural flanks of the Dampier Sub-basin. By the start of 2002, there had been 120 erplorati
wells drilled with 49 field discoveries and a 22% success rate for fields over 20 MMBOE (Longley
et al., 2002). However, very few wells have been drilled into basin centered stratigraphic traps.
Seismic data are available over the sparsely drilled basin center, though the depth and complexity
of the stratigraphy makes imaging and interpreting these basin-center plays complicated. To
achieve an improved understanding of these rift basin deeps, a three-phase approach was
undertaken to better understand the main elements of sedimentary rift basin fill and the controls
on where different reservoir and seal facies are deposited. First, a survey of known rift basins w
undertaken to assist in identifying the primary reservoir and seal facies that characterize such
settings, as well as what makes rift basins successful or not successful producers of hydrocarbon
Second, a survey ad modern rift setting in East Africa was undertaken to understand the
depositional controls on a young, modern rift setting with regards to the rift size, geomorphology,
and drainage characteristics. Finally, this understanding of ancient and modern rift basins was
integrated with both detailed seismic and well data to understand the sequence stratigraphy and
seismic geomorphology of fill and drainage development in the eastern margins of the Dampier

Sub-basin of the northwest offshore Australia.
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1.1 Defining a Rift Basin

Rift basins are sedimentary basins that have undergone crustal extension, block faulting,
and have passed through three main sedimentary developmental phases: a pre-rift, sgn-rift, a
post-rift (Kingston et al., 1983; Prosser, 1993). Architecturally, rift basins are bounded by either
a main border fault, in the case of half-grabens, or by multiple pairs of border faults with opposing
dips forming horsts and grabens (Gupta et al., 1998). Depending on the scale and area affected by
extension, rift geometries can be separated into three distinct types: half-graben riffawhere
movement was primarily on one side of the basin; symmetrical rift, where fault movement was
equal on both sides of the basin; and distributed rifts, where horsts separate the basin into sub-
basins (Doust, 2014, 2015). It is important to note that in the case of a symmetrical rift, the
symmetry refers to the modern-day structure of the basin and does not necessarily mean that
movement of the bounding graben faults, or sedimentation within the basin, was symmetrical. The
focus of this study, the Dampier Sub-basin, can be described as a distributed rift under this
geometry scheme (Figure L.2Rift basin geometry can change over the length of a rift system,
for example in Lake Tanganyika in the East African Rift System the half-graben orientation of the
rift changes multiple times from dipping to the east in one part of the rift to dipping to the west
further south along the rift system (Figure)RBrostick, 1997). The areas where the extensional
strain is transferred are called transfer zones or accommodation zones (Morley et al., 1990;
Lambiase and Bosworth, 1995).

Sedimentation in rift basins reflects each of the structural development stages of the rift.
The pre-rift sediments comprise everything older than the initiation of rift-related fault movement,
the syn-rift sediments comprise everything deposited during rift-related fault movement, and post-

rift sediments comprise the sediments deposited after rift-related fault movement ends (Figure 1.4)
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(Doust, 2014). Prosser (1993) studied the seismic signature of rift basin fills and was able to
further subdivide the syn-rift stagascapture the entirety of syn-rift depositional trends: S2 (rift
initiation stage), S3 (rift climax stage), and S4 (immediate post-rift stage; sometimes tefasred

the rift waning stage (Figure 1.5Within the syn-rift S2 to S4 stages there are specific structural
changes occurring within a given rift system that affect how sediment is deposited within the
growing basin S2 rift initiation, minor faulting creates a local topographic low; S3 rift climax,
faulting is at its most active, fault block rotation occurs, and is the time of maximum subsidence;
and S4 rift waning stage, there is slowing fault activity and more erosion of the rift flanks (Kingston
et al., 1983; Prosser, 1993; Doust, 2015).

Different siliciclastic facies and depositional processes within rift basins can vary
significantly. Relative sea-level changes can affect sub-aerial exposure of different tilted fault or
horst blocks within a rift system. The existence of different paleo-topographic highs can have
significant effects on sediment source and transport pathways during deposition (Prosser, 1993;
Mcarthur et al., 2016)During the S2 rift-initiation time there is a slow initial rate of subsidence
within the basin due to slip being accommodated by multiple individual small fault segments
instead of a master border fault (Morley, 1995; Gupta et al., 1998; Lohr and Underhill, 2015;
Mortimer et al., 2016). During tH&3rift climax stage, the fault segments connect to form a main
border fault with a high subsidence rate. This higher subsidence rate leads to a deeper basin with
more accommodation for marine or lacustrine shales that can be deposited and commonly act as
either seals or source rocks fothL | W Bpétndlewisystem. In terms of reservoir distribution,
there are many possible reservoir facies that can develop (Figure 1.6). Coarse-grained alluvial or
submarine fans and talus deposits develop adjacent to the active border faults depending on

whether the rift is continental or marine in nature (Figure 1.6) (Prosser, 1993; Gawthorpe and
4



Leeder, 2000; Doust, 2015; Henstra et al., 2016). Fluvial, deltaic, and shore face sands usually
develop along the shallower dipping hanging walls of the basin flanks (Figure 1.6) (Gawthorpe
and Leeder, 2000; Doust, 2015). Slope fans and turbidites are usually deposited in the deeper and
more axial parts of a marine rift basin, while axial confined fluvial systems commonly will develop
along the center of continental rift basins (Figure 1.6) (Gawthorpe and Leeder, 2000; Doust, 2015).
The challenge to exploration in these basins becomes targeting these disparate reservoirs and

understanding how they interact and relate to each other.

1.2 Petroleum Systems of Giant Rift Basin Hosted Fields

Rift basin syn-rift sediments host nearly a third of the all the discovered giant oil and gas
fields, fields that contain 500 million bbl or greater of ultimately recoverable oil or gas equivalent,
and are located worldwide (Mann et al., 2003, 2007). Mann et al. (2003) published the most
comprehensive summary of oil and gas giants. The author continues to uplhse &ls new
discoveries are made (Mann et al., 2007). However, detailed evaluation of this work notes that the
authors focused on identifying the tectonic setting of giant oil and gas fields, rather than the setting
of the basin they are hosted within. Because of this, sub-giant fields were ignored and many fields
with passive margin reservoirs that overly rift stratigraphy were categorized as continental margin
fields, rather than rift basin fields. In this study, we will refer tdifabasin” as a basin that has
undergone the three stages of rifting defined by Kingston et al. (1983) and réfgt basin
fields” asoil and gas accumulations that either are reservoired within syn-rift sediments or had
rifting as the single most profound effect on hydrocarbon formation, migration, and trapping,

keeping with the criteria used by Mann et al. (2003ften there are multiple tectonic stages a



basin, making the determination of the tectonic setting of the petroleum system difficult to clearly

define. +RZHYHU WKH FRQFHSW RI 3SFULWLFDO PRPHQW ™ LV KHOE
One area of the world that exemplifies the trouble with assigning a field to one tectonic

setting is the North Sea, geographically located between the countries of the United Kingdom and

Norway. The Brent Group is the most prolific producer in the North Sea and considered to be

located as part of the pre-rift succession for the basin (Gautier, 2005). Though the majority of

North Sea giant fields produce out of the pre-rift and not the syn-rift, the act of rifting within the

basin led to the tilting and erosion of fault blocks, subsidence of the system to depths deep enough

to allow for source rock maturation, and an adequate seal to be deposited. In this sense, rifting

was the single most profound effect on the success of the petroleum system within the fields, and

WKXV WKHVH DUH -KIRWWHGJ LIHKEOBW SULIW

1.2.1Clastic Reservoirs of Rift Basins

Source rocks and seals that assist in creating successful plays in rift basins are not
always related toys-rift sedimentation. To focus this research on pertinent aspects of risk in
targeting syn-rift plays we have surveyed 30 rift basins and assessed the primary aspects of
petroleum systems as described by Magoon and Dow (1994). We have placed particular emphasis
on seal and the syn-rift related reservoir systems to examine how rifting effected depositional
environments and influenced the nature and distribution of reservoir and seal sediments.

A summary of known rift systems hosting giant oil and gas fields reveals some interesting

trends. The main reservoir rock type in rift basins is clastic, while only around 27% of the basins
contain carbonate reservoirs as their main syn-rift reservoirs (Figure 1.7). This is to be expected

as the increased sediment input from the two footwall and hanging wall highland regions to the



basin floor would increase the clastic input into the system and discourage the growth of carbonate
systems. In the situations where carbonates are the dominant syn-rift facies, the carbonates tend
to be reefs that formed within marinetsibn paleo highs of the flooded, tilted fault blocks; along

with associated back reef areas.

The distribution of clastic reservoir depositional environments in rift basins is mixed
between alluvial highlands to deep marine depositional environments; however, the most common
reservoir type is the delta-shore face with around 36% of the basins producing out of delta-shore
face reservoirs (Figure 1.8). The large variety of clastic reservoir types in rift settings reflects the
variability in paleotopography and basin type that is undergoing active margin and internal block
uplift and subsidence, as well as, for ocean-attached rifts, undergoing temporal changes in
shoreline. Such rapid changes in accommodation and shoreline allow for rapid progradation and
retrogradation of deltas and the fluvial systems that feed them. Alluvial fan and bajada systems
are common features that form against the footwalls of subsiding grabens and off the tops of tilted
hanging walls in continental rift settings (Gawthorpe and Leeder, 2000). These deposits are
reflected in the 36% of reservoirs documented that have alluvial deposits as part of the major
reservoir systems with fluvial deposits usually occurring as additional productive reservoirs in the
same geographic area and stratigraphic interval. Fluvial reservoirs are significant secondary
reservoir targets within both alluvial and deltaic reservoir systems, as they tend to occupy the same
chronostratigraphic layer and are within geographic proxitaigtluvial and delta systems due to
their genetic relationshipsSome of the least common reservoirs were those related to eolian
systems and deep marine systems. This is likely due to the more unique conditions thaedre need
for each of these systems to form. Eolian deposits typically require an arid climate and an adequate

alluvial sediment source to form, conditions that are apparently rare during syn-rift deposition in
7



rift basin settings. In contrast, the small number of discovered giant fields with deepwater reservoir
facies (marine or lacustrine) documented may reflect the lack of exploration into the deeper depths
of the rift basins as opposed to lacking the right paleoclimate condit©Ons; 13% of the basins
studied appear to contain deepwater-related reservoirs (Figure 1.8). One would think that
submarine fans, turbidites, and debrite deposits would be more common since they can be such
prolific reservoirs in the passive margin settings and would have active sediment sources from
footwalls onto hanging walls, as evidenced in Gawthorpe and Leeder (2000), similar to alluvial
fan settings. One explanation is that many rifts do not obtain enough subsidence to allow for
deepwater conditions to occur during syn-rift deposition. The North Sea, between the United
Kingdom and Norway, is an area where there was enough subsidence to allow for deepwater
conditions. The North Sea contains many examples of areas where rifting caused the tilted fault
block to erode and provide enough sediment to be deposited in deepwater systems to allow for
submarine fans to become main reservoirs for some of the giant fields (Moscardelli et al., 2013).
The Dampier Sub-basin is also known to have gravity flow deposit reservoirs (Apache Energy,

2005).

1.2.2Seals of Rift Basins

The main seal type for 39% of rift basins is an anhydrite, evaporite, or salt (Figure$). Thi
UHODWLRQVKLS EHWZHHQ VDOW VHDOV DQG ULIWatithbVLQV KI
(Klemme, 1975), but it is also important to recognize that while evaporites are sometimes the main
seals and trap-related mechanisms in these basins, they are not the only seals found. Carbonates
make up nearly a quarter (24%) of the seals for successful plays in rift basins, while shales also

act as seals either on an intraformational scale or on a basin-wide scale (Figure 5). Itis interesting



to note the dominance of marine-related seals, but on-shore and deltaic related reservoirs. This
relationship suggests that while reservoir facies are being deposited during the syn-rift time,
usually near continental margins as suggested by the preponderance of deltaic reservthes, once
rifting has stopped or once rift climax stage has subsided the basin sufficiently to allow for a
submergence of the previously subaerial environments, marine processes of carbonate and shale
deposition take over. Reservoir deposition ends and seal deposition and formation begin, if they
are not being deposited contemporaneously to begin with. Thus, it is hypothesized through this
observation that a sequence stratigraphic context could be used to understand the relationship of
the rift reservoir facies development and the onset of seal facies development conditions within

rift basins.

1.2.3Summary
In summary, because of their temporal place in the evolution of many passive margins, rift

basins continue to provide unexplored areas for significant hydrocarbon accumulations beneath
known passive margin provinces (Wood, 2010). Reservoirs in these basins are dominantly clastic
in nature (73%) and seals are dominantly marine in natufé)(7#ther as carbonates (23%),
intraformational or basin wide shales (26%), or a salt or evaporite (40%). Because the clastic
reservoirs that dominate rift settings are primarily fluwaldeltaic in nature and the seals
dominantly marine in nature, we hypothesize that documenting a seismic geomorphologic history

in the basin will be most effective done within a framework of key sequence stratigraphic surfaces.
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Figure 1.1: Map indicating the location of giant oil and gas fields worldwide. Stars indicate the
location of petroliferous rift basin locations. Modified from (Mann et al., 2003).
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Figure 1.2: Map showing the specific structural elements within the Dampier Sub-basin.
Modified from Geoscience Australia (2010).
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the rift zone. From Frostick (1997).
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Figure 1.4: A simplified diagram of the three main structural and sedimentary stages of rift
growth. Modified from Doust (2014).
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Figure 1.5: A simplified diagram of the three main structural and sedimentary stages during the
syn-rift stage of rift basin evolution. Modified from (Doust, 2014).
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the different possible types of syn-rift reservoir depositional facies. Figure originally from
Younes and Mcely (2002).
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Figure 1.7: Chart shows the breakdown of the number of rift basins with giant oil and gas fields
into whether the giant fields were hosted in carbonate or clastic reservoirs. Number of fields and

basins based on Mann et al. (2003).
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Figure 1.8: Chart shows the breakdown of the number of rift basins with giant oil and gas fields
with clastic reservoirs into the type clastic facies they produce from. Number of fields and

basins based on Mann et al. (2003).
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Figure 1.9: Chart shows the breakdown of the number of rift basins with giant oil and gas fields
based on the facies of the seal of the petroleum system. Number of fields and basins based on

Mann et al. (2003).
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CHAPTER 2

GEOLOGIC BACKGROUND

The Dampier Sub-basin provides a perfect opportunity to utilize an area rich in seismic
data to assess the nature of reservoirs and seals in a marine-attached, distributed rift basin. One of
the key challenges is trying to understand and interpret the depositional history in an area where
previous interpretations have focused on the rift shoulders and not the main depositional centers

of the basin.

2.1 Geologic Setting of the Dampier Sub-basin

The Dampier Sub-basin is a northeast-trending depocenter within the offshore Northern
Carnarvon basin, which itself is part of the North West Shelf of Australia; alternatively called the
S:HVWUDOLDQ o8 WASBUEJuM 2Q) (Yeates et al., 1987; Bishop, 1999; Geoscience
Australia, 2010). The tectonic history of the Northern Carnarvon basin can be divided into three
tectonic phases (Hocking, 1988; Longley et al., 2002). During the first phase, ending in the late
Triassic, the Northern Carnarvon Basin had developed as an intra-cratonic basin (Hocking, 1988;
Longley et al., 2002). The second tectonic phase, from the late Triassic to late Jurassic, is related
to the breakup of Gondwana and is the extensional rift phase of the basin (Westphal and Aigner,
1997). This phase of rifting lead to the creation of the following large depocenters: the Beagle,
Dampier, Barrow, and Exmouth sub-basins (Figure 2.1) (Geoscience Australia, 2014). The third
stage of tectonic development refers to the post-rifting and modern development of the passive
margin of the North West Shelf (Hocking, 1988; Westphal and Aigner, 1997).

The Dampier Sub-basin, along with the Barrow and Exmouth sub-basins, is a large

depocenter filled primarily with over 10 km of Mesozoic sedime@epg$cience Australia, 2014).
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A combination of structural highs and faults separate the Dampier Sub-basin from the structural
highs of the Rankin Platform to the northwest, the Lambert Shelf to the southeast, the Barrow Sub-
basin to the southwest, and the Beagle Sub-basin to the northeast (Figure 1.1) (Blevin et al., 1994;
Geoscience Australia, 2010). The Dampier Sub-basin formation began with the multistage
breakup of Gondwana during the late Triassic to early Jurassic time, with the major phase of rifting
occurring during the Callovian (Westphal and Aigner, 1997; Longley et al., 2002; Geoscience
Australia, 2010). By the early Cretaceous, tectonic activity had largely waned as the offshore
Northern Carnarvon Basin evolved into a passive margin system, with only some inversion
occurring during the Campanian and Neogene (Hocking, 1988; Longley et al., 2002; Cdthro an
Karner, 2006; Geoscience Australia, 2010; Tortopoglu, 2015).

The structural elements of the Dampier Sub-basin trend northeast-southwest and are a
series of alternating synclines and anticlines (Figure 1.2): the Kendrew Trough, the Madeleine
Trend, the Lewis Trough, the Legendre Trend, and the Enderby Terrace, with the greatest sediment
thickness being located within the Lewis Trough (Figurg. IThere are two northeast-southwest
trending major fault networks within the sub-basin that have taken up the majority of the sub-
EDVLQTV H[WHQVL Rt(Bysiahk MhisiD <gpata@s YieX0@mpier Sub-basin from the
Rankin Platform to the northwest, and the Rosemary Fault System which runs through the center
of the Dampier Sub-basin area (Figure)1.Zhe Lewis Trough and the Legendre Trend are the

main geographic regions within the study area.

2.2 Stratigraphy of the Dampier Sub-basin
The basal-most unit in the rifted Dampier Sub-basin is the Locker Shale. The Locker Shale

was deposited unconformably over Permian sediments and basement and represents an initial

18



marine transgression into the Dampier Sub-basin area (Figure 2.2) (Hocking, 1988; Geoscience
Australia, 2010). The Locker Shale is primarily a marine claystone and siltstone that grades
upward into the fluvial sediments of the overlying Mungaroo Formation (Figure 2.2) (Geoscience
Australia, 2014). The Mungaroo Formation is comprised of a northwest progradation of fluvio-
deltaic sandstone, siltstone, claystone, and some coals (Hocking, 1988; Geoscience Australia,
2010, 2014). The marine influence increases in the upper Mungaroo, where fluvial and shoreline
sands host giant gas accumulations on the Rankin Platform within the Dampier Sub-basin
(Geoscience Australia, 2010, 2014). The coals of the Mungaroo are also inferred to be one of the
main source rocks for the gas hosted within the formation (Tao et al., 2013; Geoscience Australia,
2014).

Rapid subsidence at the end of the Triassic and early Jurassic resulted in the deposition of
the transgressive fluvio-deltaic and nearshore sandstones and claystones of the Brigadier and North
Rankin Formations (Figure 2.2) (Geoscience Australia, 2010). These were followed by the
deposition of the Murat Siltstone, in response to the rapid subsidence (Figure 2.2) (Geoscience
Australia, 2014).

Major rifting during the early Jurassic led to extensional movement on major fault systems
within the Northern Carnarvon Basin, causing the basimetoompartmentalied into the sub-
basins and individual depocenters that make up the Northern Carnarvon Basin today (Hocking,
1988; Geoscience Australia, 2014). During this time there was the deposition of the restricted
marine claystones and siltstones of the Athol Formation, which was followed by the deposition of
the Legendre Formation (Figure 2.2) (Geoscience Australia, 2010, 2014). The Legendre
Formation is composed of deltaic sandstones and is part of the greater Legendre Delta that was

deposited over much of the North West Shelf during the early Jur&sgice 2.3 (Longley et
19



al., 2002; Geoscience Australia, 2014). The Legendre Delta expanded westward from the Beagle
Sub-Basin, across the De Grey Nose, into the Dampier Sub-basin depositing the lower Legendre
Formation from the Sinemurian to the Pliensbachian and the upper Legendre Formation in the
eastern Dampier Sub-basin from the Toarcian to the Callovian (Hocking, 1988). The sediment

source for the deltas was mainly from the surrounding fault blocks and depocenter margins

(Geoscience Australia, 2014).

Major fault movements and subsidence during the Callovian produced a basin wide
Callovian Unconformity (Geoscience Australia, 2010). Deposited on top of the Callovian
unconformity is the shallow marine claystone Calypso Formation (Geoscience Australia, 2010;
Marshall and Lang, 2013; Tao et al., 2013). Rapid subsidence continued within the Lewis Trough
and although localized basin-floor fans were deposited forming the Eliassen and Biggada
formations, the main deposition during Oxfordian to Tithonian time was the Dingo Claystone
(Figure 2.2) (Bishop, 1999; Geoscience Australia, 2010). The Dingo Claystone was deposited in
a restricted marine setting and acts as a major source rock for the basin (Bishop, 1999). Around
the basin margins there were fluvial and near marine sands deposited as the Angel Formation,
particularly near the northeastern area of the Dampier Sub-basin (Figure 2.4), but the majority of
sediments during this period were the slits and shales of the Dingo Claystone (Hocking, 1988).

To the south of the Dampier Sub-basin, during late syn-rift time (Berriasian to
Valanginian), the Barrow Delta was deposited over much of the Exmouth and Barrow Sub-basins
(Tao et al., 2013). While the Barrow Delta was being deposited in the Barrow Sub-basin, only
the thin prodelta Forestier Claystone was deposited in the Dampier Sub-basin (Figure 2.2, Figure
2.5) (Geoscience Australia, 2010). Post rift subsidence from the Valanginian to the Aptian led to

the deposition of the Muderong Shale over much of the Dampier Sub-basin, with deposition of
20



localized coastal plain sands forming the Birdrong Sandstone and the glauconitic Mardie
Greensand, as well as the basin-floor fans oMhaustralisSand (Figure 2.2) (Hocking, 1988;
Geoscience Australia, 2010). From the Aptian to the present, the sediment filled Dampier Sub
basin been overlain by a passive margin succession of very fine grained sediments in the form of
the Windalia Radiolarite, the Haycock Marl, and other prograding shelfal carbonate systems

(Figure 2.2) (Geoscience Australia, 2010, 2014).
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Figure 2.1: Map identifying the different sub-basins and structural elements within the
Northern Carnarvon Basin and nearby basins, along with the locations of oil and gas fiel
wells, pipelines, and discoveries. The Damper Sub-basin is outlined in black. Modified 1
Geoscience Australia (2013).
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Figure 2.2: Generalized stratigraphic column for the Middle Triassic to Late Jurassic strati
of the Dampier Sub-basin. Modified from Geoscience Australia (2010).
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Figure 2.3: Paleogeographic map during Athol Formation and Legendre Formation depo
time (Early to Middle Jurassic) with the Dampier Sub-basin location identified by the blac
box. Modified from Longley et al. (2002).
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Figure 2.4: Paleogeographic map during Angel Formation and Dingo Claystone depositi
time (Late Jurassic) with the Dampier Sub-basin location identified by the black box. Mc
from Longley et al. (2002)
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Figure 2.5: Paleogeographic map during Forestier Claystone depositional time (Early
Cretaceous) with the Dampier Sub-basin location identified by the black box. Modified fi
Longley et al. (2002).
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CHAPTER 3

DATA SET AND METHODS

3.1 Dataset

The data set used to conduct this study of the Jurassic syn-rift sediments within the Dampier
Sub-basin consisted of two three-dimensional (3-D) seismic reflection data sets and well
information from the Ajax-1 well report (Figure 3.1) (Apache Energy, 200%e Ajax-1 well
was targeting a debrite deposit and was drilled in 2003 by Apache (Apache Energy, DE85).
two 3-D seismic data sets used in this study, the Panaeus 1999 survey and the Panaeus East 2001
survey, are both European normal 90-degree phase shifted and image down to approximately 5.1
seconds and 5.4 seconds two-way travel time, respectively, with a combined spatial coverage of

approximately 2284 k(882 mf).

3.2 Seismic Mapped Horizons

Seismic mapped horizons were named according to the regional play interval (RPI)
stratigraphic naming convention described by Marshall and Lang (2013). This naming convention
was originally defined by Longley et al. (2002), where the authors used regional seismic picks to
define the base of different play intervals or inter-play seismic horiZidms.work built upon that
of Jablonski (1997) who had originally identified several regional horizons that were identifiable
in seismic, well logs, and from biostratigraphy that span multiple basins of the northwest shelf.
Jablonski (199 GHILQHG WKHVH KRUL]JRQV DV 3KDYLQJ VHTXHQFH V
them as time markers across the area. Marshall and Lang (2013) further refined and published this
play interval naming convention for use in a sequence stratigraphic understanding of the whole of

the Northern Carnarvon Basin and other basins in the North West Australian off-shore area
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(Westralian Superbasin). It is Marshall and Lang (2012) YHUVLR Q R \tokuentod, QDPLQ
that is used for this study. Figure 3.2 and Figure 3.3 shBWhWKH 53,1V DQG WKHLU
surfaces as defined in Marshall and Lang (2013) correspond to the established lithostratigraphy
and which of those surfaces were mapped regionally for this study.

6L[ RI /DQJOH\TV UHJLR Q D On tkiRdtuidy Représéehking fouPobtBeSireG
RPI zones for Jurassic sediments deposited on the Australian North West Shelf: a top J50 or top
Jurassic horizon (horizon K10), a base Dingo Claystone/Angel Formation J50 horizon (horizon
J50), a major Oxfordian sequence boundary horizon (horizon J47), a base Eliassen Forfhation J4
horizon (horizon J40), a base Calypso Formation J30 horizon (horizon J30), and a base J20 or base
syn-rift horizon (horizon J20) (Figure 3.2). The upper-most five horizons (K10-J30) were tied to
seismic by reviewing data related to the Ajax-1 well (Apache Energy, 2005) anoutdished
seismic interpretation downdip from the Ajax-1 well (Thomas et al., 2004), giving these surfaces
a high confidence level. The lowermost surface, the J20 horizon was located based on published
interpretations of regional 2-D seismic lines (Geoscience Australia, 2010) and has a lower level of
confidence. Seismically mapping horizons from the Ajax-1 well into the deeper parts of the basin
is complicated by the spatial variability in reflection continuity. Horizon K10 was picked on a
medium amplitude reflection and is most continuous in the more northeast and the more southwest
areas of the seismic survey, while reflection continuity degrades within the middle of the survey
where the reflections are dipping. Horizon J50 is similarly picked on a high amplitude reflection
(Figure 3.3) and becomes less continuous near the center of the survey, though for horizon J50 this
is not in an area with dipping reflections. The third horizon, horizon J47 is a high amplitude
reflection that is continuous across the survey area. Horizon J40 is picked on a medium amplitude

reflection (Figure 3.3) that is most continuous along the basin edges and becomes less continuous
28



within the basin center areas of the southwestern area of the survey. Horizon J30 was picked on a
medium amplitude reflection and is most continuous in the more northeast areas of the seismic
suvey, while reflection continuity degrades within the southwest area of the survey in the basin
center. The lowermost horizon, J20 was picked on high amplitude reflection that is most
continuous in the southwest of the survey, in the basin center, and then loses continuity up dip to

the northeastern section of the survey.

3.3 Seismic Attributes

Mapped horizons were interpolated into continuous surfaces, smoothed, and contoured to
generate structure maps. Between the mapped horizon surfaces, isopach maps of true stratigraphic
thickness (TST) were generated. In addition to the created surfaces and maps, flattening the
seismic data on each surface was originally considered so that we might map the features above
and below the interpreted horizons, but due to the wedge-shaped fill nature of the rift basin this
line of investigation was abandoned. Instead proportional slices were taken between the different
surfaces to more accurately determine the features of the depositional fill between surfaces
(Zijerveld, 2016). Due to the inability to accurately slice from one survey to the next, iso-slicing
was only done using the Panaeus East 2001 seismic cube. Proportional iso-slices were generated
every 10 ms based on the thickest portion of the isopach between two suBDaces) the iso-
slicing workflow amplitude and RMS amplitude attributes are automatically assigned tofeach o
the slices. A review of the different slices identified the most representative slices for each RPI
and which ones would also have good variance (edge detection) seismic attributes added to them

to better detect features, such as channelsslédns, etc.
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An additional attribute analysis that was used to identify different features and
morphologies within the seismic slices was spectral decomposition. Spectral decomposition uses
specific, investigator defined, frequency cubes overlain on each other in plan view to identify
features that would otherwise be obscured when viewing them with the complete frequency
spectrum in a seismic attribute map (Othman et al., 2016; Veenhof, 2016). Frequency, for the time
dataset used in this study, refers to Hz (hertz) or the cycle/second (Veenhof, P@d &pecific
frequencies used in this study were determined by analyzing a histogram of the most common
frequencies (Figure 3.4) and then choosing the lowest and highest frequencies and an additional
frequency between these values, per the workflow described in Veenhof (ZDdd)aying the
different frequencies with a single color (blue, green, or red) allows the intersection of each of the

frequencies to become more visually distinct than just using RMS amplitude (Othman et al., 2016).
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Figure 3.1: Index map of the Panaeus East 2001 and Panaeus 1999 surveys and the location of the Ajax-1 well used in thi
Also included are the different cross sections and areas referenced by figure number. Datum AUS-50 (UTM Zone 50 S on
Australian Datum 1984) units are eastings and northings.
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Figure 3.2: Correlations between the lithostratigraphy in the Dampier Sub-basin and the regional play intervals (RPI) that w
mapped in the seismic surveys, along with the corresponding syn-rift stages. Modified from (Geoscience Australia, 2010; N
and Lang, 2013).
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Figure 3.3: Chart showing the correlations from the regional horizons mapped as part of this study and their seismic charac
Modified from (Marshall and Lang, 2013).
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Figure 3.4: Frequency histogram for the Panaeus East 2001 3D seismic survey highlighting the three frequencies usald for
decomposition attribute analysis.

34



CHAPTER 4

DAMPIER SUB-BASIN SEDIMENTARY EVOLUTION

The observed changing distribution of depocenters (based on sediment thicks in TST) for
each regional play interval (RPI1) was used to understand the spatio-temporal evolution of the sub-
basin fill. In addition to using the location of sediment thicks to determine the sedimentary
evolution of the sub-basin, the presence or absence of sediment thicks was used to infer the times

at which different intra-basin minor faults were active.

4.1 Structure of the Dampier Sub-basin

Within the study area, the Dampier Sub-basin rift structure is dominated by the Rosemary
Fault, which is the main, northwest dipping, border fault that bounds the eastern part of the sub-
basin (Figure 3.1) (Geoscience Australia, 2010). In addition to the Rosemary Fault, there are two
main clusters of minor faulting in the study area: a northern fault cluster and a southern fault cluster
(Figure 4.1). These two fault clusters are separated by an area lacking in antitheticaror mi
faulting where the Rosemary Fault changes strike from north-northeast to a more north east
orientation. Both the northern and southern fault areas contain faults that are antithetical to the
Rosemary Fault and faults that parallel the strike and dip of the Rosemary Fault.

The syn-rift sedimentary fill of the Dampier Sub-basin thickens to the southwest, where
the Rosemary fault strike changes in an arcuate shape to an east-northeast and then almost a
directly east-west striking orientation (Figure 4.1) (Figure 4.2) (Geoscience Australia, 2010)
There is an additional area in the northeastern part of the survey where sediments thicken overall

between the Rosemary Fault and one of the antithetical faults of the northern fault dbster.
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syn-rift fill thins quickly to the northwest and southeast, while it thins more gradually to the

northeast within the study area.

4.2 Geometry of the Dampier Sub-Basin

The geometry of the Dampier Sub-basin fill varies subtly along axis (FigyreFd@n an
axis-parallel cross section (Figure 4.3) through the basin, one can observe the overall southwestern
dip of the stratigraphy into the basin center. From the cross section, it is also observable the change
in thickness of the different interpreted RPIs, with the J20 RPI being the thickest sedimentary
succession and then, in order of decreasing thickness, the J40, J30, and finally J50HePIs.
thicknesses of the different RPIs change gradually across tveMr&/ HFWLRQTV QHDUO\
with the J20 and J40 RPIs showing subtle thickening into the deepest part of the basin in the
southwest and the J30 and J50 RPIs showing subtle thinning along the overall dip of the sub-basin.
Another feature that is best observed on this axis-parallel cross section is the clinoforms within the
J20 RPI that are likely related to the Legendre Delta that prograded across the North-West Shelf
during the J20 RPI time.

To the southwest cross section®B-$hown in Figure 4.4, the geometry of the syn-rift fill
shows differential thickening in both the southeastern and northwestern directions through time.
Thickening to the northwest, or basinward, during the J20 RPI is subtle, while there is little to no
thickening into the Rosemary Fault in the southeast, meaning that the main sediment deposition
was occurring in the basin center and not right against the border fault footw&l.could be
related to the subsidence that occurred during the end of the Triassic and Early Jurassic
(Geoscience Australia, 2010) or due to compaction of the Triassic and Early Jurassic sediments in

this area (Tortopoglu, 2015). The overall geometry of the J20 RPI in this cross section appears to
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suggest some compressional folding of the sediments that were deposited, which is not what one
would expect in an extensional setting. Though there is some inversion during the Late Gsetaceou
and Tertiary (Hocking, 1988; Longley et al., 2002; Cathro and Karner, 2006; Geoscience Australia,
2010; Tortopoglu, 2015), any inversion or compressional tectonic signature would also be seen on
the other Jurassic RPIs, which it is not. One explanation for this apparent compigEsametry
is shale compactionShale compaction in the North Sea has been confused, in the past, as an
indicator of a compressional tectonic regime, however, it has since been shown that shale
compaction can lead to the development of hanging wall compaction synclines (Frost et al., 1989).
The J30 RPI appears to maintain a relatively consistent thickness from the southeastern to middle
of the cross section, only thinning slightly to the northwestern edge of the seismic line. This
contrasts with the overlying J40 and J50 RPIs which show obvious thickening into the center of
the basin, away from the Rosemary Fault footwall. This change in the orientation of thickening
and thinning of RPIs in the basin shows, at least in this southwestern depocenter area, that there
was a shift in the orientation of faulting during the rift evolution. In addition to the changes in the
thickening across this section of the survey, it is also observed that the minor faulting associated
with the southern fault cluster are located closer to the Rosemary Fault rather than out in the basin
center and that these faults were predominantly active during the J20 and J30 RPIs, based on the
horizons that they are offsetting (Figure)4.4

In the northeastern part of the survey, cross sectio& {¥~igure 4.5) shows that the
differential thickening of the RPIs observed in the southwestern depocenter are not continuous up-
dip across the entire sub-basiall the RPIs, except for the J50 RPI, show minor thickening
towards the Rosemary Fault and thinning away from the fault towards the basin axis in this

northeastern area.
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4.3 Regional Play Interval Sedimentation History
4.3.1320 RPI

The J20 RPI is defined by the J20 horizon at its base and the J30 horizon at its top and
covers S2, rift initiation, syn-rift sediments deposited between 1934B66The formations that
were deposited during the J20 RPI include the Murat Siltstone, the marine claystones of the Athol
Formation, and the deltaic sediments of the Legendre Formation (Figure 2.2) (Geoscience

Australia, 2010; Marshall and Lang, 2013).

4.3.1.1lsopach Analysis

Within the survey area, the J20 interval is the thickest RPI studied, attaining nearly 1700
ms in thickness, based on the J20-J30 isopach (Figure 4.6). The thickest part of the J20 interval is
in the southwest corner of the study area, within the structurally deepest part of the Lewis Trough
(Figure 4.2). The RPI thins quickly further to the southwest, south, and southeast. This rapid
thinning to the northwest and southeast is like the thinning seen in the overall J20-K10 isopach
and indicates the area of the most accommodation and fault slip during J20 deposition was in the
southwest.A possible reason for thinning away from the Rosemary Fault could be compaction in
the underlying sediments creating more accommodation in the southwestern area during this time
(Tortopoglu, 2015). The J20 interval gradually thins to the northeast along the rift axis, again
similarly to the overall syn-rift sediments in the study ar€he similarities between the syn-rift
isopach and the J20 RPI is to be expected since the J20 RPI alone contains over half of the syn-rift
sediments deposited within the study area.

Observable in the northeastern portion of the survey area is an area of thickening into the

eastern dipping, antithetical faults that are part of the observed northern fault cluster. The amount
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of thickening seen in this area, verstishe southern fault cluster to the southwest indicates that
there was more slip on these faults during the J20tiRelthan the faults of the southern fault
cluster, though both fault clusters show thickening into their footwalls, indicating that both fault

clusters had almost all their faults active were active during J20 time (Figure 4.1).

4.3.1.2Seismic Attribute Analysis

170 slices of the J20 RPI were created and analyzed (one slice for everypbafetion
WKH PD[LPXP WKLFNQH VYV BRdavseKHis W&, tfié/ sttatigraplivcally deepest RPI
there was a significant loss of seismic frequency through the J20 RPI. This loss of frequency due
to depth, combined with the J20 RPI being the thickest RPI overall, led to a dearth of observable
features within the J20 RPI seismic slicBhroughout the J20 RPI, there is a lack of significant
amplitude anomalies for most of the interval, which could be either an effect of the loss of
frequency with depth or due to a lack of lithology changes during this RPI. Above the base of the
J20 interval, which itself is a strong amplitude reflection, the amplitude character is mostly low
throughout the survey area. This character persists through the basal quarter of the interval strata,
where there is then an increase in amplitude in the northeastern half of the suareyior 50
slices, before returning to chaotic to low amplitude for the rest of the interval fill (Figure 4.7). This
interval of higher amplitudes in the northeastern half of the survey predominantly show the
amplitudes running parallel to the rift axis or being confined to the rift axis by the northern fault
cluster.

The variance slices through J20 RPI did not show variance trends that might be interpreted
as depositional architecture, but the slices did highlight a shift in fault activity from lowpp&o
J20 RPI time (Figure 4.8). During the lower J20 RPI seismic slices, the faults of the northern and

southern fault clusters are clearly identifiable (FigurdX.&édicating they were active during the
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time slice the variance attribute was taken. Additionally, two large faults in the northern fault
cluster, one striking north and the other striking northeast, are observed in the lower J20 RPI slices
(Figure 4.8\). In the upper J20 RPI slices, the southern fault cluster is not highlighted by the
variance attribute, indicating that these faults do not propagate all the way to the top of the J20
RPI (Figure 4.8). Also in the upper J20 RPI, the northeast striking fault within the northern fault
cluster is no longer visible, while a new fault further east closer to the Rosemary Fault has
developed, indicating a change in which faults were taking up slip in the northern fault cluster
(Figure 4.8). Spectral decomposition analysis of some of the slices through the J20 RPI indicate

that the fault closest to the Rosemary Fault was active during the middle of J20 RPI time.

4.3.1.3Geomorphology Interpretation

The low amplitude, discontinuous nature of the seismic character within the lower J20 RPI
is indicative of a homogenous lithology. When combined with the lack of identifiable morphologic
amplitude patterns during this time, the nature and spatial distribution of amplisides
representative of the broad, basin-wide deposition of the Murat Siltstone during S2 rift initiation.

Observable within cross section 34 Figure 4.3) during the middle of the J20 RPI, there
is an identifiable clinoform package, interpreted to be deposited by the Legendre Delta as the
Legendre Formation. For the purposes of this study, this stacked clinoform package is referred to
as the Legendre Delta CompleRy flattening the seismic on a surface beneath the clinoforms and
taking some simple measurements with depth conversions (1 ms equivalent to 2.1 m to 3 m), the
estimated average clinoform height is about at least 365 m with an average estimated slope angle
of 1.71 degrees, which is comparable to the slope dimensions of the Lewis Shale (Hubbard et al.,

2010). Different depth conversions were used to account for the differing amounts of compaction

40



that would have occurred for these clinoforms. Mapping out the interpretable clinoform horizons
(Figure 4.3) shows that the clinoforms prograded from the northeast to the southwest, indicating
that they were axially sourced (Figure 4.9). Additionally, most of the clinoforms wposited

within the thickest section of the J20 RPI, interpreted herein to reflect increased confinement of
the basin, due to fault movement. These faults forced the deltas to be deposited only in the
southwestern area where there was maximum accommodation (FigureTh®)initial delta
clinoforms were deposited closer to the basin axis, were not confined or ponded within the northern
fault cluster, and did not prograde all the way into the basin from the northeast (Figure 4.9A&B).
It was only later that the delta clinoforms were deposited exclusively in the southwestern
depocenter (Figure 4.9C-E) until a final sequence boundary capped the system and was deposited
basin wide (Figure 4.9F).

The lack of any further amplitude anomalies or morphological features identified in the
iso-slices from the upper J20 RPI, suggests thaetingger most sediments are either marine
claystones and siltstones of the Athol Formation or part of the Upper Legendre Formation. Past
research has suggested that the two formations were considered to be deposited coevally across
the sub-basin with the Upper Legendre Formation capping the J20 RPI (Hocking, 1988; Longley
et al., 2002). Based on this past research, the sediments onlapping the herein mapped clinoforms
of the Legendre Delta Complex are likely part of the Athol formation and the low amplitude

sediments that make up the upper J20 RPI are part of the Upper Legendre Formation.

4.3.2J30 RPI
The J30 RPI is defined by the J30 horizon at its base and the J40 horizon at its top and

covers the beginning of S3, rift climaxne, with syn-rift sediments deposited between 166-163
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Ma. The formation deposited during the J30 RPI was the shallow marine claystone Calypso

Formation (Figure 2.2) (Geoscience Australia, 2010; Marshall and Lang, 2013).

4.3.2.1lsopach Analysis

In contrast to the J20 RPI, the thickest sediments of the J30 RPI are located not in the
southwestern part of the basin, but further to the northeast in the center of the survey area and in
the far eastern area of the survey (Figure 4.10). In the northeastern part of théheusedyments
thicken between the eastern border fault and the eastern dipping normal fault directly west of it
and gradually thins to the northwesthis northwest thinning implies that this area of sediment
thick is related to transverse input into the basin from the southdéstatively, this thickening
of strata may be a response to increased accommodation in the northeastern area of the survey,
possibly driven by a change in the slip amounts on the border fault from, a dominance of slip in
the southwestern area to more slip on the northeastern section of the fault. Within the center of the
sub-basin, the thickness of the J30 RPI has less variation when compared to the gradual thickening
seen in the J20 RPI. This consistency of the J30 RPI depositional thickness could be reflecting the
nature of the marine claystone of the Calypso Formations, which was interpreted to be deposited
through the Dampier Sub-basin during ttilme by previous researchers (Longley et al., 2002;
Geoscience Australia, 2010; Marshall and Lang, 2013).

Thickening into the northern and southern fault clusters continues through J30 time,
however the amount of thickening in relation to the overall depositional thickness of the RPI is
less than compared to the J20 RPhis is due to the majority of the faults (30 out of 45 faults) in
the southern fault cluster deactivating before J30 titfd. This J30 RPI decrease in rates of

thickening indicates that slip on these faults waned during J30 RPI time. This waning is to be
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expected as faults link up to form the Rosemary Fault which will take up most of the extensional
slip in the system (Morley et al., 1990; Prosser, 1993; Lambiase and Bosworth, 1995; Morley,

1995; Mortimer et al., 2016).

4.3.2.2Seismic Attribute Analysis

The J30 RPI iso-slices show that the deeper part of the section is dominated by axially
trending amplitude anomalies in the northeastern half of the survey. Because these anomalies were
so dominant in the northeastern part of the survey and there were no significant amplitude features
in the southwestern half of the survey, the northeastern part of the survey was remapped on a
stronger trough reflection that is a wavelet and a half higher into the J30 RPI than the J30 surface
(Figure 4.11). This was done to more accurately slice through these higher amplitudss featur
since the original slices between the J30 and J40 surfaces were imaging them poorly by cross
cutting them. Since the J30 surface was picked on a medium amplitude reflection, it was decided
that picking a higher amplitude reflection would yield a more consistent surface for proportional
slicing through the high amplitude features. This surface was named the J30.1 surface and it is the
features of the 40 iso-slices between the J30.1 and J40 surfaces that were the focus of the iso-
slicing seismic attribute analysis.

The high amplitude, northeast to southwest trending features are only present for the first
guarter of the seismic slices (Figure 4.11), after which the amplitude character becomes lower,
more chaotic, or disappears entirely (Figure 4.12). Variance slices can cleanyp giek edges
of the features to the northwestern side of the survey, but do not highlight any clear features in the
center part of the cropped survey (Figure 4.13). The variance slices do clearly show that the faults
of the northern fault cluster cut through the entire J30 RPI, but these faults do not seem to affect

the distribution of this high amplitude feature. Spectral decomposition also does not aid in
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discerning the plan form nature of these features, other than their sub-basin axis parallel

orientation.

4.3.2.3Geomorphology Interpretation

When viewed with a seismic cross section striking orthogonally through these axially
trending features, it becomes clear that these features are not part of an axial depositional system,
but instead they correspond to the toes of clinoforms that are traversing from southeast to northwest
across the basin Figure 4.14). By flattening the seismic on a surface beneath the clinoforms and
taking some simple measurements with depth conversions (1 ms equivalent to 2.1 m to 3 m), the
estimated average clinoform height is about at least 180 m with an average estimated slope angle
of 9.98 degrees, which is more comparable to the dimensions of average alluvial fans than delta
slopes (Blair and McPherson, 1994)jowever, in modern systems, sandy-coarser grained delta
slopes, particularly in British Columbia, do form high angle clinoforms (Orton and Reading, 1993).
Different depth conversions were used to account for the differing amounts of compaction that
would have occurred for these clinoforms. These observations, noted in conjunction with the
lobate and thick isopach for this interval, are interpreted to be the product of a large, coarse-grained
transverse system that prograded across the northeastern part of the survey during the entirety of
the J30 RPI. Previous interpretations described the Calypso Formation as being a shallow marine
claystone, but there is evidence from the Bonaparte Basin, in the far northwest, that there were
shelf deltas deposited there during J30 RPI time and shelf sands deposited in the Beagle Sub-basin
during J30 RPI time, directly northwest of the Dampier Sub-basin (Longley et al., 2002; Marshall
and Lang, 2013).There is also some evidence from previous studies that there is a basal sand

within the Calypso Formation (Thomas et al., 2004). Well logs, cuttings, and reports from the
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Ajax-1 well that was drilled within this northeastern area indicate that at least the top 126 m (~100
ms) of the Calypso Formation, at the Ajax-1 well location, was dominantly composed of claystone
and silty claystone (Apache Energy, 2005). Itis possible that the lower Calypso Formation, within
the basin, consists of coarser material, while it became more clay rich as the basin continued to
subside and the higher accommodation space forced the deposition to be more proximal to the
Rosemary Fault. Based on the lack of amplitude character in the southwestern part of the study
area, it is interpreted that the Calypso Formation clinoforms observed in the northeastern part of
the survey likely were not deposited as continuously out into the southwestern part of the sub-

basin (Figure 4.11).

4.3.3J40 RPI

The J40 RPI is defined by the J40 horizon at its base and the J50 horizon at its top and
represents the end of S3, rift climax, syn-rift sediments deposited between 1634852The
formation deposited during the J40 RPI was the Eliassen Formation (Figure 2.2) (Geoscience

Australia, 2010; Marshall and Lang, 2013).

4.3.3.1lsopach Analysis

The J40 RPI is thickest in the southwestern area of the survey, with an oval shaped
isopach thick that gradually thins to the northeast. This pattern is similar to the J20 RPI isopach
and the overall sub-basin syn-rift isopach, though the J40 depocenter is slightly further to the
QRUWKZHVW WKDQ WK frigure 4.85)1 Vhi&dd Sd=sEdt) €3/ Hitdilar axial
depositional style as seen in the J20 RPI, however, further investigation revels a more complex

picture. To investigate this interval further, the J40 RPI was broken into two sub-interval
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isopach maps: a Lower J40 isopach between the J40 to J47 surfaces (Figure 4.16) and an Upper
J40 isopach between the J47 to J50 surfaces (Figure 4.17).

The J40 to J47 isopach (Figure 4.16) does not differ significantly from the thickness
changes observad the original total J40 RPI isopach map (Figure 4.15). The J40 to J47 oval-
shaped depocenter thick is in the southwestern section of the map, gradually thinning away to the
edges of the basin. Little to no thickening is observed in the area around the southern fault cluster,
while thickening and thinning is still observed around the footwall blocks of the northern fault
cluster. This pattern of thickening indicates that there was still fault movement during J40 time,
but by thistime the southern fault cluster faults were less influential in creating accommodation.

The J47 to J50 isopach (Figure 4.intlicates a change in depositional style happerting a
the end of the J40 RPI deposition compared to the earlier J40 to J47 int€halareas of
maximum thickness of the J47 to J50 isopach are located along the eastern side of the map in the
northeastern, central eastern, and south eastern areas, each with different causes. The northeastern
thick is located between the Rosemary Fault and an east dipping normal fault that is part of the
northern fault cluster. This indicates that there was movement on both faults during this time and
that transverse sediment input was dominant. The central eastern thick is deposited against the
footwall of the Rosemary Fault and thins in a northwestern direction into the basin. This transverse
sediment input is interpreted to be related to S3, rift climax, fault movement causing local
accommodation and increased sediment supply. The southernmost isopach thick is a serpentine
VKDSH IURP WKH HDVWHUQ WR ZHVWHUQ VLGH RI WKH EDVLC
(Figure 4.4) through this area, the increased thickness is observed to be due tof fdlilmgge
erosional scar, which the J47 horizon is mapped on the bottom of, likely related to a large mass

wasting event in the basin during J47 time. This mass transport deposit is interpreted to have been
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caused by slip on the Rosemary Fault, that also created the accommodation for the two-other
depositional thicks during J47 time. The mass transport deposit likely rwtrexisouthwestern
part of the study area and continued further west to the Madeline Trend and the Kendrew Trough,

outside the study area.

4.3.3.2Seismic Attribute Analysis

The seismic slices directly above the J40 surface contain multiple, observable features with
morphologies distinct from their surroundings. Variance, RMS amplitude, and spectral
decomposition attributes identify a channel feature that cross-cuts two faults of the northern fault
cluster, trending southeast to northwest and widening into a fan shape at the basin axis area where
the amplitudes increase (Figure 4.18). In this area, there is a coalescence of higher apgditude
well as the occurrence of linear amplitude features discernable from the varian&vi&nd
amplitude attributes that trend parallel to the sub-basin axis. These features are not as apparent on
the spectral decomposition (Figure 4.19). Instead, on the medium frequency (15 Hz, Figure 4.19B
slice an elliptical shape can be seen encompassing the area identified from the RMS amplitude as
having higher amplitudes.

A feature that is picked up by the variance and spectral decomposition, but not by the RMS
amplitude isthe outline@ pu <Y VKD SHG | HD \Waxteripdrtdf iNe<sHIrveyRRI)We4.18B;
Figure 4.19B). It is very clear on all three of the spectral decomposition slices| &s \ae
meandering submarine channel that is directly south of the feature (Figure Bhi®)s unique
because there is no similar feature that is identifiable on all three spectral frequeh&igésV- pu <1
shaped feature is the debrite deposit that was targeted and penetrated as part of the drilling of the

Ajax-1 well (Apache Energy, 2005). Above these high amplitude features the rest of the fill
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between the J40 to J47 surface is chaotic and low amplilotteediately below the J47 surface
there occurs a new amplitude feature that is confined between two faults of the northiern fau
cluster (Figure 4.20). This feature grows with amplitude intensity northerly between the two faults,
ending abruptly. This feature is also observable on the variance slice as wislinbst clearly
seen with RMS amplitude (Figure 420

The areas of sediment thicks seen in the J47 to J50 isopach (Figure 4.17), interestingly, do
not all directly correlate to areas of higher amplitude looking at slices through this volume. The
observed area of extreme thickening in the northeastern part of the survey appears to be the only
area that does not have an amplitude high, but the area of lesser thickening in the northeastern
most part of the survey does correlate to amplitude anomalies (Figur&igure 4.21). Similar
to the coalescence of linear amplitude features discernable from the variance and RMS amplitude
attributes that trend parallel to the sub-basin axis existed in the J40 to J47 iso-slice (Figure 4.18),
the linear amplitude features in this slice between J47 and J50 surfaces are also thsenwed
parallel to the sub-basin axis in the northeastern most part of the survey (Figure 4.21). There is
some amplitude change around the central isopach thick, which is best observed when overlaid on
the variance to fully see the correlation between the edges of the fan-like feature and the amplitude
highs (Figure 4.21). The final isopach thick in the southern region of the survey is outlined by
slight amplitude anomalies and by the variance attribute, however it is not of particularly high
amplitude. A higher amplitude charactembservable in a fan-like shape directly north of the
mass failure scar (Figure 4BJl When overlaid on the variance, this fan-like shape appears to be
part of a larger fan complex with identifiable feeder channels oriented transversely to the basin

axis (Figure 4.2B).
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4.3.3.3Geomorphology Interpretation

During the J40 RPI, there was a change from the shallow marine, clinoform dominated
depositional morphology of the previous two RPladeep marine depositional setting dominated
by submarine fans, channels, and debrite depog&itging the J40 RPI, there was active fault
movement on the Rosemary Faasthe basin moved into the S3, rift climax stage. Movement on
this fault provided both a supply of coarser grained sediment into the basin and an active source
of earthquakes which may have triggered movement of these sediments into the basin. These
coarser-grained sediments deposited in the northeastern parts of the survey as channel-fan and
debrite deposits. In addition to the<{ V KA)a&H Gebrite, the elliptical feature observed on
the medium frequency spectral slice is also a large fan-debrite deposit (FiguBg. 4TI
elliptical outline of the feature was picked up best with the spectral decomposition, as opposed to
the RMS or variance slicegigure 4.22 shows a cross section through the middle of the elliptical
debrite mound, and shows it to be constructed of multiple flow evdiits.debrite complex is
about 150 ms at its thickest point, 13 km across the minor axis, and 20 km across the major axis.
Though transverse feeder channels flow into the debrite complex, the mounded feature itself is
oriented along the sub-basin ax& similar feature is also observed deposited in the northeastern
most part of the survey above the J47 surface, though this debrite is smaller overall: about 60 ms
at its thickest point, 9 km across the minor axis, and 14 km across the major axis (Figure 4.23

As the basin progressed into J47 time, deposition switched from being focused on feeders
through the northern fault complex to systems that were more distributed along the Rosemary
Fault. These feeders terminate in multiple fan systems. The mass failures observed during this

time were likely causebly tectonic events that caused the shelf to fail catastrophically, depositing
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sediment beyond the study area to the west, and leaving a failure scar was then filled in with

sediment.

4.3.4350 RPI

The J50 RPI is defined by the J50 horizon at its base and the K10 horizon at its top and
covers S4, immediate post-rift, syn-rift sediments deposited between 152d44The
formations deposited during the J40 RPI were the Dingo Claystone and the Angel Formation

deltaic sediments. (Figure 2.2) (Geoscience Australia, 2010; Marshall and Lang, 2013).

4.3.4.1lsopach Analysis

The J50 RPI is thickest in the northern most area of the survey, in contrast to the other RPIs
studied (Figure 4.24). This sediment thick is not observed to be noticeably influenced by the
Rosemary Fault or either of the fault clusters. The southeastern half of the survey is observed to
have a thin (<100 ms) layer of J50 RPI sediment, which thickens to the northwest. This sediment
pattern in the J50 RPI suggests that that there was little movement of the Rosemary Fault during
this time as the basin entered the S4, immediate post-rift, stage. The sediment thick observed on
the northwestern half of ¢hsub-basin axis is mostly homogenduosthickness, except for the
depocenter thick in the most northern area of the survey. This even sediment depositional
thickness is similar in style to the relatively homogenous thickness that was observed in the J30
isopach.

4.3.4.2Seismic Attribute Analysis

The main amplitude anomaly within the J50 RPI is located, not within the isopach thick to
the north, but in the same location as the fan complex obsattreriend of the J40 RPI deposition

(Figure 4.25A). Since this was the only feature identified and the J50 RPI was the thinnest RPI,
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this feature was isolated and analyzed individually, similar to methodologies applied to the J30
RPI interpretation in the northern half of the survey. The feature appears to have ahery hi
amplitude response (Figure 4.25 B) that is lobate and fan like in shape. The variance attribute over
this feature allows one to interpret channel features feeding into the widening fans of the complex
(Figure 4.26 A, B). Overlaying the channels interpreted from the variance slice with RMS
amplitude allows for an understanding of which channels are likely more sand rich than others
(Figure 4.26 C, D). Spectral decomposition over this area shows the evolution of each of the
GLITHUHQW FKDQQHOV DQG OREHV WKDW PDNH XSOMKRHUIHDW X
the variance slices (Figure 4)27AWhile the spectral decomposition slices in Figure 4.27 shows
some faint features, it does not show as many unseen features as the spectral decomposition did
for the J40 RPI slice. A possible reason for this could be that the nature of submarine fan systems

and fan-debrite lobs lend themselves better towards different types of seismic attributesanalyse

4.3.4.3Geomorphology Interpretation

The isopach thick in the northern portion of the survey is likely due to the progradation of
the Angel Formation deltaics into the basin axially from the northeast to the southwest (Figure
4.24). The attribute patterns and isopach appearance are similar to those observed deeper in the
section, in association with the progradation of the Legendre Delta during J20 time. In contrast to
the Legendre Delta, which had multiple seismically resolvable clinoforms prograding nearly the
entire axis length of the basin, thf QJHO 'HOW o & bR \piinvdrily to the
northeastern corner of the survey area (Figure 4.24). We interpret that a major reason for the Angel
Delta not prograding out into the basin in the same fashion as the Legendre Delta is less sediment

supply. The Legendre Delta was part of a large delta complex that was deposited engrehe
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Norther Carnarvon Basin and had to have had a large supporting catchment and sediment supply
(Figure 2.3). The Angel Delta, by comparison, was a much smaller system and did not have the

large catchment and associated sediment supply to allow it to prograde further out into the Dampier

Sub-basin. Another observation is that the Angel Delta deposit was confined to the basin axis,

similarly to the Legendre Delta.

While the Angel Formation was depositing sandy, deltaic sediment in the far northern part
of the survey (Apache Energy, 2005), in the southern part of the sub-basin the submarine fan
system that began deposition during the end of the J40 RPI continued deposition into the J50.
Continued deposition of this fan complex indicates that there was an adequate, localized sediment

supply into the southern survey area, not just into the basin from the north.

Figure 4.1 Locations of interpreted major and minor faults within the Dampier Sub-basin survey
area, as well as the location of a possible transfer zone.
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Figure 4.2: Isopach of the Jurassic syn-rift thickness within the survey area, in time, between the
J20 surface and the K10 surface.
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Figure43 &URVV VHFWLRQ $ WR $1 VHLVPLF OLQH UX@®¢ QJ SDUI
3.1 for seismic line location). Line also shows intersect locations of orthogonal cross lines B to

%9 DQG S&Highightq are the four main Jurassic regional play intervals (RPI) defined by

Marshall and Lang (2013). Additionally, the main clinoforms within the Legendre Delta

Complex have been highlighted to show the structure and size of the system. Vertical

exaggeration is 13:1.
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Figure 44 &URVYV VHFWLRQ % WR %Y VHLVPLF OLQH UXQQLQJ RUV
Figure 3.1 for seismic line location). Line also shows intersect locatioD¢L DO LQOLQH $ WR
Highlighted are the four main Jurassic regional play intervals (RPI) defined by Marshall and

Lang (2013). Additionally, the main clinoforms within the Legendre Delta Complex. The

Rosemary Fault is the large southeastern most fault, while some of the faults of the southern fault
cluster are imaged in this seismic line. Vertical exaggeration is 7:1.
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Figure45 &URVYV VHFWLRQ & WR & fo§ybHdl 1 fhe Bxi©Odf Delbddi Q€L QJ RUW
Figure 3.11RU VHLVPLF OLQH ORFDWLRQ /ILQH DOVR VKRZV LQWI
Highlighted are the four main Jurassic regional play intervals (RPI) defined by Marshall and

Lang (2013). The Rosemary Fault is the large southeastern most fault, while some of the faults of

the northern fault cluster are imaged in this seismic line. The Ajax-1 well also lies on this cross
section and its depth in time is projected. Vertical exaggeration is 7:1.
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Figure 4.6: J20 RPI isopach between the J20 and J30 surfaces. Cooler colors are thicker area
and warmer coolers are thinner areas.
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Figure 4.7: RMS amplitude slices through the J20 RPI. A) Iso-slice 115, lower in J20 RPI
(older). Amplitude highs in the center of the figure are axially trending; low to no amplitude
features in the southwestern part of the study area. B) Iso-slice 109, higher in J20 RPI
(younger). Amplitude highs in the north central area trend axially; low amplitude, chaotic
features in the southwestern part of the study area.
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Figure 4.8: Variance slices through the J20 RPI. A) Iso-slice 170, base of the J20 (oldest). All
the faults that cross cut the J20 surface are visible, particularly the southern fault cluster and
northern fault cluster. B) Iso-slice 4, near top of J20 RPI (youngest). At the top of the J20 RPI,
fewer of the southern fault cluster faults are visible and in the northern fault cluster there has
been deactivation of older faults and activation of newer ones.
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Figure 4.9: Mapped out progradation of different clinoforms of the Legendre Delta Complex: A)
Initial clinoforms only prograde half-way into the basin; B) Intra-complex sequence boundary;
C-E) Clinoforms are only deposited in the southwestern depocenter for the rest of Legendre
Delta Complex deposition; F) A final sequence boundary covers the whole complex and ends
progradation of the Legendre Delta Complex.
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Figure 4.10: J30 RPI isopach between the J30 and J40 surfaces. Cooler colors are thicker areas
and warmer coolers are thinner areas. During J30 RPI time the depocenter in the basin shifted to
the northeastern part of the study and the depositional thickness was fairly consistent across the

basin.
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Figure 4.11: Iso-slice 35 (older) between J30.1 and J40 surfaces with RMS amplitude. Figure
shows northeast to southwest axially trending amplitude highs concentrated in the northeastern
half of the study area.
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Figure 4.12: Iso-slice 28 between J30.1 and J40 surfaces with RMS amplitude. Figure shows the
decrease in overall amplitude after slices 40-30 in J30.1 to 40 time.
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Figure 4.13: Seismic attributes applied to iso-slice 35 between surfaces J30.1 and J40. A)
Variance attribute shows that there are some basin axis parallel features. B) RMS amplitude
overlaid on variance shows that the variance slice only captures the northern most features and
did not image the other amplitude features that are closer to the center of the basin axis.
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Figure 4.14: A) An oblique view looking northeast at Panaeus East 2001 survey cross line 7300
displayed with the RMS iso-slice from Figure 4.11; iso-slice is 2.4 to 2.6 seconds deep. See
Figure 3.1 for seismic line location; B) Previous seismic line with clinoforms interpreted. The
higher amplitude features correspond with the toes of the clinoforms. Measurements of slope
height and length for some of the clinoforms, yielded an average slope angle of 9.98 degrees; a
high angle that corresponds, in modern delta systems, with larger grain sizes (Orton and
Reading, 1993).
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Figure 4.15: J40 RPI isopach between the J40 and J50 surfaces. Cooler colors are thicker areas
and warmer coolers are thinner areas.

Figure 4.16: Lower J40 RPI isopach between the J40 and J47 surfaces. Cooler colors are thicker
areas and warmer coolers are thinner areas.
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Figure 4.17: Upper J40 RPI isopach between the J47 and J50 surfaces. Cooler colors are thicker
areas and warmer coolers are thinner areas.
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Figure 4.18: Seismic attributes of a slice through the Lower J40 RPI. See Figure 3.1 for exact
zoom location. A) Not interpreted variance attribute slice; B) Interpreted variance attribute slice;
C) Not interpreted RMS amplitude laid over variance attribute slice; B) Interpreted RMS
amplitude laid over variance attribute slice
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Figure 4.19: Spectral decomposition of the same iso-slice from Figure 4.18. A) 6 Hz; B) 15 Hz;
C) 21 Hz; D) Overlay of B and C, where the yellow color indicates areas observed at both
frequencies.
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Figure 4.20: Seismic attributes applied to iso-slice 8 (near the top of the J40 RPI) between
surfaces J40 and J47. A) Variance attribute shows a fault confined feature within the northern
fault cluster. B) RMS amplitude overlaid on variance shows that this feature increases in

amplitude to the north, through the confining faults.
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Figure 4.21: Seismic attributes applied to iso-slice between surfaces J47 and 507. A) Variance
attribute shows the chaotic nature of the mass failure scar, as well as the outline of some other
possible fan features. B) RMS amplitude overlaid on variance shows that many of the features
observed in the variance slice also correspond with areas of high amplitude.

71



Figure 4.22: Seismic line flattened on the J40 surface to highlight a large debrite/fan deposit.
Interpreted horizons also labeled. For seismic line location see Figure 3.1.
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Figure 4.23: Seismic line flattened on the J47 surface to highlight a debrite/fan deposit.
Interpreted horizons also labeled. For seismic line location see Figure 3.1.
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Figure 4.24: J50 RPI isopach between the J50 and K10 surfaces. Cooler colors are thicker areas
and warmer coolers are thinner areas.
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Figure 4.25: A) Iso-slice J50 and K10 surfaces with RMS amplitude; B) Zoom on the main
amplitude anomaly within the J50 RPI.
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Figure 4.26: Seismic attributes of fan feature in the J50 RPI. See Figure 3.1 for exact zoom
location. A) Not interpreted variance attribute slice; B) Interpreted variance attribute slice
showing the location of interpreted channels; C) Not interpreted RMS amplitude laid over
variance attribute slice; B) Interpreted RMS amplitude laid over variance attribute slice showing
which channels are likely more sand rich than others by the higher amplitude responses.
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Figure 4.27: Spectral decomposition of the fan feature from Figure 4.26. A) 6 Hz; B) 15 Hz; C)
21 Hz; D) Overlay of all three frequencies.
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CHAPTER 5

DISCUSSION

5.1 Dampier Sub-Basin Summary and Synthesis

A summary of the Dampier Sub-basin syn-rift fill is presented in Figure 5.1, and reflects
the evolutionary paleogeography of the following regional play intervals (RP1); J20 RPI: During
the S2, rift initiation, the Dampier Sub-basin was structurally dominated by at least two major fault
segments that were beginning to link up to form the Rosemary Fault, that acts as the main border
fault in the survey area, and two smaller clusters of minor, antithetical faulfifg. main
depocenter during this time is in the southwestern corner of the study area. A primary depositional
feature during this RPI is the large Legendre Delta which prograded axially into the basin from the
northeast to the southwest. Several cycles of progradation into the basin occured before deposition
of the final lobe in the southwestern portions of the study area (Figure 5.1A). J30 RPI: During the
beginning of S3, rift climax time, many of the smaller faults in the southern fault cluster hadl cease
movement, while most of the faults in the northern fault cluster were still active. The main
depocenter had shifted to the northeast where, a large, shallow water, coarse grained delta
prograded transversely from the southeast to the northwest (Figide SThe rest of the sub-
basin mainly received shelfal muds and clays. Lower J40 RPI: During the main S3 time, all the
faults of the southern fault cluster had ceased movement, while the northern fault cluster still had
active movement. The main depocenter was logattte southwestern portion of the study area
but the largest depositional features were being deposited in the northeastern. Submarine channels,
both confined by faults and cross-cutting faults, were depositing gravity flows into the central part

of the northeastern half of the sub-basin, coalescing in a large oval-shaped debrite deposit.
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Localized debrite deposits were also occurring around the same area, just to the northeast (Figure
5.1C). Upper J40 RPI: Towards the end of S3 time, most of the minor faults within the basin had
ceased movement and all extension was being taken up by the main Rosemary Fault. Three basin
floor fans and a basin axial debrite deposit developed during this time. Likely because séthcrea
activity on the Rosemary Fault, a huge mass-failure occurred in the southwestern pdrasiithe
leaving behind a large scar that was then filled in with sedingasdiments from this failure were

likely deposited west of the study area (Figure 5.1I50 RPI: The immediate-post rift time, S4,

only the Rosemary fauls active. The main depocenter for the Lewis Trough has now shifted,
again, to the northeastern part of the study area. In this region we see the progradation of the Ange
Delta, which only partially enters the basin, as opposed to the older, more axial Legendre Delta
that prograded all the way to the southwestern edge of the sullgy.being deposited during

this time is a basin floor fan system in the southern part of the survey, which continued deposition

from Upper J40 RPI time into the J50 RPI (Figures).1

5.2Lessons from a Modern Rift Basin: East African Rift System
The East African Rift System (EARS) provides an example of the early effects of rifting

in a continental environment, but observations gathered from the EARS regarding the
sedimentation and structural rift history can also be applied to rifts in marine or near marine
settings, such as the Dampier Sub-basin. The EARS started forming in the early Miocene and is
separated into eastern and western branches, each with distinct sedimentary and morphological
characteristics (Morley et al., 1990; Ebinger, 2005). The eastern branch is dominated by volcanic
flows, while the western branch is absent of volcanic influence and is has instead developed

multiple deep lakes (Grove, 1986; Morley et al., 1990; Chorowicz, 200 lakes of the western
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branch provide an ideal setting to observe modern geomorphologic and tectonic effects of a rift
setting on continental, near-shore, and subaqueous depositional processes and compare them to

observations from the Dampier Sub-basin.

5.2.1EARS Sedimentation

Early geophysical interpretations of the EARS lakes observed that thick areas of sediment
were not evenly distributed throughout the rift system (Grove, 1986), but with more advanced
seismic and rift structural understanding it has come to be seen that such unevenm thickening is
due to the asymmetry in basin accomodation within the half-grabens that make up the rift system
(Scholz and Rosendahl, 1988; Morley et al., 1990; Morley, 1995; Frostick, 1997; Mortimer et al.,
2016). Mortimer et al. (2016) in their study on Malawi Rift, that underlies Lake Malawi, found
that not only were sediments thickening into the footwall of the QAfDEHQ NV PDLQ ERUGH
but that this was also the location of the deepest lake depths, and therefore the sites of the most
accommodation. This is seen in other rift lakes within the EARS where the subsidence is at its
maximum adjacent to the faulted margin (Frostick, 1991f)ough the Dampier Sub-basin is a
distributed rift, the study area of the Lewis Trough is structurally more like a full-graben. Just as
sediment accumulation in in the EARS lakes was asymmetrical due to the half-graben nature of
the rift system, the shifting depocenters of the Dampier Sub-basin are also influenced by where
and when the slip on the main Rosemary Fault was gredibist.led to symmetry in the overall
basin structure and basin partitioning of shallow and deepwater sedimentation.

Within the lakes of the EARS, the main sediment inputs are fluvial, though most river
systems are diverted away from the rift basins themselves (Frostick and Reid, 1989; Frostick,

1997). In fact, the catchment area for the roughly 650 km long and, at times, 60 km wide Lake
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et al., 1990).The cause of this diversion of fluvial systems is twofold: first, thermal doming in the
area around Ethiopia and Kenya causes fluvial systems on the eastern rift branch to divert away
and the second cause is related to footwall uplift (Morley et al., 1990; Lambiase and Bosworth,
1995; Frostick, 1997). Footwall uplift in the eastern rift branch is due to flexural-isostatic rebound
from unloading. The magnitude of uplift is related to the amount of displacement on the fault itself
and the flexural rigidity of the lithosphere (Morley et al., 1990; Lambiase and Bosworth, 1995).
The greater the subsidence on a fault, such as that found along the rift shoulder-forming border
faults of rift systems, the greater the amount of footwall uplift diverting drainage away from the
rift basin. Such uplift of the footwall uplift can be as high as 50% of the hanging wall subsidence
(Morley, 1995). This effect of footwall uplift could be one explanation of why the Dampier Sub-
basin was dominated by an axial drainage system during S2, rift initiation, time. Footwall uplift
from the Rosemary Fault would have forced many ofSRé&me transverse sediment systems to

be diverted southeast during the development of the rift, leaving only axial depositional systems
as the major pathway for sediment input into the basin. Though there is little direct evidence of
tilted fault blocks and increased erosion to suggest significant footwall uplift in the footwall of the
Rosemary Fault, footwall uplift during rift initiation can have a localized influence on sediment
deposition during rift initiation time (Gawthorpe and Leeder, 2000).

Due to the smaller catchment area caused by footwall uplift and thereby reduced sediment
and water discharge, alluvial fan growth and progradation off of the footwall in the EARS is
limited (Frostick, 1997). In the wetter regions of the western branch these fans can enchup as fa
deltas where the lake level meets the main border fault (Frostick, 1997). The elevation caused by

footwall uplift within these rift systems will be highest along the footwall of the rift shoulders, but
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will decrease away from the area of most displacement along strike (Morley et al., 1990; Lambiase

and Bosworth, 1995). This leaves two main pathways for sediment to enter the rift basin lakes,

either through an axial system fed where the border faults die out or from transverse sources that
are either restricted because of footwall uplift or have been able to erode through the footwall by

an erosion rate higher than the isostatic rebound rate (Lambiase and Bosworth, 1995; Frostick,
1997). This effect is possibly seen in the Dampier Sub-basin by the Legendre and Angel deltas
prograding into the basin from the northeastern part of the survey area, where the hanging wall
fault slip and associated footwall uplift would have been at its least.

The ability of a preexisting fluvial system to effectively erode the footwall of the rift
shoulder depends on the composition of the underlying pre-rift rock. This composition can change
over the length of a rift, for example the western branch of the EARS around Lake Tanganyika is
resistant, crystalline basement rocks which leads to the lake having limited clastic input (Frostick,
1997). In contrast, Lake Turkana in the eastern branch of the EARS is surrounded by more easily
eroded volcanic rocks and therefore has comparatively more clastic input than Lake Tanganyika
in the western branch (Frostick, 1997Jhe main pre-rift sediments being eroded off of tilted
blocks in the Dampier Sub-basin would have been the fluvial sediments of the Mungaroo
Formation, which shows evidence of an erosional unconformity across multiple fault blocks in the
Northern Carnarvon Basin (Vincent and Tilbury, 1988he only evidence that there was a long
lived transverse input into the study area is the fan complex located in the southern part of the
survey are in the Upper J40 RPI and the J50 RPI (Figure 5.1D&E), but this does not appear to

related to a fluvial system that dominated the aasm the EARS.
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5.2.2EARS Structure

The structural profiles of the rift basins within the EARS act as great analogues for the
features seen in other rift basins in the world. Within the EARS, multiple studies have observed
evidence that while the current rift system is dominated by a collection of large border faults, the
initial displacement was distributed among multiple isolated pockets of fault segments, with
constant strike, that link up to form the eventual border fault (Morley et al., 1990; Lambiase and
Bosworth, 1995; Morley, 1995; Mortimer et al., 2016). While the Rosemary Fault that bounds
eastern side of the study area does not appear to show evidence of initial localized sedimentation,
as seen in the EARS lakes, there is evidence that the fault was originally at least two segments.
Based on the sedimentation geometries seen in the two orthogonal cross sections highlighted
earlier, there is evidence that slip on the Rosemary Fault was not evenly distributed along the entire
length of the fault. One explanation for this lack of even slip is that, as seen in the EARS, the
Rosemary Fault was originally multiple smaller faults that formed into at least two larger fault
segments (Figure 5.1A, B). This would also explain why there are two minor fault clusters in the
northern and southern parts of the survey, but not any located in the central part of the survey;
because the minor fault clusters are associated with the two original fault segments and not the
overall Rosemary Fault as we observe it today.

Morley et al. (1990) observed that while much of the extensional strain in rift systems is
taken up by the main border fault or faults, minor faults also contribute to transferring displacement
and relieving the strain in the basin. These minor faults can be located within the basin floor itself
and develop very early within the rift fill history (Morley et al., 1990; Lambiase and Bosworth,
1995). In the case of half-graben style rifts, the dip direction of the minor faults are antithetical to

the main border fault and more commonly found towards the flexural margin of the hanging wall,
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while in graben style rifts minor faulting is more frequently observed nearer to the basin center
than to either border fault (Morley, 1995). Observations of the location of the minor fault clusters
in the Dampier Sub-basin study area contrast with the observations about minor fault development
in the EARS, with the minor faulting in the study area concentrated closer to the main boundary
fault. One explanation for this disagreement between the model of minor faulting observed in the
EARS and that observed in the Dampier Sub-basin is that there was a significant amount of
compaction of Triassic and Early Jurassic aged sediments in the basin which causes the folded
character of the stratigraphy in the study area. The differential compaction of the ugderlyin
sediments while syn-rift sedimentation was occurring could have led to the formation of these
minor faults closer to the boundary fault than would be expected based on observations from the
EARS. Another explanation is that while Morley (199bybservations were made based on the
fault system of just the half-grabens and full-grabens of the Lake Tanganyika rift area, titdse mi

not hold true for distributed rift basins where there are multiple rift related horsts and grabens.

A feature of rift basins that can be observed in a continental rift setting, such as the EARS,
that would otherwise not be observable in a submarine rift setting is the effect of accommodation
or transfer zones between major faults on sedimentation pathways. Transfer zones, as defined in
Morley et al. (1990) are coordinated systems of deformational features conserving extensional
strain. These transfer zones should not to be confused with transfer faults, though it is observed
in the EARS that a transfer zone can be created by a transform fault (Morley et al., 1990; Mortime
et al.,, 2016). Transfer zones are areas where the fault geometry changes along strike betwee
faults that were active at the same time (Morley, 1995). For example, Lake Tanganyika is
structurally made up of multiple half-graben sub-basins, each with a different dip directiae (Figu

1.3) (Morley, 1995; Frostick, 1997). These transfer zones act as structural highs that segment Lake
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Tanganyika into different sub-basins because they are located where faults die out along strike and
where there is the least amount of subsidence. These conditions cause the transfer zones to be
topographically higher than the basins they sit between. Transfer zones are usually in the form of
overlapping fault tips forming zones with little elevation change from subsidence or footwall uplift
(Morley et al., 1990). Because of the lack of diversionary footwall uplift, transfer zones are areas
more likely to be associated with fluvial systems entering into rift basins and areas of increased
coarse clastic input (Morley et al., 1990)wo areas of possible transfer zones in the Dampier
Sub-basin are in the center of the basin, where there is no minor faulting (Figuemd the area
called the De Grey Nose (Figure 1.2), to the northeast outside of the survey area. Though there is
no observed structural high separating the northeastern and southwestern halves of the survey area,
these two areas do exhibit different amounts of structural slip through time and the southwestern
area seems to show a changée amount of accommodation from closer to the Rosemary Fault
during the J20 and J30 RPIs to less slip and more thickeniothe basin during J40 RPI and J50
RPI time (Figure 44 This changen slip magnitude is not observed in the northeastern portion
of the study area (Figure 4.5). Another reason to interpret a transfer zone between the northeaster
and southwestern parts of the study area is the lack of minor faulting in the center of theestudy a
(Figure 4.). The De Grey Nose is interpreted as a second possible transfer zone, because, this is
an area where the Rosemary Fault tips out and is the area where both the Legemrgeand
deltas prograded into the basin; both of which indicate the presence of a transfer zone, both
suggesting a region of minimal movement, based upon the criteria of Morley et al. (1990).
Transfer zones are the main structural features observed in the EARS to effectively
compartmentalize the rift basin into regional sub-basins, while arcuate faults and transfer faults

mostly affect more localized variables such as the amount of sediment pathway confinement
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(Morley et al., 1990; Mortimer et al., 2016). Mortimer et al. (2016) used seismic taken over one
of the sub-basins of Lake Malawi to investigate the effects of the different fault growth rates on
the location of sediment deposition. They observed that the growth and development of the faults
within the basin led to the development of a more confined sedimentary system through time
(Figure 5.2). Mortimer et al. (2016) also confirmed observations from Morley et al. (1990), that
preexisting basement fabrics and structures influence the development of basin crossing faults on
the basin and rift scaleThe Northern Carnarvon Basin is compartmentalized into multiple sub-
basins, besides the Dampier Sub-basin, and it is interpreted that this compartmentalization is
caused by transfer zones. These transfer zones are possibly caused by underlying basement fab
or inherited structural regimes. Further gravity and deeper seismic surveys would be needed to
investigate whether it is ancient structures that have influenced the sub-basin development within

the Northern Carnarvon Basin.

5.3 Implications for Exploration in Rift Basins

Seismic geomorphology has proven in the past to be a valuable technique for analyzing
ancient sediment fill when well and core data is limited (Zeng et al., 2001; Wood, 2007, 2010;
Burton and Wood, 2010; Moscardelli et al., 2018Jorkers in the past have focused on isopach
maps for understanding and interpreting sedimentation changes in rift basins (Lohr and Underhill,
2015; Mortimer et al., 2016), but in more frontier areas where well data are limited and knowledge
of the initial depositional environments are not well constrained it becomes important to use
proportional slicing and attribute analyses to better define the types of deposits that are within the

isopachs between important horizons (Burton and Wood, 2010).
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Exploration in rift basins requires a unique understanding of the different likely reservoirs
and depositional systems throughout the evolution of the rift system. Researchers have focused in
the past on models for idealized continental or marine rift systems to discuss the likely types of
reservoir facies that would be encountered (Prosser, 1993; Gawthorpe and Leeder, 2000; Younes
and Mcclay, 2002). We hope to add to this conversation by also focusing on the likelihood of
different reservoirs being encountered, the influence of major as well as minor fault growth and
when major transverse versus axial systems are more likely to be initiated throughout the three

syn-rift stages, S&4.

5.3.1S2: Rift Initiation Targets

While previous researchers have shown that the border faults in rift systems begin as
multiple fault segments that link together to form the main boundary fault (Morley, 1995;
Gawthorpe and Leeder, 2000; Mortimer et al., 2016), what has not been explored are the
sedimentation implications for each of the fault segments beyond their initial linkage. The
northern and southern areas of the Dampier Sub-basin each have distinct sedimentation geometries
though they are bounded in the modern day by the same fault. It is important to appreciate that
this asymmetrical subsidence can and will exist not only throughout the evolution of the rift
system, but will have a larger influence during the S2 time, when syn-rift sedimentation is isolated
by multiple small faults before fault linkage forms the main border fault. Mortimer et al. (2016)
found that while the thickest sediments were located against the footwall of the modern boundary
fault in Lake Malawi, separating the lake sediments into different sequences showed tieait diffe
depocenters had existed through time as the fault segments began to link to form the current main

border fault. It is important to understand the heterogeneity of this S2 time interval. For example,
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if one is relying on the ubiquitous existence of early syn-rift lacustrine source rocks,ahéave

instead been deposited in more isolated depocenters due to variable slip on fault segments. Such
variability in fault slip magnitudes and timing has implications for not only location, but theyqualit

of the source rock or reservoir rock that is being deposited during the S2 stage.

Minor faulting within a rift basin also plays important role during S2 time compared to
later syn-rift stages. Within the Dampier Sub-basin, the minor faults of the northern and southern
fault clusters were active throughout the J20 RPI sedimentation, but during the S3 and S4
deposition of the J30 to J50 RPIs the southern fault cluster was not as active and did not show
displacement. Alternativley, the northern fault cluster showed displacement throughout syn-rift
deposition. The importance of minor faulting in rift basins cannot be understated, as these faults
may act as baffles, barriers, or pathways to flow. Additionally, they may act &xéten of
stratigraphic pinch-outs for early syn-rift stratigraphic traps (Lewis et al., 2015).

Minor faults in the Dampier Sub-basin have multiple effects on sediment deposition during
basin evolution. First, they can segment and compartmentalize S2 sedimentation, which in the
case of the southern fault cluster, may not effect deposition later in the rift evolution. The second
effect is that larger and longer lived minor faults can lead to ponding of sediments by acting as a
barrier to transverse sediment transport further out into the main rift basin. This effect is seen in
the latest J40 RPI, where sediments from a northeastern fan complex were captured between an
antithetic minor fault and the main Rosemary Fawthile this allowed for a thick sedimentary
package to be locally developed, it prevented the deposition of possible reservoir quality sands
further out into the basin, keeping the basin mostly starved of coarser grained sediments. The third

effect minor faulting has on S2 time sedimentation is sediment pathway confinement through
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footwall uplift. Mortimer et al. (2016) found that minor faulting confined sediment pathways and
could cause smaller compartments to be completely bypassed and sediment starved.

In terms of larger rift basin scale deposition, footwall uplift during S2 time also influences
the development of axial versus transverse deposition. Prosser (1993) discusses the dominance of
axial depositional systems during the S2 stage and suggests that antecedent fluvial systems in such
a setting would avulse to be located proximal to the main border fault slip. This axial dominance
is also seen in the S2 of the Dampier Sub-basin where the mains depositional feature during S2,
J20 RPI time was the Legendre Delta, though its deposition was not confined to the area of most
fault slip. Modeling rift settling, sediment transport, and depositional processes using a large flume
tank has shown that axial fluvial systems can inhabit the entire basin floor between transverse fans
and is not necessarily always going to be located closest to the area of most subsidence (Connell,
Kim, Paola, et al., 2012; Connell, Kim, Smith, et al., 2012). The dominance of an axial system
during the early syn-rift in the Dampier Sub-basin could have been influenced by the footwall
uplift diverting transverse pathways away from the early bagdirstrong axial signature in the

early syn-rift is also seen in some deep marine areas of the North Sea (McArthur et al., 2016)

5.3.2S3: Rift Climax Targets

One of the most striking observations in depositional trends observed in the Dampier Sub-
basin during the transition from S2 to S3 sedimentation was the type and orientation of the
sedimentary deposits. During the J20 RPI in the S2 stage, the deposition in the sub-basin was
axially dominated, but during the J30 and J40 RPIs of the S3 rift climax stage the deposition shifted
to being dominantly transverse. The increased slip on the main border faults in rift basins provides

more opportunity for erosion of footwall highs which provide a more abundant transverse sediment
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source than would have been available previously during S2 time. Mcarthur, Hartley, et al. (2016)
found that transverse sediment inputs were predominantly observed during rift climax (S3) time
and were in the form of mass-transport complexes and olistolith blocks being deposited locally as
hanging wall fans. These sedimentary inputs were found through petrographic and mineral
analyses to be sourced differently from the axial turbidite systems that were deposited during rift
initiation (S2) time. This timing is also supported from observing the types of deposition during
the J40 RPI, which were basin floor fans, debrite, and mass-transport deposits. We interpret that
mass-wasting type deposits are more prevalent during the S3 stage due to increased earthquake
activity that destabilizes both submarine and subaerial sldpediments in these transverse-fed
deposits will be poorly sorted and more immature compared to axial deposits, which tend to be
sourced outside the basin and thus be more mature upon deposition (Apache Energy, 2005;
McArthur et al., 2016).Though the reservoir quality of these mass failure deposits may be poor,
since they are deposited during a deepening of the basin, they tend to be deposited and sealed with
source rock quality shales, which would provide a short migration pathway for hydrocarbons if
gravity failure deposits can be proven to contain reservoir quality rocks. This stratigraphic
relationship is seen in the Dampier Sub-basin, were the Dingo Claystone, a major source rock for
the basin, is deposited coevally with the debrite deposits of the Eliassen Formation.

One important observation from this study is that these S3 deposits tended to be more
localized, rather than basin wide. Large basin floor fans did not appear to develop, but instead
were more localized at specific input points along the Rosemary Fault. Additionally, the debrite
deposits were spatially confined to the northeastern part of the survey and temporally confined to

the early part of the J40 RPI. Though these deposits are more common during S3 compared to S2
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time, they tend to be more locally deposited and not basin wide systems and thus may have poor
connectivity.

While a switch from axial to transverse sediment inputs in the S3 stage of marine
dominated rift basins has been observed by others (Prosser, 1993; McArthur et al., 2016), a unique
lesson from this study is that the transverse sediments can be deposited in more than one type of
environment. S3 deposition in the Dampier Sub-basin consisted of shallow marine transverse
prograding clinoforms during J30 RPI time and contain deep marine processes during J40 RPI
time. The implication is that during S3, rift climax time, transverse systems are a dominant
sediment supplier into rift basins, in addition the type of deposition will not necessarily be limited
to basin floor fan and mass wasting events due to complex rift basin topography and sediment

routing systems.

5.3.354: Immediate Post-Rift Targets

One of the important features of the immediate post-rift, S4, time is that because slip on
the main faults is decreasing and beginning to cease there is less accommodation being created for
sediments as subsidence is now lower than sedimentation (Prosser, 1993). This means that,
overall, the sedimentary layer representing S4 could be thinner than previous syn-rift stages
depending on the amount of accommodation remaining from S3 sedimentation. The development
of basin wide systems during this time is less likely as the basin begins to fill up with sediment
going into the S5, post-rift stag&he S4 related J50 RPI in the study area was the thinnest of all
the RPIs studied.

Less accommodation does not mean that sediment pathways that were well-developed

during S3 time will be deactivated completely during S4 time. The basin floor fan system that
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developed in the southwestern area of the study area during the end of the J40 RPI was still active
during the J50 RPI and was the highest amplitude feature identified in the seismic slices of the J50
RPI. The implications for further rift basin exploration is that these transverse systems, though
localized, will mature through time and prograde beyond their initial S3, rift climax, size as
subsidence slows (Viseras et al., 2003).

Importantly, as the rift system evolves, the minor faults in the rift system will start to cease
movement before the main border fault does as any remaining extensional strain in the system is
taken up by the border fault, similar to why most minor faults cease movement after thgeS2 sta
This is seen throughout the evolution of the Dampier Sub-basin, as the southern fault cluster mostly
ceased movement by the J40 RPI deposition and the northern fault cluster does not exhibit any
thickening during J50 RPI time, indicate that all the minor faults within the basin had ceased
movement by S4 time. This implies that at this stage of rift basin evolution there will be little to
no influence of minor faulting to confine drainage, leading to unconfined deposition within the

basin compared to that observed during S2 time.
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Figure 5.1: Depositional environment maps for the Dampier Sub-basin study area. A) J20 RPI; B) J30 RPI; C) Lower J40 RPI; D)
Upper J40; E) J50 RPI. Size of the arrow for sediment transport direction indicates which direction was more influential during
sediment deposition within that RPI.
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Figure 5.2: The confinement of the axial sediment flow through the Malawi Rift, EARS. Image from (Mortimer et al., 2016).
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CHAPTER 6

CONCLUSIONS

X Rift basin syn-rift reservoirs are dominantly (50%) clastic deposits from fluvio-deltaic or
near-shore deltaic environments. The most common seal for these systems is a salt or
evaporite seal which, after adding carbonates and marine shales, means the dominant seal
types have a decidedly marine facies signature (>75%).

x The Dampier Sub-basin evolved through time from an initial fluvio-deltaic pre-rift
environment to a more marine dominated rift basin whose evolutionary stages are defined
by regional play intervals (RPI). The S2 (rift initiation) RPI, the J20 RPI, was dominated
by the axially trending clinoforms of the Legendre Delta Complex. The S3 (rift climax)
consisted of two RPIs: the J30 RPI, consisting of coarse grained transverse delta
clinoforms, and the J40 RPI. The J40 RPI was separated into lower and upper units that
consist of axial and transverse deep marine deposits in the form of submarine channel and
fan deposits, as well as mass transport deposits. The S4 (immediate post-rift) RPI, the J50
RPI, consists of a large, transverse, submarine fan system and the axial progression of the
Angel Delta Complex.

X The location of the depocenter within the Dampier Sub-basin shifted through time due to
asymmetrical changes in accommodation on the main Rosemary Fault and changes in
sediment drainage direction and depositional environment environment. We observed a
change in drainage direction from the axial drainage system of the Legendre Delta during
the J20 RPI to the coarser grained, transverse delta system during the J3UhRPI.

depositional environment changed from deltaic clinoforms during the J20 and J30 RPIs to
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submarine fan and debrite deposits during the J40 RBtoader implication for rift basin
exploration is that in changes depocenter locasodue to both asymmetrical slip on
border faults and the influence of the style and direction of sediment&utur.e rift basin
exploration should consider the depositional packages and stages that rift basins undergo
to be sure to target the optimal reservoirs within the syn-rift.

X Axial sediment drainages are more common during the S2 (rift initiation) phase in the
Dampier Sub-basin, as evidenced by the dominance of the axial Legendre Delta during the
J20 RPI. Transverse sediment inputs are more common during S3 (rift climax) time, when
significant slip on the main border fault allows for erosion of the footwall and an adequate
transverse sediment supply. These transverse deposits in the Dampier Sub-basin consist
of transverse progradation of a coarse grained delta system during the J30 RPI and
localized submarine fan systems during the J40 RPI that were sealed by the Dingo
Claystone, one of the major source rocks for the bassrexploration continues into these
syn-rift plays, transverse systems should not be ignored simply because they may have
poor reservoir quality. Transverse sediment inputs are commonly in the form of localized
gravity flow deposits that contain immature, coarse sediments, but basin floor fan systems
sealed by source rock shales may be productive proximal to the main border fault footwall.
These fans, though not basin-wide in extent and primarily coarse grained, contain deposits
of more immature proximal fan sediments and more mature distal fan deposits that may
allow for a localized increase in reservoir quality. When deposited coevally with an
organic rich source rock, the migration pathway becomes short and sets up the opportunity

for a possible play. These submarine fan deposits are under-explored primarily due to low
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seismic resolution, but they could prove to be successful exploration opportunities in the
future.

The East African Rift System (EARS) is a powerful modern analogue that allows the
unique opportunity to view, in an onshore setting, the sedimentation and structural features
of an early rift system. The EARS provided the opportunity to understand the effects of
fault segment linking before the construction of a main border fault, how footwall uplift
affects drainage evolution, and how transfer zones can affect fault orientation and sediment
pathways. These modern observations can help explain the changes in sedimentation along
the Rosemary Fault as it was forming from individual fault segments during the rift

initiation.
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