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Abstract

There has been growing recognition of the value in studying focused fluid flow systems, such as the
formation of fluid escape pipes or paleo-pockmarks, within the subsurface of sedimentary basins to
better define petroleum system processes. While focused fluid flow features such as Hydrocarbon
Related Diagenetic Zones (HRDZs) have been documented in offshore basins of Australia, there is
little systematic assessment of their genesis nor their impact on petroleum systems. This study utilizes
3D seismic data to pioneer documentation of focused fluid flow features in offshore basins of

Australia and develop geological models for the genesis of these focused fluid flow systems.

Fault associated focused fluid flows were identified in the Exmouth Plateau of the Northern
Carnarvon Basin and the Ceduna Sub-basin of the Great Australian Bight. In the Exmouth Plateau,
315 crater-like depressions along a paleo-surface, referred to as paleo-pockmarks, with underlying
fluid escape pipes were identified within Jurassic and Triassic sequences using three 3D seismic
surveys. These focused fluid flow features occur in linear trends parallel to but laterally offset from
normal faults cutting these sequences. Amongst the identified linear trends of focused fluid flow
features is the longest known pockmark chain yet documented (~72 km). The normal faults are
interpreted to have intersected overpressured units in the Triassic Mungaroo Formation which then
triggered vertical fluid migration. The nature of the fluids themselves however (i.e. whether they were

hydrocarbons), could not be determined.

In the Ceduna Sub-Basin of the Great Australian Bight along Australia’s southern margin, fluid
escape pipes were identified on the Ceduna 3D seismic survey within Cenozoic sedimentary rocks
and the shallowest 400 m of Upper Cretaceous Hammerhead Supersequence. Each fluid escape pipe
overlies the upper tip of a normal fault that displaces strata within the Hammerhead Supersequence.
The spatial distribution of fluid escape pipes across the study area varies with predominant fault type;
occurring in random distributions with polygonal faults to the north-west, and in linear clusters with
listric faults to the south-east. The spatial link between the fluid escape pipes and faults suggest that
these faults have acted as migration pathways forfluids that were subsequently vented through the
pipes. Regional thermal maturation studies suggests the migrating fluids are likely to be hydrocarbons

sourced from deeper Cretaceous organic rich sequences.

A series of fluid escape features and complex faulting structures (radial concentric and conjugate
faults) apparently induced by deeper intrusions were identified within Mid Cenozoic sedimentary

sequences of the Bass Basin imaged by the Labatt 3D seismic survey. A total of 101 fluid escape
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features were documented along a horizon interpreted within the Oligocene to Miocene Torquay
Group sequence, manifesting as craterlike-depressions overlying fluid escape pipes. These craters are
interpreted to be maar structures or hydrothermal vents, 42 of which have overlying volcanic vents.
Three areas of radial faults and 6 areas of concentric faults were identified within the Oligocene to
Miocene Torquay sequences whereas 13 pairs of conjugate faults were identified within the Eocene to
Miocene Demon’s Bluff and Torquay sequences. The conjugate and radial fault structures are
interpreted to have formed from emplacement of underlying igneous intrusions whereas the

concentric faults are interpreted to have formed as a result of subsurface sediment evacuation.

The varying mechanisms that generate focused fluid flow systems may impact petroleum systems in
different ways. In the Exmouth Plateau, normal faults within the Jurassic and Triassic sequences are
inferred to be poor fluid migration pathways due to focused fluid flow features forming laterally offset
from the fault upper tips. Fluid escape features themselves, once established, can act as migration
pathways that may compromise sealing unit integrity by providing secondary migration pathways for
hydrocarbons within potential reservoirs, and thus increase exploration risk by reducing the
probability of long-lived hydrocarbon accumulation. In a frontier exploration basin such as the
Ceduna Sub-Basin, the presence of fluid escape features that may have formed as a result of
hydrocarbon migration can improve the exploration potential. Though their occurrence in the region
highlights potential trap breaches, the formation of focused fluid flow features in the region proves the
presence of hydrocarbon producing source rocks and viable migration pathways. Though not directly
associated with hydrocarbon generation, the fluid escape features and overburden deformation
structures identified in the Bass Basin can influence petroleum exploration. They provide fluid
migration pathways from deeper to shallower sequences, while the associated igneous intrusions may

act to impede fluid migration.

This study highlights the importance of studying ancient focused fluid flow systems (in addition to the
better documented contemporary ones) to aid in hydrocarbon exploration. Improved understanding of
the impact of paleo-focused fluid flows on subsurface fluid dynamics and petroleum system elements

can be utilized to de-risk exploration.
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Chapter 1

Introduction and Thesis Rationale




Chapter 1 Introduction

Thesis Rationale: Why Study Ancient Focused Fluid Flows in

offshore basins of Australia?

Australia’s oil and gas industry plays a critical role in the country’s energy market. Between 2016 and
2017, fossil fuels accounted for 94% of Australia’s energy consumption with oil and gas comprising
62% of that total (Ball et al., 2018). Despite having up to 70 sedimentary basins, hydrocarbon
exploration and development in the country are concentrated around just a few main areas; LNG
projects are focused along Australia’s North West Shelf and inland Queensland while 72% of the
country’s crude oil production comes from the Carnarvon Basin, offshore Western Australia (Thurtell
et al., 2018). This provides significant opportunities for exploration in frontier or under-developed

regions.

An integral part of hydrocarbon exploration is the assessment of petroleum system elements and
processes (Magoon & Dow, 1994). The elements of a petroleum system include source rock,
reservoir rock, sealing rock, trapping structures and overburden (Magoon & Schmoker, 2000). The
processes of a petroleum system encompass hydrocarbon generation, expulsion, migration and
preservation (Demaison & Huizinga, 1991; Magoon & Schmoker, 2000). Viable secondary and
tertiary migration pathways comprise additional elements integral to the proper functioning of a
productive petroleum system (England, 1994). In frontier or under-developed regions, 2D seismic
reflection, gravity and magnetic data are often the primary sources of information from which
subsurface architecture can be determined (Christopherson, 1991; Blood, 2001; Longley et al., 2002).
While these data enable geologists to assess the spatial distribution of the elements of a petroleum
system, it is significantly more difficult to evaluate subsurface fluid dynamics associated with oil and
gas. Geophysical methods such as those mentioned above measure variations in the physical
properties of subsurface rocks but are unable to discriminate variations in fluid types (Bechtel et al.,
2007).

Focused subsurface fluid flows are phenomena created where fluid migrate under a pressure gradient
from deeper to shallower elevation via some kind of focusing mechanism. They have been
documented in various geological settings but are typically associated with basins that have high
sedimentation rates or generate hydrocarbons (Gay et al., 2006a; Hustoft et al., 2009). Rapid sediment
loading, particularly when associated with low permeability sediments, can result in overpressure
generation and variation in lateral pressure gradients that result in focused fluid migration (Hustoft et
al., 2009). The in situ generation of fluids at depth, such as from hydrocarbon generation and
expulsion, could similarly generate subsurface overpressures (Tingate et al., 2001). Focused fluid

flows commonly manifest along a surface as crater-like depressions referred to as pockmarks, or
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paleo-pockmarks for those that have been buried and preserved (King & MacLean, 1970). Fluid
expulsion along a surface may also occur without a structural manifestation along the surface. These
focused fluid flow systems are often associated with low flux fluid expulsion and are referred to as
seepages (Hovland & Judd, 1988). Expulsion of fluids along a surface is often facilitated by an
underlying fluid migration conduit which is referred to as fluid escape pipes.

The advent of 3D seismic imaging technology has vastly improved our ability to understand
subsurface fluid dynamics by providing direct evidence of three dimensional rock and fluid
interactions (Cartwright & Huuse, 2005). 3D seismic datasets have increased our understanding of
subsurface fluid migration systems by enabling improved imaging and definition of geological
elements that make up focused fluid flow systems. Detailed imaging of focused fluid features enables
identification of stratigraphic sequences from which migrating fluids are sourced from, delineation of
fluid migration pathways, and identification of geological features, such as igneous intrusions or salt
diapirs, that may act as a control on the spatial distribution of focused fluid flow systems (Pilcher &
Argent, 2007; Andresen et al., 2011; Maia et al., 2016).

Analysis and interpretation of focused fluid flow pathways observed in seismic data have since been
used to evaluate hydrocarbon prospectivity in various settings around the world. In the Gulf of
Mexico, spatial distribution analysis of seafloor vents on seismic data led to clearer delineation of
underlying reservoir rocks, as well as improved understanding of the reservoir pressure regime (Reilly
& Flemings, 2010). In offshore West Africa, kilometre-scale fluid escape pipes were traced down to
hydrocarbon bearing reservoir rocks (Lgseth et al., 2011). Identification and interpretation of fluid
expulsion features along an ancient, buried surface (referred to as a paleo-surface) in the Danish North
Sea led to an improved understanding of underlying hydrocarbon source rock distribution and

provided insight on the timing of hydrocarbon expulsion (Andresen et al., 2008).

Focused fluid flows have been studied in various regions across the globe, however, these studies
have concentrated on active fluid flow systems and active seeps (Judd & Hovland, 2007; Huuse et al.,
2010). Comparatively, there is a lesser understanding of ancient focused fluid flow systems. Paleo-
focused fluid flow features have been documented in several offshore basins of Australia (O'Brien &
Woods, 1995; Struckmeyer et al., 2002; Logan et al., 2008; Logan et al., 2010). Despite increased
understanding of focused fluid migration systems, the source of fluids and controls on the formation
of paleo-fluid flow features in offshore basins of Australia remains poorly defined (Logan et al., 2010;
Dirstein et al., 2013). This thesis represents a first attempt to qualitatively and quantitatively analyse
focused fluid flow features and develop geological models for their formation in offshore sedimentary
basins of Australia, focusing on the Northern Carnarvon (Chapters 2 and 3), Bight (Chapter 4) and
Bass (Chapter 5) Basins of offshore Australia as they represent currently producing, frontier and

mature hydrocarbon exploration basins respectively. The approach adopted in this study integrates
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geophysical, geological and petrophysical data to develop holistic subsurface models to identify and
define fluid flow features in the subsurface and propose mechanisms responsible for their formation.
The potential impact of these focused fluid flow features on hydrocarbon exploration is discussed in
the context of their respective sedimentary basins (Chapter 6).



Chapter 1 Introduction

Thesis Outline

Literature Review

Focused fluid flows are hydrogeological processes that pertain to the focused emission or expulsion of
fluids along a surface, often along the seabed-seawater interface (Judd & Hovland, 2007). Focused
fluid flow systems have been recognized by the scientific community since the 1960s and surficial
expressions of focused fluid flow systems were first described in the 1970s (King & MacLean, 1970;
Taniguchi et al., 2002; Judd & Hovland, 2007). Since then, there has been a growing interest in the
dynamic geological processes that drive the occurrence of focused fluid flows. Chapter 1 of this thesis
reviews the current understanding of focused fluid flow systems by discussing their surface and
subsurface manifestations, formation mechanisms, and geologic controls on spatial distribution. With
a focus on ancient focused fluid flow systems, Chapter 1 also discusses workflows for identifying and
interpreting paleo-focused fluid flow features utilizing seismic data.

Chapter 2: Ancient fluid flow recorded by remarkably long, buried pockmark

trains observed in 3D seismic data, Exmouth Plateau, Northern Carnarvon Basin

The North West Shelf of Australia is a passive rifted continental margin and the country’s premier
hydrocarbon producing region, with most of the production sourced from inboard regions of the
Northern Carnarvon Basin (Longley et al., 2001). Amongst the earliest documented evidence of
focused fluid flows in the North West Shelf is provided by O'Brien & Woods (1995) who identified
vertical zones of disrupted and chaotic seismic reflections within Eocene sandstones in the Vulcan
Sub-basin of the Bonaparte Basin. These features were termed Hydrocarbon-Related Diagenetic
Zones (HRDZs) and were attributed to oxidation of migrating hydrocarbons during the Late Miocene
and Early Pliocene. A more recent study by Dirstein et al. (2013) identified pockmarks along the
seafloor as well as paleo-pockmarks within the Triassic Mungaroo formation across the Gorgon,
Glencoe, and Bonaventure 3D seismic surveys on the Exmouth Plateau of the Northern Carnarvon
Basin. Dirstein et al. (2013) also utilized waveform classification methods to quantify subtle changes
in the seismic response along interpreted surfaces within Mesozoic and Cenozoic sequences and
characterised varying waveform classes to identify potential focused fluid migration pathways. The
source and type of potential fluids involved as well as the timing of fluid expulsion, however, were

not investigated in Dirstein et al. (2013).

Despite the documentation of paleo-focused fluid flows within Cenozoic and Mesozoic sequences in
the North West Shelf by Dirstein et al. (2013) and O'Brien & Woods (1995), the mechanisms that led
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to their formation are still unclear and there has been little investigation into the their broader
occurrence across the region (Logan et al., 2010). Chapter 2 represents the first attempt to document
and map paleo-focused fluid flow features within the North West Shelf, focusing on the Exmouth
Plateau of the Northern Carnarvon Basin. Using 3D seismic data from the western edge of the plateau,
275 buried and preserved crater-like depressions (referred to as paleo-pockmarks) were interpreted
along an unconformable surface that represents the top of the Jurassic sequence. Underlying each
paleo-pockmark are fluid escape pipes that extend downward through the Jurassic sequence and
terminate within the Triassic sequence. The paleo-pockmarks occur in NW-SE trending linear trains
and include the longest known pockmark train yet documented (~72 km long). The occurrence of
these paleo-pockmarks in linear trends across the survey area suggests an underlying geological
control on the spatial distribution of the focused fluid flow features. Utilizing spatial statistics, the
spatial distribution of paleo-pockmarks are quantified and shown to correlate with the orientation of
normal faults that underlie the focused fluid flow features within the Triassic sequence. A control on
the spatial distribution of paleo-pockmarks by the underlying normal faults is defined and an
uncommon interaction between faults and fluids is documented, whereby faults acted as a trigger for
focused fluid migration in the Late Jurassic, instead of acting as fluid migration pathways themselves.

The principles of this chapter demonstrates the importance of integrating geophysical and geological
data in developing a comprehensive model for the formation of focused fluid flows. By understanding
the process by which the paleo-focused fluid flow features had formed, we are able to develop a
geological model for the formation of the Late Jurassic focused fluid flow features within which we
hypothesize the source of fluids and investigate the role of paleo-overpressure generation in focused

fluid migration.

Chapter 3: 3D Seismic Analysis of Ancient Subsurface Fluid Flow in the

Exmouth Plateau, Offshore Western Australia

While focused fluid flow features have been documented to occur in isolation, they typically occur in
fields or clusters that can extend over a range of scales, from field-wide to basin-wide occurrences
(Pilcher & Argent, 2007). Identification of paleo- focused fluid flow features along the western edge
of the Exmouth Plateau of the Northern Carnarvon Basin in Chapter 2 raised the question as to
whether the Late Jurassic paleo-fluid expulsion event was a localised or regional occurrence. Chapter
3 follows this line of inquiry in an effort to identify similar paleo-focused fluid flow systems in the

central and eastern regions of the Exmouth Plateau.

As in in Chapter 2, this study utilizes 3D seismic data to document fault-associated Late Jurassic

focused fluid flow features within Triassic and Jurassic sequences in the central and eastern regions of
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the Exmouth Plateau. Linear trends of paleo-pockmarks with underlying fluid escape features are
interpreted along an unconformable surface that marks the top of the Jurassic sequence within the
central and eastern regions of the Exmouth Plateau respectively. The paleo-fluid escape features occur
in linear trends (N-S and NE-SW linear trends in central and eastern regions of the plateau
respectively) that mirror the strike orientation of normal faults that underlie the fluid escape features
within the Triassic Mungaroo Formation. Chapter 3 integrates its results with the results of Chapter 2
to reveal evidence of spatially organized paleo-focused fluid flow features that are correlatable across
the Exmouth Plateau and implies that the Late Jurassic fluid expulsion event was a basin-wide
phenomena. This hypothesis is tested by investigating regional tectonic events coeval with formation
of the focused fluid flow features. The geological model for the formation of fault-associated paleo-
focused fluid flows developed in Chapter 2 is expanded on by identification of a potential link
between fault development and interpreted mantle plume activity during the Late Jurassic and Early
Cretaceous along the southern margin of the Exmouth Plateau at the time focused fluid flow features

formed.

The findings from this study and Chapter 2 further refine the existing tectonic development history of
the Exmouth Plateau by revealing a previously undocumented, basin-wide normal fault system that
has a radial trend across the Exmouth Plateau (with its locus located along the southern margin of the
plateau) that acts as a spatial control for the formation of focused fluid flows and associated features.
An attempt is made to constrain the types of fluid that formed the Late Jurassic paleo-focused fluid
flow features. This chapter discusses the potential development of preserved fluid escape features as
fluid migration pathways and highlights their potential impact on hydrocarbon trap risk assessment

due to the ability of these fluid escape features to compromise the integrity of a seal rock sequence.

Chapter 4: Fault Controlled Focused Fluid Flow in the Ceduna Sub-basin,

Offshore South Australia; evidence from 3D seismic reflection data

Like the North West Shelf, Australia’s Southern Margin is a passive continental margin that
developed through a series of rifting events associated with the break-up of Gondwana (Totterdell &
Bradshaw, 2004). Unlike the North West Shelf however, the Great Australian Bight is a frontier
region for hydrocarbon exploration with only 10 wells having been drilled there and having
comparatively limited seismic survey data coverage (Totterdell & Mitchell, 2009). Various types of
geological and geophysical data have been acquired in the region to more thoroughly appraise
hydrocarbon potential. Synthetic aperture radar (SAR) data identified seepage slicks in the Ceduna
Sub-basin (Logan et al., 2010). Seafloor dredge samples from the western part of the Ceduna Sub-

basin have recovered organic rich marine shales with up to 6.9% Total Organic Carbon (TOC)
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(Totterdell & Mitchell, 2009). Finally, geochemical studies of stranded coastal bitumen samples along
the Bight Basin coastline suggest they originated from slow seeping hydrocarbons in the Bight Basin
(Hall et al., 2014). Interpretation of regional 2D seismic data by Struckmeyer et al. (2002) identified
potential gas chimneys within the Cenozoic and Late Creatcous sequences of the basin. Despite the
presence of these potential hydrocarbon indicators (seeps, organic rich shales, gas chimneys),
hydrocarbon charge and seal integrity are key risks for further hydrocarbon exploration in the Bight
Basin (Totterdell & Mitchell, 2009). There is at present, a lack of direct evidence for hydrocarbon
prone source rocks within the outboard, distal regions of the Basin (Totterdell & Mitchell, 2009).
Furthermore, a paleo-oil column identified in the Eyre Sub-basin is interpreted to have been breached
by a reactivated fault in the Late Cretaceous, which leads to uncertainty in trap integrity within the
Bight Basin (Ruble et al., 2001).

Chapter 4 utilizes newly acquired 3D seismic data to further investigate the occurrence focused fluid
flow features within the Ceduna Sub-Basin of the Bight Basin. An extensive number of focused fluid
flow features were identified within the Late Cretaceous and Cenozoic successions along the south-
western edge of the survey area. The focused fluid flow features are associated with the upper tip of
underlying normal faults that are interpreted to be acting as a fluid migration pathways. Localized
variation in the spatial distribution of focused fluid flow features along the shelf edge is reflected by a
change in underlying dominant fault type; randomly distributed focused fluid flow features with
underlying polygonal faults to the northwest of the study area, and linear trends of focused fluid flow
features with underlying normal faults to the south east. The growth history of the normal faults has
been documented by Robson et al. (2016) and Ryan et al. (2017). This chapter builds on these two
studies by correlating the timing of fault development, focused fluid flow feature formation and

hypothesised hydrocarbon expulsion from underlying source rock formations.

The focused fluid flow features identified in this chapter show a contrasting interaction with
underlying faults when compared to the fault associated paleo-focused fluid flow features identified in
Chapters 2 and 3. While the identified faults from the Exmouth Plateau and Ceduna Sub-basin both
act as controls on the spatial distribution of focused fluid flow features, the faults in the Ceduna Sub-
basin did so as fluid migration pathways whereas the faults identified in Chapters 2 and 3 act as a
trigger for fluid migration. Chapter 4 highlights the importance of developing holistic models of the
subsurface in order to accurately interpret the mechanisms and driving forces behind the formation of
focused fluid flows. Furthermore, this study also contributes to understanding of Bight Basin
petroleum system elements by support the presence of hydrocarbon prone source rocks and a working

petroleum system.
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Chapter 5: 3D Seismic analysis of complex faulting patterns and fluid escape
features associated with Late Cenozoic magmatism in the Bass Basin, offshore

southeast Australia

Many rift and passive margin basins are characterised by magmatism and the occurrence of igneous
activity can result in the formation of focused fluid flow features such as hydrothermal vents (Planke
et al., 2005; Holford et al., 2012). The occurrence of igneous material in the subsurface can directly or
indirectly influence subsurface fluid migration dynamics and affect petroleum system elements in
hydrocarbon generating basins (Holford et al., 2012; Senger et al., 2017). Igneous intrusions are able
to induce fluid migration by superheating host rock pore fluids to generate overpressure that may
induce hydraulic fracturing of the overburden and subsequently migrate vertically to form focused
fluid flows (Jamtveit et al., 2004; Sun et al., 2013). If the intrusion occurs within an organic matter
rich rock unit, the superheating from the intrusion could induce hydrocarbon generation, cracking and
expulsion, which could result in overpressure generation (Othman et al., 2001).Conversely, igneous
intrusions themselves can act as barriers for fluid migration due to their highly impermeable nature
and thus can compartmentalize fluid migration in the subsurface (Senger et al., 2017). Emplacement
of igneous material in the subsurface can mechanically deform the host rock that and result in the
formation structures such as radial faults, dyke-induced normal faults or domal forced folds (Stewart,
2006; Jackson et al., 2013). The igneous intrusions associated faults are able to act as fluid migration
pathways whereas forced fold structures can potentially develop as structural traps for hydrocarbon

accumulation (Senger et al., 2017).

Chapter 5 investigates the impact of Late Cenozoic magmatism on subsurface fluid dynamics in a
hydrocarbon generating basin, focusing on the Bass Basin of Southeastern Australia. The basin has
been subject to multiple phases of igneous activity throughout its geologic history and is moderately
explored with 45 wells (36 exploration) drilled, though there is only one producing field in the basin
(Blevin et al., 2003; Cummings et al., 2004; Watson et al., 2019). Historically, the presence of
igneous material prior to-drilling has been poorly predicted with 13 of the 36 exploration
unexpectedly encountered igneous rocks. Chapter 5 builds upon the methodologies developed in
Chapters 2-4 to document and categorize focused fluid flow features (manifesting as surficial
depressions) based on their seismic morphology to discriminate between focused fluid migration
features that may have been a precursor to volcanism and true volcanic features that may have similar
seismic expressions as focused fluid flows. Chapter 5 also documents overburden deformation
(manifesting as radial, conjugate and concentric faults) within Cenozoic sequences that are associated

with emplacement of underlying igneous intrusions in the study area.
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A total of 101 surficial depressions are identified within the Eocene to Miocene Torquay group
sequence. The depressions are categorized based on the morphological expression of the depressions
and their infilling seismic reflectors. Correlations between the spatial distribution of surficial
depressions and the occurrence underlying igneous intrusions are analysed to identify potential
genetic links between them. The nucleation and growth history of the radial, conjugate and concentric
faults are quantitatively and qualitatively investigated and their association with underlying igneous
intrusions are interpreted. Depth-displacement analysis of 7 pairs (out of 13 pairs) of identified
conjugate faults improve our understanding of normal fault nucleation during igneous dyke
emplacement while quantitative analysis of downward sagging seismic reflectors within the locus of
concentric faults suggest the occurrence of a subsurface sediment evacuation event. The occurrence of
radial faults with localized structural highs implies at the emplacement of an underlying igneous

intrusion.

The methodology and workflow developed in this chapter provides a practical framework for
distinguishing and analysing focused fluid flow features in regions with igneous activity. In a region
where subsurface igneous material is difficult to detect on seismic data, we also demonstrate the value
in understanding the development history of overburden deformation features and utilizing their
occurrence to infer the presence and morphology of underlying intrusions. Where igneous intrusions
occur alongside focused fluid flow features, the ability to distinguish between the two on seismic data
is critical for assessing the potential impact of igneous intrusions and focused fluid flow features on
petroleum systems elements (e.g. migration, source maturity, seal integrity) in order to reduce
exploration risk. The accurate identification and evaluation of fluid migration pathways provides the
opportunity to prioritise particular reservoir fairways and risk assess sealing units to trapping

structures along the selected reservoirs.

Chapter 6: Conclusions

Chapter 6 summarizes the key findings of Chapters 2-5 and discusses the potential implications of
focused fluid flow occurrences on petroleum systems elements and hydrocarbon exploration within
the Northern Carnarvon, Bight, and Bass Basins. Chapter 6 also summarizes this thesis by
highlighting recommendations for future research that could be done to further improve the scientific

community’s understanding of ancient focused fluid flow systems in offshore basins of Australia.
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Literature Review

1. Introduction

Subsurface fluids that migrate from deeper to shallower depths through a focusing mechanism, such
as overpressure venting or flow driven by buoyancy drive, via permeable migration pathways are
referred to as focused fluid flows (Berndt, 2005; Gay et al., 2007; Anka et al., 2012). Though the term
fluid is used in association with focused migration pathways, such features can be conduits for
mobilized material can consist of a variety of phases: gases (biogenic gas), liquids (brine,
hydrocarbon), or even solid suspensions that behave in a fluid-like manner (overpressured sandstones,
salt) (Cartwright et al., 2007; Huuse et al., 2010). This thesis however focuses on focused fluid flow
systems that pertain to the migration of liquids or gasses and rather than sediment remobilization

occurrences.

Awareness of focused fluid flows in offshore basins originated in the 1960s with the discovery of
hydrothermal vents and pockmarks on seabed surfaces on the Scotian Shelf (King & MacLean, 1970).
These morphological features were interpreted as the surficial manifestations of water or gases in
subterranean coastal plain rocks that percolated and expelled through the overlying unconsolidated
seafloor sediments (King & MacLean, 1970; Judd & Hovland, 2007). The discovery of pockmarks
triggered an increasing interest in subsurface fluid migration. Fluid migration features such as these
have the potential to impact bio-, hydro- and atmospheres on local and global scales (Judd &
Hovland, 2007; Cambon-Bonavita et al., 2009). For instance, the world’s oceans have been estimated
to have circulated through the Earth’s oceanic crust via subsurface hydrothermal systems, such as
spreading ridges or back-arc rifting systems, approximately every 10 million years, bringing heat
exchange, chemical properties and nutrients into the oceans (Kadko et al., 1995; Judd & Hovland,
2007). Furthermore, offshore focused fluid flows are also seen as key sources of methane into the
atmosphere, globally contributing at least 10 to 30 Tg which constitutes 2 to 6% of the total
atmospheric methane budget (Judd & Hovland, 2007).

The significance of focused fluid flows in hydrocarbon exploration has long been recognized by the
oil and gas industry. Historically, oil and gas seeps have been used as surficial indicators of
underlying petroleum systems (Link, 1952). At present, research on focused fluid flows are
increasingly being utilized by the oil and gas industry across the globe to improve evaluation of
petroleum system elements and hydrocarbon prospectivity (Fig. 1) (Meldahl et al., 2001; Heggland,
2005). The advent and proliferation of 3D seismic imaging technology over the past three decades has
enabled us to study focused fluid flow systems in greater detail with its ability to image subsurface
fluid-rock interactions in three dimensions (Cartwright & Huuse, 2005). In offshore West Africa and

the North Sea, interpretation of seabed fluid seeps and focused fluid flows identified on seismic data
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aided in defining the location and geometry of underlying hydrocarbon reservoirs (Heggland, 1998;
Gay et al., 2003). In a more generalized study, Laseth et al. (2009) evaluated the preservation
capability of hydrocarbon reservoirs by interpreting the location of fluid escape relative to an

underlying reservoir.

@ Mud Volcanos O Sandstone intrusions © Fluid Escape Pipes

Figure 1: Worldwide locations where fluid focused fluid flows have been documented and

investigated (modified from Huuse et al., 2010).

Focused fluid flows in Australian basins were first recognized by O'Brien & Woods (1995) in the
Vulcan Sub-basin, offshore north-western Australia. Since then, seabed seepages and focused fluid
flows have also been identified in other offshore basins around the continent such as the Gippsland
and Bight basins (Fig. 1) (Struckmeyer et al., 2002; Nourollah et al., 2010). In recent years, there has
been a growing interest in the potential impact of the delineation and dating of focused fluid flow
features in order to aid hydrocarbon exploration (Struckmeyer et al., 2002; Logan et al., 2010).
Alongside seismic reflection technology, various advanced data acquisition methods have been
utilized in an effort to document fluid flow features in offshore basins of Australia. Examples of such
methods include synthetic aperture radar (SAR), side-scan sonar, and seismic wavelet classification
that have been utilized in the North West Shelf and the Great Australian Bight (O'Brien & Woods,
1995; Struckmeyer et al., 2001; Dirstein et al., 2013). To date however, only seafloor pockmarks and
subsurface columns of attenuated acoustic signals with abrupt lateral terminations (interpreted to be
hydrocarbon-related diagenetic zones) on the Yampi Shelf in north-western Australia have been
linked to proven underlying hydrocarbon reservoirs associated with the Cornea oil and gas field
(Rollet et al., 2006; Logan et al., 2010).
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2. Surface and Subsurface Manifestations of Focused Fluid Flows

Depending on the nature of migrating fluids, focused fluid flows can manifest in a range of forms.
However, this thesis is primarily focused on pockmark and fluid escape pipe features. Focused fluid
flow occurrences can broadly be categorized as one of two surficial manifestations, and/or either one
or both of two subsurface manifestations.

2.1. Surficial Manifestation

Focused fluid expulsion along a free stratigraphic surface (ground level, seabed) may or may not
result in an observable expression such as a crater-like depression. This is primarily influenced by the
type(s) of material expelled and the rate of expulsion. Expulsion of solids components such as
overpressured mud can result in the formation of structural features such as mud volcanoes or
submarine craters whereas low flux liquid or gas expulsions can result in seafloor seepages with no
discernible structural feature. The most common surficial expression of fluid expulsion however, are
pockmarks (Judd & Hovland, 2007).

2.1.1. Pockmarks

Pockmarks are circular or elliptical depressions that form in fine grained sediments and are often
documented in offshore environments (Fig. 2a) (King & MacLean, 1970; Andresen et al., 2008). The
term pockmark was first coined by King & MacLean (1970) to describe V-shaped notches along the
sediment water interface in offshore Nova Scotia, Canada. They are interpreted to have formed
through sediment removal or erosion from below as a result of ascending fluids (King & MacLean,
1970; Judd & Hovland, 2007; Cathles et al., 2010). Judd & Hovland (2007) propose a conceptual
model for the formation of pockmarks whereby accumulations of fluids in near-seabed sediments
produces a dome-like swelling on the seabed. As fractures develop along the domed surface, the fluids
establish a migration route with the overlying water column. Establishment of this hydraulic
connection leads to a fluid pressure drop in the near-seabed sediments, which results in a violent burst
of escaping fluids that forms a pockmark (Judd & Hovland, 2007; Cathles et al., 2010). Pockmarks
have been documented in various marine environments globally that range from estuarine through to
deep marine and can form as rapidly as 20 minutes (Hovland et al., 2002; Judd & Hovland, 2007,
Pilcher & Argent, 2007). In the Gulf of Mexico in 1972, a jack-up mat-supported rig ‘J. Storm II’
tilted and sank 20 minutes later (Worzel & Watkins, 1974). A seabed survey at the rig’s location
revealed a flat bottomed crater 500 m across and 12 m deep. Gas plumes were observed to originate
from the newly-formed pockmark, interpreted to be coming from both the rig’s broken drill stem and

the crater floor. Understanding the genesis of pockmark formation can provide valuable information
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on subsurface fluid dynamics; however, pockmarks do not provide information on the rate or volume
of fluids that have been expelled (Cartwright et al., 2007; Andresen, 2012).
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Figure 2: (a) Multibeam bathymetric image of a cluster of pockmarks from the Troll Field of the
North Sea (modified from (Mazzini et al., 2017)). The lack of observed gas bubble or fluid seepage
suggest that these pockmarks are inactive. (b) A graph illustrating the range of pockmark depth and
diameter dimensions from 57 published occurrences worldwide (Pilcher & Argent, 2007). (c)
Examples from the North Sea on the range of potential pockmark morphologies (Andresen et al.,
2008).

Lateral dimensions of pockmarks can vary dramatically, ranging from less than a meter up to
hundreds of meters in length and width (Fig 2b). Pockmark depths can similarly range from less than
1 m up to approximately 100 m (Judd & Hovland, 2007; Pilcher & Argent, 2007). The internal
structure of pockmark depressions show varying morphologies, having been described as having
tabular, U-, V-, or W- shaped bases (Fig 2c) (Andresen et al., 2008). These variations in pockmark
internal structures are attributed to hydrological and biological processes that take place after
pockmark formation. Seafloor currents may erode downstream sides of pockmarks to result in
elongated pockmark shapes such as those with tabular or V-shaped bases (Andresen et al., 2008).
Continued venting of fluids that promotes development of chemosynthetic activity and biological
communities, can result in hydrocarbon accumulation such as in pockets of methane gas. These
hydrocarbon accumulations can promote authigenic carbonate precipitation or carbonate mound
formation within the pockmark cavity to result in W-shaped pockmark bases (Hovland et al., 2002;
Andresen et al., 2008).
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2.1.2. Seeps

Seeps are occurrences whereby natural fluids from the subsurface are released into the overlying
environment and like pockmarks, they are often identified on the seabed (Judd, 2003; Suess, 2010).
While both seeps and pockmarks represent sites of subsurface fluid transport, a distinguishing feature
of seeps is the absence of a surficial depressions which can be attributed to slow fluid flow rates
which lack an eruptive component during fluid expulsion (Judd, 2003; Judd & Hovland, 2007). Seeps
have been documented to occur in a broad range of oceanographic settings and across a wide variety

of geological environment across the globe (Judd, 2003).

Though the lack of a surficial expression can make seeps difficult to detect, they can be associated
with chemosynthetic biological communities and authigenic carbonate precipitation (Gay et al.,
2006c¢; Naehr et al., 2007). Fluids that are transported through seafloor seeps are often rich in
chemical elements that are the basis for organic carbon production, such as methane, hydrocarbon and
hydrogen sulphide, which promote development of chemosynthetic biota (Sibuet & Roy, 2002;
Cambon-Bonavita et al., 2009). Furthermore, chemical interactions between ambient seafloor water
and fluids expelled at seeps can also result in authigenic carbonate precipitation (Naehr et al., 2007).
Microbially driven anaerobic oxidation of methane in migrating fluids may increase fluid alkalinity
through production of bicarbonate, which can then result in chemical conditions that favour
precipitation of authegenic carbonate materials (Naehr et al., 2007). As such, sites of chemosynthetic
biota or authigenic carbonate precipitation thus can serve as a proxy indicator for the presence of

seafloor seeps.

3. Subsurface/Seismic manifestation

3.1. Buried pockmarks/Paleo-pockmarks

Seafloor pockmarks are thought to represent episodes of contemporary fluid expulsion. As such,
pockmarks that have been buried and preserved, referred to as paleo-pockmarks, can be seen as
evidence of ancient fluid expulsion events. Paleo-pockmarks are imaged on seismic data and can
provide insight into ancient subsurface fluid dynamics (Hartwig et al., 2012). For instance, Hartwig et
al. (2012) documented paleo-pockmarks within the Eocene sequence that overlie Late Cretaceous
growth and listric faults in the Orange Basin, offshore South Africa. By investigating paleo-pockmark
formation timing and their spatial association with the underlying Late Cretaceous faults, Hartwig et
al. (2012) interpreted the paleo-pockmarks to have formed as a result of fluid expulsion from
disequilibrium compaction overpressure generated during the Late Maastricthtian and Paleocene,

which then utilized Late Cretaceous faults as fluid migration pathways in the Eocene.

In addition to enabling improved imaging and understanding of paleo-pockmark morphology, 3D

seismic data also enables the analysis of the temporal evolution of subsurface focused fluid flow
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features. For instance, continued or episodic fluid expulsion at the same location over long periods of
time could result in vertical successions of pockmarks (or paleo-pockmarks) which are referred to as
stacked pockmarks (Fig. 3b) (Cifci et al., 2003). With time or age control on pockmark-bearing strata,
the height of a stacked pockmark column can then be analysed to determine the time frame during
which fluid expulsion occurred while the vertical spacing between paleo-pockmarks within the
stacked sequence provides an indication on the frequency of fluid expulsion (Cifci et al., 2003;
Andresen et al., 2008; Moss et al., 2012b). Andresen & Huuse (2011) identified 8 stacked paleo-
pockmarks in Pliocene to Pleistocene sedimentary rocks in the Lower Congo Basin. Heights of the
stacked paleo pockmarks range between 50 to 600 ms two-way-time (TWT) and vertical separation of
individual paleo-pockmarks are between 25 to 60 ms twt. Based on these measurements and an
assumed constant sedimentation rate, initial formation of pockmarks was determined to be
approximately 4 Myr ago and the recurrence interval of fluid expulsion was estimated at between
0.09-0.22 Myr.
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Figure 3: (a) Paleo-pockmarks along an interpreted paleo-surface within the Eocene sequence from
the Orange Basin, Offshore South Africa (Hartwig et al., 2012). (b) Seismic cross-section of three
stacked pockmark successions in the Lower Congo Basin from Andresen & Huuse (2011). Stars

indicate pockmarks amongst intervening draping seismic reflectors.

3.2. Fluid escape pipes

Fluid expulsion along a surface via a pockmark is often associated with an underlying conduit that
facilitates focused fluid migration. These conduits are commonly referred to as fluid escape pipes and
are imaged on seismic data as vertical, pipe-like or column-like anomalies of disturbed or
discontinuous seismic reflectors with enhanced or attenuated amplitudes relative to the surrounding
host sequence (Fig 4) (Cartwright et al., 2007; Moss & Cartwright, 2010b). The bases of fluid escape
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pipes are referred to as roots and are often linked to the fluid source regions (Cartwright &
Santamarina, 2015). Vertical dimensions of fluid escape pipes commonly range between 200 to 500
m, however, they have been documented to exceed a kilometre in height (Moss & Cartwright, 2010a;
Laseth et al., 2011). Though pockmarks or paleo-pockmarks are often associated with underlying
fluid escape pipes, not all fluid escape pipes result in the formation of overlying pockmarks. The
manifestation of fluid expulsion features along a surface overlying a fluid escape pipe is influenced by
the flux rate of fluid expulsion which in turn is controlled by migrating fluid and overburden
parameters, a few of which are overburden sediment density, fluid density, fluid viscosity and fluid
buoyancy pressure (Cathles et al., 2010). High flux rates of fluid expulsion are likely to result in the
formation of pockmarks whereas protracted, low fluid flux systems may result in stacked amplitude
anomalies in overlying seismic reflectors that lack depressions along the surface of those reflectors
(Gay et al., 2007; Laseth et al., 2011; Cartwright & Santamarina, 2015).

Pipe Model

Figure 4: Fluid escape pipes identified on seismic data from the (a) Vering Basin, Mid Norwegian
Shelf and (b) Ceduna Sub-Basin, Great Australian Bight (Cartwright et al., 2007). Similar seismic
expressions are observed when (c) pipe anomalies from Offshore Nigeria are compared with (d)

modelled pipe anomalies based on outcrops from Rhodes, Greece (Lgseth et al., 2011).

The mechanical interaction between fluids and rocks that form fluid escape pipes is still poorly
understood. However, hydraulic fracturing from overpressure generation is widely cited as the
mechanism that initiates fluid escape pipe formation and sustains their propagation (Cartwright et al.,
2007; Loseth et al., 2011). As such, fluid escape pipes represent vertical conduits of enhanced
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permeability through which fluids are transported faster than they normally would migrate through the
undeformed rock pore network (Lgseth et al., 2011; Leduc et al., 2013). The column-like shape of
fluid flow pipes are indicative of a buoyant fluid drive and distortion of seismic reflectors within the
pipes are often attributed to local variation introduced by the fluid to acoustic properties of the host
rock (density, velocity, anisotropy) (Laseth et al., 2009; Lgseth et al., 2011; Bull et al., 2018). Despite
advances in seismic imaging technology, the internal structure of fluid escape pipes is poorly defined
on seismic data. Seismic reflectors within fluid escape pipes have been documented with
morphologies that range from continuous, concave or convex shapes to zones of chaotic reflectors
with low coherence (Cartwright et al., 2007; Lgseth et al., 2009; Maia et al., 2016). These differences
have been attributed to varying geological processes including minor folding, hydraulic fracture
networks, localized reduction in acoustic velocity and host rock diagenesis; however, they are most
readily explained as being an artefact of the seismic imaging method (Cartwright et al., 2007; Lgseth
et al., 2009; Sun et al., 2012). Lgseth et al. (2011) undertook a synthetic seismic modelling study to
investigate how fluid escape pipes from outcrops in Rhodes, Greece, would be imaged on seismic
data. The outcrop pipes consist of clay pipes that are up to 15 m in height and 70 cm in width that are
hosted within limestone rocks, which were then scaled up to 50 m in width and 1000 m in height for
seismic modelling. The pipes were modelled in four scenarios as vertical zones of varied acoustic
impedance contrast relative to the background values, and with varying thicknesses. The modelling
results show that the fluid escape pipes are primarily visible as a disruption of the surrounding layered
sequence, and the seismic reflectors within the pipe are a result of interference from diffraction
patterns on each side of the pipe (Fig. 4c). An experimental study by Bull et al. (2018) acquired high
resolution, multi-component seismic reflection data over the Scanner pockmark and gas chimney
complex in the North Sea to comprehensively analyse and improve understanding of the internal
structure of fluid escape pipes. Interpretation of the Scanner gas chimneys on seismic data suggest
that the fluid escape pipes consist of localised, connected fracture systems, which cause a local
increase in anisotropy that can decrease vertical seismic velocities as well as result in complex
interference patterns. This makes it difficult to accurately interpret the internal structure of fluid
escape pipes. The studies of Laseth et al. (2011) and Bull et al. (2018) imply that the presence of a
fluid flow pipe on seismic data is likely more a function of acoustic property variation relative to the
surrounding host rock, rather than structural deformation such as folding, sagging or faulting of the
affected strata. As such, a low flux fluid migration system that has significant velocity variation
relative to the surrounding host rock can result in seismic imaging of a pipe on seismic data without

an overlying pockmark.
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4. Seismic detection workflows

As discussed in previous sections, subsurface focused fluid flows can manifest on seismic data with a
range of morphologies, dimensions and varying ease of detectability. The detectability of pockmarks
and fluid escape pipes is primarily constrained by size of the fluid escape features relative to the
horizontal resolution of the seismic data; the smaller a fluid escape feature is, the closer the seismic
line spacing and seismic receiver spacing would need to be to image it. Genuine structural
manifestations such as paleo-pockmarks and either genuine or apparent structure found within fluid
escape pipes can be identified on seismic amplitude cross-sections or interpreted seismic horizons,
whereas non-structural expressions, such as columns of anomalous amplitudes or vertical zones with
variable frequency bandwidths, can be difficult to identify with the naked eye. Imaging focused fluid
flow features can be enhanced by utilizing seismic attributes that are sensitive to characteristics
unique to such features (Marfurt et al., 1998; Meldahl et al., 2001). For instance, fluid escape pipes
are often expressed as columns of discontinuous or chaotic seismic reflectors and can be highlighted
by seismic attributes that quantify abrupt lateral changes along a seismic reflector such as
“incoherence”, “variance” or “similarity” (Marfurt et al., 1998). Low flux focused fluid flows can
manifest as vertically stacked amplitude anomalies with no observable structural alteration to seismic
reflectors. Detectability of these features can be enhanced by amplitude-associated attributes such as
Root-Mean-Square (RMS), phase change, or even dominant frequency (Fig. 5 a) (Meldahl et al.,
2001). Pockmarks, or paleo-pockmarks, are crater-like depression and can be highlighted by using
seismic attributes that quantify localized changes in gradient or ‘dip’ along a seismic reflector (Fig 5b)

(Meldahl & Heggland, 1999).
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Figure 5: (a) RMS amplitude extracted from a 100ms interval from a Miocene succession in the
Lower Congo Basin, Offshore Angola. Fluid escape pipes are imaged as having higher RMS

amplitudes that the surrounding stratigraphy. (b) Map of dip attribute extracted along the seafloor in
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the Lower Congo Basin, offshore Angola. The dip attributes highlights seafloor pockmarks. (Figures
modified from (Andresen et al., 2011))

A limitation of using single seismic attributes in detecting focused fluid flows is that the attributes are
susceptible to highlighting structural or stratigraphic features that share similar morphologies (Marfurt
& Alves, 2015). This could result in false identification or even a masking of focused fluid flows on
seismic attribute maps by other features. For instance, faults, when fully resolved, are imaged on
seismic data as discrete breaks in reflector coherence. The affected reflectors exhibit a relative two-
way time shift either side of the (intersection trace of the) fault plane that implies a constant or
steadily varying displacement along it. The discontinuity of seismic reflectors across faults can be
identified by variance-type attributes (Meldahl et al., 2001; Marfurt & Alves, 2015). Similarly, fault
shadow zones are sections of seismic data on the footwall of a fault that has distorted visualization
due to lateral velocity gradients across the fault zone (Trinchero, 2000). These zones can appear as
vertical zones of incoherent or distorted seismic reflectors, similar to the seismic expression of fluid
escape pipes, and thus they can potentially be misinterpreted on a ‘variance’ or ‘incoherence’ attribute

map (Marfurt & Alves, 2015).

To overcome the limitations in utilizing single attribute analysis to identify fluid escape features on
seismic data, Heggland & Meldahl (1999) and Meldahl et al. (2001) introduced the ‘chimney cube’, a
unique interpretation method that can be used to distinctly identify focused fluid flows (Fig. 6). This
method relies on the interpreter recognizing seismic characteristics of targeted focused fluid flow
features and making intelligent selections of seismic attributes that are able to increase their contrast
or detectability (Meldahl & Heggland, 1999). The ‘chimney cube’ utilizes an iterative process that
simultaneously analyses selected seismic attributes to generate a new attribute that is optimized for
identifying focused fluid flow features. Since its inception, the ‘chimney cube’ has been successfully
utilized in various regions to enhance imaging of focused fluid flows which have then been used to
research subsurface fluid dynamics as well as evaluate hydrocarbon prospectivity (Tingdahl et al.,
2001; Nourollah et al., 2010; Oyeyemi et al., 2017). For instance, the chimney cube methodology was
utilized to identify potential hydrocarbon leakage along the top of two hydrocarbon reservoirs in the
Gulf of Mexico (Heggland, 2005). The resulting chimney cube identified chimneys that overlie the
hydrocarbon reservoir. The bases of these chimneys are associated with faults that are present along
the top of the hydrocarbon reservoirs. The presence of chimneys overlying faults led to identification
of non-sealing faults over the hydrocarbon reservoir, which reduced the potential for hydrocarbon

accumulation within the reservoirs.
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Figure 6: Chimney cube identifying focused fluid flow features that are not discernible on reflection
amplitude cubes. (Modified from Meldahl & Heggland (1999)).

5. Processes Responsible for Focused Fluid Flow Formation

Fluids in the subsurface commonly migrate through two mechanisms, diffusion and/or Darcy flow
(Wang et al., 2010). Fluid migration through diffusion pertains to the redistribution of individual fluid
molecules through random thermal motion that occurs in response to a difference in pore-fluid
constituent concentrations (i.e. a concentration gradient) (Krooss & Leythaeuser, 1996). The rate of
molecule diffusion is related to the magnitude of the concentration gradient (Krooss & Leythaeuser,
1996). Fluid migration through diffusion does not result in the formation of focused fluid flow
features as it describes the chemical flux of fluid molecules that is independent from the flow of pore
fluids (Berndt, 2005). Darcy flow, however, pertains to the volume flow of fluids through pore
networks (Berndt, 2005). Fluid flow through this mechanism occurs in response to a hydraulic
potential difference, or a difference in fluid pressure, and the rate of fluid migration is dependent on
the pressure gradient magnitude, distance of migration and host rock permeability (Bjgrlykke, 1999).
In contrast with diffusion, fluid migration through Darcy flow can result in the formation of fluid
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escape features as it pertains to the bulk transport of fluids across a pressure gradient (Berndt, 2005).
As such focused fluid flows are seen as a key venting mechanism for sedimentary rocks that have
pore fluid pressures that are higher than that of the hydrostatic gradient at a specified depth, otherwise
known as overpressured sedimentary rocks (Osbhorne & Swarbrick, 1997). Understanding the source
of overpressures or pressure gradient generation can thus provide insight into subsurface fluid
dynamics that result in the formation of fluid escape features (Berndt, 2005; Cartwright et al., 2007,
Loseth et al., 2011). The two most commonly cited sources of overpressure generation associated with
focused fluid flows are disequilibrium compaction and fluid expansion (Law & Spencer, 1998; Ruth
et al., 2004).

5.1. Disequilibrium compaction

Overpressure generation from disequilibrium compaction occurs when pore fluids in sedimentary
rocks are not expelled at rapid enough rates in response to burial or sediment loading. The increase in
overburden pressure would then result in a build-up of pore fluid pressure (Osborne & Swarbrick,
1997). The vertical load on a sedimentary rock at a given depth can be expressed as:

P =z*p*g

where P is the overburden stress, z is the thickness of the overburden, p is the average overburden
density, and g is the gravitational constant (Osborne & Swarbrick, 1997). At a given depth, the
overburden stress (P) is borne by both the rock matrix and pore fluids, as defined by Terzhagi’s

equation:
c=P—Ps

where o is the overburden stress borne by the rock matrix (referred to as effective stress), and Ps is the
pore fluid pressure (Ruth et al., 2004). As sediments are compacted under conditions of slow burial,
the overburden stress (P) increases steadily and there is a reduction of pore space which results in
steady expulsion of fluids (Osborne & Swarbrick, 1997; Swarbrick & Osborne, 1998). Sandstones can
compact from 39-49% porosity at deposition to 15-25% porosity at 2-3 km depth, while shales can
have porosities between 65-80% at deposition that compact to 5-10% at 4-6 km depths (Osborne &
Swarbrick, 1997). As long as the fluids within the pore spaces of a rock are under hydrostatic
conditions, they can be expelled from the rock matrix during burial and compaction, resulting in the
rock experiencing an increase in effective stress that is proportional to the increase in overburden
pressure (Osborne & Swarbrick, 1997; Swarbrick & Osborne, 1998).

When sediments are rapidly buried such that fluid cannot evacuate pores uninhibited, these fluids
become ‘trapped’ within the pore spaces, causing pore compaction to cease and resulting in the pore

fluids being forced to bear the increased overburden load exerted by the encasing matrix (Swarbrick
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& Oshorne, 1998; Ruth et al., 2004). As burial progresses, increasing lithostatic overburden stress is
borne equally by the rock matrix and pore fluid, so the pore fluid pressure trajectory now runs parallel
to the lithostatic pressure trend (Swarbrick & Osborne, 1998). This results in higher than normal pore
fluid pressure (“overpressure”) within this sedimentary rock compartment relative to others at similar
depths that underwent slower burial and orderly fluid expulsion (“hydrostatic”) (Fig. 7) (Ruth et al.,
2004).

Pressure/Stress

Effective Stress

Fluid Retention Depth

Pressure gradient of sedimentary
rock overpressured from
disequilibrium compaction.

Depth

Magnitude of overpressure

“Frozen” effective stress

Over-pressure
N

Hydrostatic ) Lithostatic
gradient gradient

Figure 7: Pressure and/or stress against depth plot for overpressure generated by disequilibrium
compaction. Modified from Swarbrick & Osborne (1998).

While the overpressure generated in this manner cannot exceed the total overburden stress, it is
possible for the fluid pressure to exceed the overburden fracture pressure, which would result in
hydraulic fracturing, that could then lead to fluid expulsion (Osborne & Swarbrick, 1997). Hydraulic
fracturing in such a manner can be catalysed by processes or mechanisms that reduce overburden
stress (i.e. reduce effective stress, ) such as tectonic faulting, sediment slumping or even glacial

scouring (Pilcher & Argent, 2007).

Disequilibrium compaction is commonly documented in regions that experience rapid sedimentation,
particularly with sediments that have low permeability. As such, this mechanism of overpressure
generation is most likely to occur in mud or shale successions that were rapidly deposited in
sedimentary basins (Swarbrick & Osborne, 1998). Approximately 400 pockmarks have been
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identified on the seafloor of the Nyegga region of the Varing Plateau, offshore Norway (Hustoft et al.,
2009). The pockmarks are associated with underlying fluid escape pipes that emanate from gas-
charged sediments approximately 300 — 350 meters below the seafloor. The emergence of fluid escape
pipes from the same fluid source layer and the apparent development of hundreds of pockmarks more
or less simultaneously, are observations that have led to the interpretation of an external mechanism
that triggered focused fluid flow (Hustoft et al., 2009). Sedimentation-fluid flow modelling revealed
that rapid sediment loading during the late Pleistocene (increasing from 0.5 to 35 m/ka) resulted in a
rapid increase in pore pressure of the aforementioned gas charged sediments (increasing from 10 up to
400 kPa) (Hustoft et al., 2009). The development of this overpressure from disequilibrium compaction
is interpreted to have resulted in the formation of the fluid escape pipes and pockmarks in the Nyegga

area of the Varing Plateau.

5.2. Fluid expansion/addition at depth

Subsurface overpressure can also be generated through the expansion or addition of fluids into pore
spaces at depth. This pressure can be dissipated by fluid migration away from the area of pressure
build-up; however, sedimentary rocks with low permeability, such as shales or mudstones, can

impede fluid expulsion and can result in generation of overpressure (Osborne & Swarbrick, 1997).

Hydrocarbon generation is an important mechanism that can result in the addition or volumetric
expansion of fluids in the subsurface. As kerogens are broken down into hydrocarbons and its by-
products, they are accompanied by an expansion in volume (Fig. 8). The amount of expansion can
vary depending on the ratio of solid to fluid volumetric change, which in turn, is affected by
temperature and source rock parameters such as total organic content, type of hydrocarbon generated
or organic matter thickness (Osborne & Swarbrick, 1997; Okiongbo, 2014). Meissner (1978)
estimated that a volume expansion of up to 25% from hydrocarbon generation within the Bakken
Shale of North Dakota in the United States of America, while modelling studies by Ungerer et al.
(1983) indicated a volume decrease between 3-6% from kerogen maturation of Toarcian Black Shale
samples that have between 0.65 to 1.3% vitrinite reflectance (Fig 8).
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Figure 8: (a) Estimation of volume change when kerogen in Bakken Shale, United States of America
mature to form hydrocarbons. (b) Estimation of volume change when kerogen in Toarcian Black

Shale, France mature to form hydrocarbons. (Modified from Swarbrick & Osborne (1998))

Mineral diagenesis or dehydration processes can also lead to the addition of fluids at depth. Processes
such as the transformation of smectite to illite, or opal-A to opal-CT can result in the release or
expulsion of fluids (Osborne & Swarbrick, 1997; Swarbrick & Osborne, 1998). Opal-A minerals can
contain up to 15% weight in water, which would be expelled when the mineral undergoes dissolution
and re-precipitates as Opal-CT and quartz (Hurd & Theyer, 1977; Jones & Renaut, 2004). Smectite
clays are another such mineral grouping that dehydrates through diagenesis to form illite clays
(Osborne & Swarbrick, 1997). Bruce (1984) estimated that the dehydration from smectite to illite
transformation could increase the pore fluid volume by 6.6%. This increase in volume could be
compensated for by an equal volume of compaction in the smectite clay particles; however, if clay
particle compaction does not occur, the fluid volume increase could lead to overpressure generation
(Oshborne & Swarbrick, 1997).

Fluid expansion mechanisms are also associated with hydrothermal effects that can be caused by
igneous intrusions. Fluids can be derived from the devolatilization of magma as well as from
interactions between igneous intrusions and pore fluids in the host rock sequence (Cartwright et al.,
2007). Localized heating or heat transfer from intrusions can superheat pore fluids, resulting in
thermal expansion of fluids that can then lead to pore fluid pressure build up (Jamtveit et al., 2004). In
a similar manner, igneous intrusions within source rock units have been documented to catalyse

hydrocarbon generation in organic matter. The fluid volume increase from hydrocarbon generation
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and expulsion could similarly result in generation of overpressure (Othman et al., 2001). Even in the
absence of organic matter for hydrocarbon generation, heat transfer from igneous intrusions is able to
catalyse diagenetic processes such as smectite to illite or Opal-A to Opal-CT transformations,
resulting in the addition of free fluids into pore space (Cartwright et al., 2007; Aarnes et al., 2011).

5.3. Lesser documented mechanisms for focused fluid flow formation

Disequilibrium compaction and fluid expansion/addition are the most commonly cited overpressure
generation mechanisms that result in focused fluid flows. To lesser extents however, focused fluid
flows have also been associated with the presence of gas hydrates.

Natural gas hydrates are physical compounds that consist of water molecules forming cage-like lattice
structures around natural gas molecules, commonly methane (Kvenvolden, 1993). They form in the
shallow geosphere, at depths ranging between 150 to 2,000 m, and in regions of low surface
temperature (~0 °C). As a result, they are often documented in polar or deep sea regions. The base of
the a gas hydrate layer represents a phase boundary below which solid gas hydrates break down into
gas and water (Petersen et al., 2010). These phase boundaries are often documented on seismic cross-
sections as bottom simulating reflectors (BSRs). BSRs are seismic reflectors that occur within depths
of several hundred meters below the surface that characteristically cross-cut seismic stratigraphy and

run parallel to the sea-floor (Hyndman & Spence, 1992; Berndt et al., 2004).

Seafloor pockmarks have been documented in regions with underlying bottom-simulating
reflectors (BSRs). When natural gas from the subsurface migrates to shallower depths with
temperatures conducive for forming gas hydrates, they crystalize and fill up the pore space of the
sedimentary rocks, effectively reducing rock permeability (Cathles et al., 2010). As natural gas
migration continues, it becomes trapped at the base of the hydrate stability zone due the reduced
permeability. The increasing volume of trapped natural gas can result in a pressure build up that can
eventually induce hydraulic fracturing in the overlying hydrate saturated rocks and form focused fluid
flow features (Fig 9) (Cathles et al., 2010; Sun et al., 2012). Examples of focused fluid flow features
associated with gas hydrates can be seen in offshore China and the North Sea (Judd & Hovland,
2007).
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Figure 9: Focused fluid flow features associated with free gas accumulation below the gas hydrates
in the mid-Norwegian margin. (Modified from (Biinz et al., 2003))

6. Spatial Distribution and Geometric Arrangement of Focused Fluid Flows

Focused fluid flow features including pipes and pockmarks commonly occur with random spatial
distributions i.e. they have no discernible geometric trend in their formation along a surface (Pilcher
& Argent, 2007). The spatial density of randomly occurring focused fluid flow features can range
from singular formations to clusters of fluid escape features (Fig. 2, 10). They have been documented
to occur in spatial densities of up to 1000 per km? in the Chirikov Basin offshore Alaska (Gay et al.,
2006b; Judd & Hovland, 2007).
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Figure 10: Imaged pockmarks from (a) the North Sea (Hovland, 2012) and (b) Belfast Bay (Brothers
et al., 2012), United States of America. The figures show randomly distributed pockmarks with

varying spatial densities across different regions.

Structural and stratigraphic geological features such as faults, igneous intrusions or unconformity
surfaces are able to act as permeable conduits for fluid migration, and thus influence fluid migration
pathways. The spatial distribution of resulting focused fluid flow features should thus be influenced
by the geological features that underlie them, resulting in a non-random (organised) spatial
distribution (Fig 11) (Pilcher & Argent, 2007).

Faults are commonly cited structures associated with focused fluid flow features that have organized
spatial distributions. They play a critical role in subsurface fluid dynamics by acting as permeable
pathways for fluid migration (Cartwright et al., 2007; Pilcher & Argent, 2007). Focused fluid flow
features that form to overlie upper tips of faults can result in linear spatial trends that are parallel to
fault strike (Gay et al., 2007; Pilcher & Argent, 2007). Examples of such occurrences have been
documented in the St. Lawrence Estuary, offshore Canada and the Eel River Basin of California,
United States of America (Syvitski & Praeg, 1989; Judd & Hovland, 2007). A lesser documented
relation between faults and focused fluid flow features is one where focused fluid flows develop
parallel to, but laterally offset from, the upper tips of faults. In these scenarios, faults are likely to
have intersected a fluid source. At the location of intersection, the fault locally reduces overburden
stress, which then induces hydraulic fracturing that results in the vertical migration of fluids. This
unconventional interaction between faults and fluid accumulations has been documented in the Lower
Congo Basin (Maia et al., 2016).
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Figure 11: Organized spatial distribution of fluid flow features. (a) Linear trends of seabed pockmarks
offshore Equitorial Guinea (Pilcher & Argent, 2007). (b) Sinuous belt trends of subsurface fluid
escape pipes in the Lower Congo Basin (Gay et al., 2006b).

Alongside structural controls, stratigraphic features are similarly able to influence fluid migration
pathways to result in organized, non-linear spatial distributions of focused fluid flow features.
Stratigraphically controlled fluid migration pathways are likely to result in focused fluid flow features
with spatial distributions that mirror the shape of the underlying stratigraphic feature. Sinuous trends
of focused fluid flow features have been identified to correlate to the pattern or morphology of
underlying submarine channels (Fig 11b) (Haskell et al., 1999; Gay et al., 2006a; Gay et al., 2007).
Relative to the surrounding low permeability finer grained sediments, the coarse grained sediments of
buried channel courses become preferred fluid migration pathways and reservoirs. The concentration
of fluids migrating into these subsurface stratigraphic features could result in overpressure generation
that is vented via focused fluid flow events (Haskell et al., 1999). In a contrasting manner, igneous
intrusions are able to influence fluid migration pathways through stratigraphy by having less
permeability relative to the surrounding host rock. Focused fluid flow features most commonly form
along the edge of or at ridge-like junctions within sill intrusions (Davies et al., 2002; Svensen et al.,
2004; Cartwright et al., 2007). As such, in igneous provinces, the lateral extent of focused fluid flow

features could be a proxy indicator for the lateral extent of an underlying sill intrusions.

The interpretation of structural or stratigraphic geological features associated with focused fluid flow

features can provide qualitative analysis supporting the spatial distribution of focused fluid flow
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features. Utilization of spatial statistics methods, however, are able to quantify organized spatial
distributions (e.g. trends) of focused fluid flows independent of associated geological features (Moss
& Cartwright, 2010b; Moss et al., 2012a). Spatial and directional statistics methods have primarily
been utilized in computing and mathematical fields. However, they have also been utilized in
biological and geological fields to identify directional trends (Mardia & Jupp, 2000; Hammer, 2009;
Moss & Cartwright, 2010b; Moss et al., 2012a; Maia et al., 2016). Spatial statistics methods, such as
point alignment or nearest neighbours, predominantly utilize lateral distance measurements between
fluid escape features to identify linear trends based on shortest distances and azimuthal alignments
(Moss & Cartwright, 2010b; Moss et al., 2012a). Advanced spatial statistics methods, such as VVoronoi
polygons, divide the surface area along which fluid escape features are documented into polygons
whereby each polygon contains only one fluid escape feature and any point within the polygon is of
closer proximity to its associated fluid escape feature relative to fluid escape features of neighbouring
polygons (Moss et al., 2012a). Quantifying spatial distributions of focused fluid flow features can be
utilized to identify spatial correlations between focused fluid flows and underlying geological
features. In the Lower Congo Basin offshore Angola, Maia et al. (2016) identified 3410 pockmarks
along the seafloor that are underlain by polarized polygonal faults. Point alignment analysis of the
pockmarks revealed that the pockmarks occur in alignments that are parallel to the underlying
polarized polygonal faults. Furthermore, higher order spatial statistics revealed that the pockmarks
appear to be anti-clustered over short distances (<200 m) from nearest neighbouring pockmarks. This
suggests that each pockmark has an exclusion zone of ~200 m within which other pockmarks will not
form (Maia et al., 2016). These results, along with the observation that the fluid escape features occur
in hanging wall blocks, suggest that while the spatial distribution of pockmarks is controlled by the
polarized polygonal faults, pockmark formation is not linked to the polygonal fault system. Instead,
the pockmarks are interpreted to have formed as a result of gas hydrate dissociation linked to sea level
changes (Maia et al., 2016). Once dissociation has occurred, gas escapes and excess pore pressure is

relieved. Thus there is no driver for further dissociation to occur locally.
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Abstract

We present 3D seismic data from the Exmouth Plateau, offshore northwest Australia shows 275
paleo-pockmarks of latest Jurassic age, organised into three linear NNW-SSE oriented pockmark
trains, the longest exceeding 72 km. Spatial statistics indicate a high probability that these linear
pockmark arrangements are not random. The trains are parallel to an array of linked normal faults
with similar NNW-SSE strikes, with pockmarks underlain by feeder pipes that nucleate along or close
to the fault planes. We interpret the faults to have intersected an overpressured unit and acted as a
spatial control on the development of the feeder pipes and pockmarks. Our results reveal an important
role of faults in controlling laterally extensive pockmark trains, and highlight the value of 3D seismic

data in identifying large-scale ancient fluid flow within sedimentary basins.

1. Introduction

Pockmarks are crater-like depressions that develop in fine grained marine or lacustrine sediments
across a diverse range of geological settings (Hovland and Judd, 1988; King and MacLean, 1970).
They represent surficial expressions of the focussed expulsion of (typically overpressured) subsurface
fluids, and can provide insight into fluid migration dynamics and overpressure in the shallow
subsurface (Cartwright and Santamarina, 2015; O'Brien and Woods, 1995). Expelled fluid
composition can vary from biogenic gases and hydrocarbons to brine, potentially impacting the bio-,
hydro- and atmospheres on both local and global scales (Cambon-Bonavita et al., 2009; Hovland and
Judd, 1988). Judd and Hovland (2007) suggest that active seabed sources of methane (seeps, vents,
mud volcanoes) globally contribute at least 10 to 30 Tg per year into the atmosphere, contributing 2 to
6 % of the total atmospheric methane budget.

Pockmarks commonly occur in isolation or patches with random spatial distributions;
however, underlying geological or stratigraphic structures can act as preferred fluid migration
pathways that result in organised spatial distributions (Cartwright et al., 2007; Pilcher and Argent,
2007). Haskell et al. (1999) suggest that faults acted as fluid migration pathways to form overlying
linear pockmark trends in offshore Nigeria. Gay et al. (2003) document sinuous pockmark trains in
the Congo Basin that reflect the stratigraphy of a buried, overpressured turbiditic channel. Although
geologically recent pockmarks have been studied extensively (Gay et al., 2003; Huuse et al., 2010),
there has been less focus on ancient pockmarks. We define paleo-pockmarks as pockmarks that have
been buried and preserved within the subsurface rock record. Though difficult to observe due to

decreasing spatial resolution in seismic data with increasing depth, the identification and study of
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paleo-pockmarks may provide insights into ancient fluid migration and expulsion events (Andresen et
al., 2008; Ho et al., 2012).

Here we use marine 3D seismic data to document a system of paleo-pockmark trains of
extraordinary length and linearity along an ancient, buried surface that marks the top of the Jurassic
sedimentary rock sequence in the Exmouth Plateau, offshore Northwest Australia. We quantify the
linearity of the pockmark trains using spatial statistics and identify the structural controls that led to
their distinctive spatial and temporal distribution. We further assess sources and fluid types that
formed these pockmarks and discuss their implications for how the subsurface fluid flow system has

operated within the study area.
2. Regional Geology

2.1. Geological Setting of the Exmouth Plateau

The Exmouth Plateau is a thinned, subsided continental block within the Northern Carnarvon
basin, offshore Northwest Australia (Fig. 1a) (Exon and Buffler, 1992). The basin is a passive margin
filled with 15 km of mostly Mesozoic-age sediments (Hocking, 1988). Deltaic and fluvial-lacustrine
sedimentary rocks of the Mungaroo, Brigadier and Athol formations were deposited across the plateau
from the Triassic through to the early Jurassic (Fig. 1b, ¢) (Hocking, 1988; Veevers, 1988). Isolated
carbonate reef build-ups were deposited in restricted areas along the outboard regions of the Exmouth
Plateau during the Rhaetian at the end of the Triassic (Fig. 2e, f) (Grain et al., 2013). Growth of the
reefs are attributed to a lack of siliclastic inputs and prevailing ocean currents (Grain et al., 2013).

Rifting in the Pliensbachian resulted in northeast to southwest (NE-SW) striking faults across the
Exmouth Plateau as well as the formation of Jurassic sub-basins along the plateau’s south-eastern
margin (Barber, 1982; Hag et al., 1992; Longley et al., 2002). These sub-basins became Jurassic
sediment depocentres which deprived the plateau of sediment supply and resulted in a thin Mid to
Late Jurassic sequence (Tindale et al., 1998). Between the Callovian and Valanginian, the northern,
western and southern margins of the Exmouth Plateau underwent seafloor spreading, the initiation of
which uplifted the plateau and exposed it to erosion (Boyd et al., 1992; Karner and Driscoll, 1999;
Tindale et al., 1998). The orientation of extension at this time was obligue to the pre-existing
northwest to southeast (NW-SE) trend of Permian fault blocks underlying the plateau, causing these
blocks to rotate and form NNW-SSE striking extensional faults that cross-cut existing NE-SW faults
in the Jurassic and Triassic sequences (Haqg et al., 1992; Karner and Driscoll, 1999; Pryer et al., 2002).
As rifting ceased by the end of the Valanginian, the basin underwent post-rift subsidence and
developed as a passive margin, interrupted only by an episode of compression in the Miocene

(Chongzhi et al., 2013). Deltaic and marine sediments were deposited across the plateau throughout
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the Cretaceous; carbonate sedimentation was predominant by end-Cretaceous (Fig. 1b, c) (Chongzhi
et al., 2013; Karner and Driscoll, 1999).

2.2. Current Exploration Status of Exmouth Plateau

Though the Northern Carnarvon Basin is one of Australia’s biggest hydrocarbon producing regions,
exploration in the basin has been primarily focused on the Jurassic sub-basins to the south-east of the
Exmouth Plateau. However, exploration interest related to the Exmouth Plateau increased after the
discovery of the lo-Jansz gas field in 2000, resulting in one of Australia’s largest gas accumulations
(GeoscienceAustralia and BREE, 2014). Drilling results across the plateau over the past 5 years have
shifted the extent of proven gas discoveries out to the western edge of the plateau, leading to
increasing interest in the exploration potential in the distal parts of the plateau (GeoscienceAustralia
and BREE, 2014). Hydrocarbon charge across the Exmouth Plateau is interpreted to be sourced from
organic-rich shales of the Triassic Mungaroo formation. Late Jurassic and Early Cretaceous deltaic to
shallow marine sediments are the primary reservoirs on the plateau with a thick Cretaceous marine
shale sequence acting as a regional seal and Jurassic to Cretaceous rift-related normal faults being the
migration (Bradshaw, 1993; Bradshaw et al., 1994; Longley et al., 2002).

The aforementioned Rhaetian carbonate reefs have also been an exploration interest in recent years, as
demonstrated by the Tiberius-1 which was drilled into a reef to test a carbonate reservoir play type,
though no hydrocarbons were encountered (Grain et al., 2013).
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Figure 1: (a) Location of study area in the Northern Carnarvon Basin, offshore northwest Australia

(Modified from Northern Carnarvon Basin Biozonation and Stratigraphy Map, Geoscience

Australia). (b) Generalized stratigraphic column and major tectonic events in the study area since

the Triassic. (c) Representative cross-section of the study area.

3. Data and Methodology

3.1. 3D Seismic Data

The focus of this study is the Claudius 3D seismic survey, a 3,700 km? time-migrated data set,

located on the western edge of the Exmouth Plateau. The data is zero-phase processed with SEG

reverse polarity, i.e. an increase in acoustic impedance is represented by a trough. The survey inline

and crossline spacings are 12.5 m and 18.75 m, respectively. At the two-way time interval of interest

(2.8-3.4 s), the dominant frequency is ~50 Hz and the velocity is ~2400 ms™ based on sonic log
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measurements from the Alaric-1 well, giving a vertical resolution of ~15 m, estimated as a quarter of
the dominant wavelength. Full stack seismic data was used for seismic attribute analysis while angle-
stacks were used to identify amplitude versus offset (AVO) effects that are potentially indicative of
hydrocarbon occurrence (Avseth et al., 2008).

3.2. Interpreted Horizons and Seismic Stratigraphy

Of the interpreted surfaces, two that relate to the mapping and statistical analysis of paleo-
pockmarks are discussed in this paper; the Top Mungaroo and Top Jurassic surfaces. These are
regionally correlatable surfaces based on the regional tectonostratigraphic model described by
Marshall and Lang (2013). The Top Mungaroo surface, equivalent to the TR30.1 in Marshall and
Lang (2013), is of latest Norian age (~209.5 Ma) and marks the top of the Mungaroo Formation, a
regional hydrocarbon source and reservoir unit, consisting primarily of deltaic siliclastics (Adamson
et al., 2013; Grain et al., 2013). In the seismic data, the Top Mungaroo surface is a peak and the
underlying sequence is expressed as laterally continuous, parallel reflections of low amplitude, with
interspersed high amplitude reflections. The Top Jurassic surface, equivalent to the J47.0 in Marshall
and Lang (2013), is an unconformable surface that is approximately of early Kimmeridgian age
(~157.3 Ma) (Longley et al., 2002). The interval bound by the Top Jurassic and Top Mungaroo
surfaces consists of a thin, early Jurassic calcareous claystone that is mostly absent in the outboard
Exmouth Plateau, and Late Triassic carbonates assigned to the Brigadier Formation (Adamson et al.,
2013; Exon et al., 1992; Haq et al., 1992). This combined sequence is interpreted to be approximately
of Callovian to early Rhaetian age (163.5 — 208.5 Ma). In seismic data, the Top Jurassic surface is a
trough and the sequence bound by the Top Jurassic and Top Mungaroo is expressed by continuous
parallel reflections with low to moderate amplitudes. Overlying the Top Jurassic surface is the

Valanginian to Berriasian (~139 — 145 Ma) aged Barrow Group sequence.

3.3. Spatial Statistics

Statistical analysis was undertaken to quantify the linearity of the distribution of paleo-pockmarks.
Three methods for point alignment analysis (Hammer, 2009) were compared; the multiple blade,
multinomial sector and continuous sector methods. The continuous sector method was used in this
study as it was found to be the most robust of them. This method analyses azimuths between a central
point, representing a pockmark, and other points within a defined circular radius from the central
point to detect linear alignments (Hammer, 2009). The length of the radius in this study was defined
based on the observed distances between documented paleo-pockmarks. The significance of the
measured orientations was then tested using Rayleigh’s test for circular distributions (Hammer, 2009).

This test produces a ‘p-value’ that quantifies the likeliness of a spatial distribution as being random;
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the smaller the p-value, the less likely the spatial distribution is one that is random (Mardia and Jupp,
2000).

4. Results

4.1. Paleo-pockmark Morphology and Spatial Distribution

The survey area is divided into two sections based on the presence of Triassic carbonate reef mounds;
the western section with reef mounds, and the eastern section without (Fig. 2a). A total of 275
elliptical crater-like depressions, interpreted to be buried pockmarks, were identified and mapped
along the Top Jurassic horizon. The majority (n = 251) of the paleo-pockmarks are in the eastern
section of the study area and with the remaining 24 identified in the western section, where they occur
in close proximity to the carbonate reef mounds. The lateral dimensions of the paleo-pockmarks are
measured using the approach shown in Figure 2(d). The length of the long axis varies between 76—
1,082 m (average = 343 m) and the short axis between 65-726 m (average = 264 m). In cross-section,
the paleo-pockmarks have an upward concave shape, with either a curved or flat base (Fig. 2c). The
depths of the paleo-pockmarks (D in Figure 2(d)) vary from 20 to 95 m, a large number of which (n =
83) have seismic reflections within them.

Underlying each paleo-pockmark are near vertical, pipe-like features, that are characterised
by either laterally interrupted or continuous seismic reflections that sag-downwards, and have low
acoustic impedance contrast in comparison to adjacent reflectors (Fig 2¢). The lateral dimensions of
the pipes are similar to those of the associated paleo-pockmarks. The pipes extend from the base of
the paleo-pockmarks, into the underlying Triassic sequence with heights (H in Figure 2(d)) ranging
between 110 and 740 m (average = 430m).
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Figure 2: (a) Top Jurassic horizon with 275 identified paleo-pockmarks; 251 in the eastern region
and 24 in the western region. (b) Enlarged images of the paleo-pockmarks parallel to NNW-SSE
striking faults along the Top Jurassic horizon. (c) Seismic cross-section that shows the paleo-
pockmarks and pipes. (d) Schematic of how the paleo-pockmark and pipe dimensions were measured.
(e) Rhaetian carbonate mounds mapped along the Top Jurassic. (f) Seismic cross section of the

Rhaetian carbonate reef.

The paleo-pockmarks in the eastern section occur in sub-parallel, NNW-SSE trends, from
which three extraordinarily long, sub-linear pockmark trains are identified (trains A, B and C) (Fig.
2a). The longest of these trains (train B) consists of at least 73 individual paleo-pockmarks and is
approximately 72 km long within the limits of the Claudius 3D survey. Train A, measuring
approximately 70 km, consists of 52 paleo-pockmarks while train C, measuring approximately 62 km,
consists of 66 paleo-pockmarks. Though 61 paleo-pockmarks in the eastern region were not grouped
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into trains, they show spatial alignments that are sub parallel to the three main trains. The linearity of
the 251 paleo-pockmarks within the eastern section was quantified utilizing the continuous sector
method (Hammer, 2009).

The largest distances between paleo-pockmarks in adjacent pockmark trains reach up to
approximately 10 km, whereas the distances of paleo-pockmarks within a pockmark train reach up to
approximately 4.3 km. We define three search radii, 3.6 km, 9.2 km and 13 km, that sufficiently
sample the paleo-pockmarks at different scales. The continuous sector method for point alignment
detection was then applied on the western and eastern regions of the study area.

In the eastern part of the study area where the pockmark trains are most prominent, the
continuous sector method identified 100 alignments with a mean orientation of 162°with a 3.6 km
search radius (Fig. 3c), 145 alignments with a mean orientation of 162° with a 9.2 km search radius
(Fig. 3e), and 180 alignments with a mean orientation of 154° with a 13 km search radius (Fig. 3g).
While the mean orientation is the same when using 3.6 km and 9.2km search radii, the different mean
orientation for a 13 km search radius is likely due to the large search radius that led to detection of
linear trends in a WSW-ENE orientation across paleo-pockmarks from different trains. The varying
search radii also show how linear trends within each train are better identified with a smaller search
radius, while the larger search radii detect larger scale linear trends of the pockmark trains. From
Rayleigh’s test for all three search radii, a p-value << 0.001 was calculated. These results strongly
support the inference that the linear orientations of the pockmark trains are not a random occurrence.
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Figure 3: Point alignment detection using the continuous sector method by Hammer (2009) for paleo-
pockmarks in the western (b,d,f,) and eastern regions (c,e,g).Three ranges of search radii were used

based on distances between paleo-pockmarks; 3.6 km (a,b,), 9.2 km (c,d), and 13 km (e,f).

Quantification of linear orientation for paleo-pockmarks in the western region was done using
the same statistical method and with the similar search radii. Three alignments with a mean
orientation of 35° were detected with the 3.6 km search radius (Fig. 3b), while 10 alignments with a
mean orientation of 29° were detected with 9.2 km (Fig. 3d), and 8 alignments with a mean

orientation of 17° were detected with 13 km (Fig. 3f). The fewer number of alignment detections
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could be due to the overall larger spacings between paleo-pockmarks in this region. The Rayleigh test
produced a p-value < 0.02 for the 3.6km search radius, though there were only 3 samples. For the 9.6
km and 13 km radii, a p value < 0.001 was obtained, suggesting that the spatial distribution of the
paleo-pockmarks in the western region are not random. However, the paleo-pockmarks in this region
are located amidst Triassic carbonate reef mounds and it is unclear if the presence of the mounds had
prevented or masked underlying fluid escape features, thus interfering with the spatial alignment of

the paleo-pockmarks (Fig. 2a).

4.2. Amplitude Anomalies Overlying the Paleo-pockmarks

Localized high amplitude anomalies associated with paleo-pockmarks were identified within the
overlying Cretaceous sequence, above 49 pockmarks (Fig. 2a; 4a). The anomalies in the western
region (n = 9) are along the same stratigraphic horizon within the Barrow Group at 49 to 167 m above
the paleo-pockmarks (Fig. 4f), whilst the anomalies in the eastern region (n = 42) are located within
the Muderong Shale formation at 27 to 219 m above the paleo-pockmarks (Fig. 4d, €). The anomalies
are expressed as peak reflections, representing a decrease of acoustic impedance, with higher
amplitudes than the adjacent seismic reflections (Fig. 4b, ¢). When examined on seismic angle stacks,
the amplitudes of the anomalies increase with angle of reflection, potentially indicating the presence
of hydrocarbons (Avseth et al., 2008).
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Figure 4: (a) Top Jurassic horizon with documented paleo-pockmarks. (b) RMS amplitude map of

reflector within the Muderong Shale formation in the eastern region with localized bright amplitude

anomalies. (c) RMS amplitude map of reflector within the Barrow Group formation in the western

region with localized bright amplitude anomalies. (d,e,f,) Seismic cross-sections that image the

localized bright amplitude anomalies overlying the paleo-pockmarks.
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5. Discussion

5.1. Evidence for Structural Control on Paleo-pockmark Train Length and Alignment

We have documented three extraordinarily long pockmark trains at the top of the Jurassic sedimentary
succession in the western Exmouth Plateau. Though pockmark trains have been identified in various
regions (Brothers et al., 2012; Pilcher and Argent, 2007; Rise et al., 1999), the length of the longest
pockmark train from this study (train B at 72 km) is more than double that of the previously
documented longest pockmark train that measures 30 km in the Congo Basin of West Africa (Gay et
al., 2003). The spatial alignment of the pockmark trains in this study is remarkably consistent with the
orientation of NNW-SSE striking normal fault arrays that occur throughout the eastern section. These
arrays comprise of linked normal faults whose upper tips terminate at the Top Jurassic horizon and
extend down into the Triassic Mungaroo formation within the limits of seismic resolution. The fault
planes have dip angles that range from 40° to 60°. The strike orientations of 34 NNW-SSE faults were
measured, giving an average orientation of 162°. Though resolvable in the eastern region, the NNW-
SSE striking faults are less prevalent in the western region. Furthermore, lower seismic resolution,
due to the interval of interest being up to 700 ms deeper than the eastern region, and presence of the
carbonate reef mounds make it difficult to identify and interpret NNW-SSE striking faults in the
western region.

The paleo-pockmarks overlie the planes of the NNW-SSE striking fault arrays and are thus
located within hanging wall blocks. The paleo-pockmarks do not overlie the tips of the faults, but are
laterally offset by 81 to 1,685 m measured along the Top Jurassic horizon with 90% of the paleo-
pockmarks in the eastern section offset within 400 to 1,000 m of fault traces (Fig. 2a). Though these
ranges of offsets are measured for all paleo-pockmarks, the same variations in offset values are
measured for paleo-pockmarks within each pockmark train. The number of faults within the arrays
varies from 8 (associated with train A) to 12 (associated with train B), with individual fault lengths
ranging from 2.5 to 12 km and maximum resolvable throws varying between 45 to 75 m. Fault
displacement analysis was undertaken to investigate a possible correlation between the magnitude of
fault displacement and paleo-pockmark occurrence. Fault throw for seven NNW-SSE faults from the
eastern region were measure and graphed with locations where paleo-pockmarks were identified, and
no relationship between throw and paleo-pockmark location was observed (Fig. 5). Nevertheless,
based on the observations between the NNW-SSE faults and fluid escape features, it is likely that
there is a spatial relationship between fault strike and paleo-pockmark location. Spatial statistics to
test the similarity of the fault strike orientations (mean = 162°) and pockmark train orientations (mean

= 162°) were calculated. Based on the results, the probability of the pockmark train and NNW-SSE
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fault strike orientations being correlated (p[similar]) was 0.7, supporting the likelihood of a spatial

correlation between them.
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Figure 5: The graph plots the amount of fault throw (ms) for seven mapped NNW-SSE faults against
survey inline number that act as a proxy for distance along fault strike. The black arrows atop the
graph indicate locations where fluid escape features associated with those faults were identified. No

correlation between the amount of fault throw and presence of fluid flow features are identified.

To determine the timing of faulting relative to paleo-pockmark formation, we conducted
detailed isochron mapping of the early Jurassic and latest Triassic sequence, which is the interval
bound by the Top Jurassic and Top Mungaroo horizons. Our mapping reveals little to no variation in
isochron thickness across the NNW-SSE striking faults in contrast with variations in isochron
thickness up to 130 ms (~156 m) across NE-SW striking normal faults (Fig. 6a). This indicates that
the NE-SW faults were active during the deposition of the Jurassic sequence, while the NNW-SSE
faults had formed after deposition of the Jurassic sequence. Deposition of Jurassic sediments on the
Exmouth Plateau ceased by the Oxfordian (163.5 Ma) when the plateau was uplifted (Hocking, 1988).
The Jurassic sequence underwent erosion until the early to mid Kimmeridgian, after which
sedimentation across the plateau resumed in the Berriasian (145 Ma) with deposition of the Barrow
Group sequence (Exon and Buffler, 1992; Longley et al., 2002). Isochron mapping, combined with
the observation that the NNW-SSE faults do not extend into the Cretaceous sequence, constrains the
timing of faulting to be between the Oxfordian and Berriasian (163.5 Ma — 145 Ma), coeval with
propagation of seafloor spreading from the northern margin of the plateau, to its western and southern
margins. The orientation of extension from sea-floor spreading is inferred to be oblique to Permian

NW-SE striking faults that underlie the plateau, causing the rotation of basement blocks which formed
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the NNW-SSE striking faults in the overlying sedimentary rocks (Hagq et al., 1992; Karner and
Driscoll, 1999; Pryer et al., 2002).

The timing of paleo-pockmark formation is inferred from the consistent presence of paleo-
pockmarks along the Top Jurassic horizon and the lack of fluid escape features in the overlying
Cretaceous sequence. The Top Jurassic horizon is an unconformable surface that represents erosion as
the plateau was uplifted between the Oxfordian and the Kimmeridgian (Longley et al., 2002). Had the
paleo-pockmarks and feeder pipes formed prior to uplift of the plateau, we would expect to observe
feeder pipes that terminate along the Top Jurassic horizon, without variable preservation of paleo-
pockmarks. Furthermore, no paleo-pockmarks or feeder pipes are observed in the overlying Berriasian
to Valanginian age Barrow Group sequence. This lead us to interpret that the paleo-pockmarks formed
subsequent to erosion and development of the Top Jurassic unconformity, but prior to the deposition
of the Cretaceous sequence, roughly constraining the timing of formation to be between the late
Kimmeridgian and Berriasian (152-145 Ma).

(a) (b)

op Jurassic to Top Mungaro Lk
Isochron Thickness Map ;

Top Mungaroo Top Jurassic . Pockmark

NE-SWFault = = - = NNW-SSE Fault (@ :;‘;'}RZZ‘Z:’;%IY

Figure 6: (a) Isochron thickness map of the Early Jurassic and Late Triassic sequence (Top Jurassic
to Top Mungaroo interval) in the eastern region with the identified paleo-pockmarks. (b) Seismic
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cross sections showing the morphology of paleo-pockmarks and pipes with overlying amplitude
anomalies. Only NNW-SSE faults that are interpreted to intersect the base of pipe formations have
been highlighted.

5.2. Model for Paleo-pockmark Formation

We have identified 275 buried pockmarks developed on a latest Jurassic unconformity on the
Exmouth Plateau, with the majority of these features organised into three extraordinarily long and
linear trains. These trains are strongly aligned with a series of low-displacement, NNW-SSE striking
normal fault arrays, which appear to have formed between the Oxfordian and Berriasian (163.5 Ma to
145 Ma). Faults often provide conduits for fluid flow and paleo-pockmark formation (Haskell et al.,
1999; O'Brien and Woods, 1995), though in the data presented here, paleo-pockmarks are laterally
offset from fault traces, by up to 1,700 m, instead of overlying them. All identified paleo-pockmarks
are underlain by pipe-like features that are inferred to represent fluid escape pipes, through which
overpressured fluids migrated vertically (Andresen et al., 2011; Moss and Cartwright, 2010). Of the
identified pipes, 39 have seismically-resolvable bases that originate at or within 70 ms of the NNW-
SSE fault planes in the Mungaroo Formation (Fig. 6b). It is plausible that the bases of the remaining
pipes also nucleate at the NNW-SSE striking faults, but are below the seismic resolution threshold.

We propose that the NNW-SSE faults intersected an overpressured unit within the Mungaroo
Formation, a regional hydrocarbon source and reservoir-bearing sequence, known to contain present-
day overpressures (Tingate et al., 2001). The point of intersection between the fault and overpressured
unit may have focused the drainage of overpressured fluids, which subsequently migrated vertically
and were expelled at the exposed Late Jurassic unconformity, thereby forming the paleo-pockmarks
(Fig. 7). Studies have shown that when overburden pressure is reduced locally, such as by faulting or
sediment slumping, overpressured fluids are able to hydraulically fracture overlying sediments and
migrate vertically (Loseth et al., 2011; Reilly and Flemings, 2010). Furthermore, the timing of the
formation of these fluid escape features is constrained to be coeval with regions of the Exmouth
Plateau being uplifted and exposed to erosion, which is suggested to have been caused by the
initiation of rifting along the plateau margins (Longley et al., 2002). The reduction in confining
pressure may have contributed to overpressure generation that led to the formation of the fluid escape
features (Andresen and Huuse, 2011).

The variation in offset distances between the paleo-pockmarks and the upper tips of the
NNW-SSE faults is interpreted to be due to the heterogeneity of the Triassic sequence along with the
varying dip angles of the NNW-SSE faults. The Triassic Mungaroo formation is a consisting of
interbedded sandstones and claystones, and this could have resulted in varying burial depths for the
overpressured unit or even multiple source intervals of the overpressured fluids (Adamson et al.,
2013).
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Though the nature of the expelled fluids cannot be constrained, the implication of overpressure
dissipation via focused fluid flow has implications for hydrocarbon prospectivity in the poorly
explored Exmouth Plateau. The Mungaroo Formation contains deltaic source rocks that are thought to
have charged gas accumulations in reservoirs at the Alaric 1 and Cadwollon 1 wells (Grain et al.,
2013). If the paleo-pockmarks represent the focused escape of hydrocarbons sourced from the
Mungaroo Formation during the Late Jurassic (157.3 to 145 Ma), this has important ramifications for

the generative potential and charge history of Mungaroo Formation source rocks.

1.Top Jurassic Surface formed 2.Formation of NNW-SSE faults.

after plateau uplift and erosion. )

Top Jurassic

3. Fluid expulsion forming 4. Burial and preservation of
pockmarks and pipes. pockmarks and pipes.
e

Pockmark Paleo-pockmark
Top Jurassic

5.Subsequent fluid flow
via paleo-pockmarks and pipes.

e S———

Amplltude/;—:=
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Cretaceous Sequence

Jurassic and Triassic
Sequence

Sea Column

- Overpressured Unit

— Fluid Migration

Figure 7: Schematic illustration of the proposed model for the formation of paleo-pockmarks, pipes

and potential fluid migration subsequent to their formation.

Our model for pockmark train genesis is analogous to that of Maia et al. (2016), who
proposed a model of faults intersecting an overpressured fluid source interval to explain the linear
alignment of pockmarks overlying a polygonal fault system in the Lower Congo Basin. Pilcher and
Argent (2007) invoked a similar model to explain the formation of curvi-linear “pockmark gullies” in
offshore Angola, with localisation of the gullies controlled by listric slump faults intersecting an
overpressured interval, similarly to Maia et al. (2016). Our study represents an advance on this
previous work, demonstrating that laterally-extensive, low-displacement normal fault arrays that
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intersect primed fluid source horizons can control the spatial distribution of fluid escape features to
result in highly elongate pockmark trains, whilst also implying that faults can profoundly influence
shallow plumbing systems without necessarily providing primary conduits (i.e. fluid migration along
the fault planes) for fluid migration and escape. While our proposed model is reflected by the
pockmark trains in the eastern region, it is further supported by the more sporadic spatial distribution
of paleo-pockmarks in the western region, where NNW-SSE striking faults do not occur.

The NE-SW faults in this survey are observed to have no association with the formation of the paleo-
pockmarks and fluid escape pipes. The linear trends of the fluid escape features are not parallel with
the strike of these faults. The NE-SW faults have a complex growth history as they had been active in
the Late Triassic and reactivated through the Jurassic (Exon et al., 1992; Hocking, 1988). We interpret
the formation of these faults to predate the overpressure generation within the Triassic sequence;
otherwise we would expect to observe paleo-pockmarks within the Triassic sequence since the NE-
SW faults were active by the Late Triassic. There are similarly no observations of fluid escape
features overlying the upper tips of the NE-SW faults that might suggest they acted as fluid migration
pathways. This may be attributed to the clay rich nature of the Mungaroo formation, which resulted in
sealing faults that prevent fluid migration. Though we cannot confirm the sealing properties of the
NE-SW faults, this hypothesis is supported by data from the Alaric-1 well. The well drilled into a
hydrocarbon reservoir on a tilted fault block edge with the adjacent fault acting as a seal, and no
indications of hydrocarbon leakage.

The observation of amplitude anomalies suggestive of hydrocarbon accumulations, above a large
number of the buried pockmarks indicates that these features, and their underlying feeder pipes, have
influenced subsequent fluid migration. Studies by Ho et al. (2012) and Andresen et al. (2011)
similarly document examples in offshore Angola where fluid escape pipes and paleo-pockmarks were
reutilized as fluid migration conduits by thermogenic hydrocarbons and methane subsequent to their
formation. While the origin of this phase of fluid migration is unclear, it is interpreted to be due to
further maturation of Triassic source rocks, a result of continuous burial after the paleo-pockmarks
and fluid escape pies had formed. The amplitude anomalies in the western and eastern regions
occurring at different stratigraphic levels are attributed to variations in burial depths of hydrocarbon
source rocks, as inferred from the variation in depths to the Top Jurassic horizon. This inference,

however, cannot be confirmed as the Triassic source rocks in this region have not been drilled into.

6. Conclusions

We have identified and mapped 275 paleo-pockmarks of latest Jurassic age evident in Claudius
3D seismic survey data on the Exmouth Plateau of the Northern Carnarvon basin. The majority
(n=251) of these paleo-pockmarks and their underlying pipes are aligned within three highly linear

NNW-SSE oriented pockmark trains, with the longest train measuring up to 72 km in length. Spatial
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statistical analysis of the pockmark trains indicates that their extraordinary linearity is highly unlikely
to be a random occurrence. The pockmark trains are parallel to a series of NNW-SSE-striking linked
extensional faults with maximum displacements ranging from 45 to 75 m. These faults are interpreted
to have breached one, or multiple, overpressured units within the Triassic Mungaroo formation,
leading to vertical fluid migration, and fluid expulsion along the Top Jurassic surface. The faults are
interpreted to have formed between the Oxfordian and Berriasian (~163.5 — 145 Ma), while the paleo-
pockmarks are approximated to have formed between the late Kimmeridgian and Berriasian (~152 M
— 145 Ma). Amplitude anomalies observed in overlying Cretaceous sedimentary rocks suggests that,
subsequent to their formation, the feeder pipes and paleo-pockmarks were utilized as hydrocarbon
migration pathways. The model of paleo-pockmark generation proposed in this study builds on
existing models for interaction of faults and fluid escape pipes by suggesting that the faults act as
spatial controls for fluid migration as opposed to providing primary fluid migration pathways

themselves.
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Chapter 3 Paleo-Focused Fluid Flows in the Central and Eastern Exmouth Plateau

1. Abstract

This paper investigates ancient focused fluid flow events in the Exmouth Plateau of the Northern
Carnarvon Basin of Australia. A total of 40 paleo-pockmarks and accompanying feeder pipes were
identified within the Triassic and Jurassic sequences imaged in the lo-Jansz and Thebe 3D surveys.
We also document pertinent features relevant to focused fluid flow, including polygonal faults within
Cretaceous to Paleogene-age sequences and 81 present day sea-floor pockmarks within the Thebe 3D
survey. The feeder pipes identified within the Triassic and Jurassic sequences appear to originate from
the Triassic Mungaroo Formation and terminate along an unconformity surface that marks the top of
the Jurassic sequence. The fluid flow features occur in linear trends that are parallel to the strikes of
normal faults within the Triassic and Jurassic sequences. Our model for the origin of these fluid flow
features suggests that they formed when faults intersected overpressured strata within the Mungaroo
Formation, locally reducing the overburden pressure, enabling focused vertical migration of the fluids.
While the reasons for fault nucleation and growth is uncertain, the faults may have formed in response
to igneous dyke intrusions in the underlying Mungaroo Formation. The source of fluids vented
through the escape features could not be definitively identified in this study. The results of this study
could introduce a previously under-investigated fluid migration pathway into Jurassic sequences in

the Exmouth Plateau.

2. Introduction

Focused fluid flows occur when subsurface fluids are channelled to shallower depths along a localised
pathway. Though the term ‘fluid’ is used, the remobilized material can consist of liquids, gas, or even
solids that behave in a fluid-like manner (Cartwright et al., 2007; Huuse et al., 2010). Focused fluid
flows provide insight into geological processes such as hydrocarbon generation and migration
(Baristeas et al., 2012; Cartwright & Santamarina, 2015), fluid release from overpressured sediments
(Aminzadeh et al., 2002; Reilly & Flemings, 2010; Leduc et al., 2013), or enhanced biogenic activity
(Hovland et al., 1993; Langhi et al., 2016). Advances in seismic reflection technology have improved
detection and imaging of focused fluid flow features in the subsurface (Cartwright & Huuse, 2005;
Laseth et al., 2009). Focused fluid flows in seismic data are commonly expressed as vertical zones of
disrupted seismic reflections; however, structural surfaces such as faults and salt diapir flanks can also
act as fluid migration pathways that minimize the seismic expression of fluid migration (Hansen et al.,
2005; Leduc et al., 2013). The expulsion of subsurface fluids at the Earth’s surface are commonly
expressed as pockmarks (Gay et al., 2004; Andresen et al., 2008) but can also manifest as deep sea
vents (Chen et al., 2005), mud volcanoes (Loncke et al., 2004), and mud diapirs (Barber et al., 1986).
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Focused fluid flow events are typically observed around margins or basins with high sedimentation
rates (Hustoft et al., 2009; Huuse et al., 2010), contemporary hydrocarbon generation (Gay et al.,
2006; Anka et al., 2012) and/or sequences of overpressured sedimentary rocks (Reilly & Flemings,
2010). Studies have also documented focused fluid flow in active convergent margins (Christodoulou
et al., 2003) and subduction zones (Wallmann et al., 1997). In this paper, we present evidence for
ancient focused fluid flow events in the Exmouth Plateau, Northern Carnarvon Basin (Fig. 1). The
Northern Carnarvon Basin, a sedimentary basin in offshore northwest Australia, formed in the Late
Carboniferous rift and developed through episodes of rifting between the mid-Jurassic and Early
Cretaceous before transitioning into a passive margin basin from the mid-Cretaceous to the present
(Longley et al., 2002). The Northern Carnarvon Basin is an established hydrocarbon generation
province and is documented to have contemporary overpressure in the Cretaceous- to Triassic-aged
sediments, particularly in the Muderong Shale, Dingo Claystone, Barrow Group and Mungaroo
formations (Tingate et al., 2001; Van Ruth et al., 2004) (Fig. 1). Despite the potential for focused fluid
flow occurrence, there is little documentation of them in the basin (Dirstein et al., 2013; Hengesh et
al., 2013).

This study uses 3D seismic data to document paleo-focused fluid flow events in two study areas
within the Exmouth Plateau (Fig. 1). The primary expressions of the paleo-fluid flow events are
elliptical crater-like depressions with underlying feeder pipes in the Triassic and Jurassic sequences.
We also document tiered polygonal fault systems that have the potential to influence subsurface fluid
migration dynamics. We propose a model for the formation of the ‘crater-like’ depressions and
discuss the ramifications of their presence for working petroleum. Though the focus of this study is
the ‘crater-like’ depressions, we also describe under-documented polygonal faults within the
Cretaceous and Cenozoic sediments, and present-day seafloor depressions that were identified in the

study areas.

3. Geological Setting

The Northern Carnarvon Basin (Fig. 1), situated on Australia’s North West Shelf, is a passive margin
basin that formed in the Late Carboniferous and developed through rifting events associated with the
break-up of Gondwana through the Jurassic and Early Cretaceous (Hocking, 1988). The offshore
portion of the basin covers an area of approximately 535,000 km?and is filled with a succession of
Mesozoic to Cenozoic sediments up to 15 km thick (Stagg et al., 2004). The primary tectonic
elements of the Northern Carnarvon Basin are four NE-SW trending Jurassic sub-basins (Beagle,
Barrow, Exmouth and Dampier), Peedamullah and Lambert Shelves to the southeast, the Rankin
Platform along the northwestern margin of the Barrow and Dampier sub-basins, and the Exmouth

Plateau that extends northwest to the outboard portion of the basin (Fig 1; Stagg & Colwell, 1994;
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Stein, 1994; Longley et al., 2002). Bounding the Northern Carnarvon Basin are the Southern
Carnarvon Basin to the south, Western Australia to the southeast, the Roebuck and Canning basins to
the northeast, and the Argo, Gascoyne, and Cuvier Abyssal plains to the north, west and southwest
respectively (Longley et al., 2002).
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Figure 1. (a)Location of the Northern Carnarvon Basin (outlined in red) along with tectonic elements that
define and border the basin. The study areas, Thebe 3D and lo-Jansz 3D surveys, are highlighted in green
polygons. A zoom-in of the (b) lo-Jansz 3D and (c) Thebe 3D survey areas from (a) with petroleum wells within

each survey and location references for figures in later sections of this paper.

The Northern Carnarvon Basin formed and developed through episodic rifting events between the
Carboniferous and the Cretaceous (Hag et al., 1992). Rifting in the Late Carboniferous initiated the
basin, followed by a period of minimal tectonic activity throughout the Permian and Triassic
(Hocking, 1988; Veevers, 1988; Longley et al., 2002). Rifting within the basin reinitiated during the
Pliensbachian, forming the Jurassic sub-basins (Exmouth, Dampier, Barrow and Beagle) and the
Exmouth Plateau (Hocking, 1988; Tindale et al., 1998). This episode of rifting also developed NE-
SW striking extensional faults across the Exmouth Plateau, forming horsts and grabens that define
many of the structural features in the Jurassic and Triassic sediments (Barber, 1982; Hag et al., 1992).
In the Callovian, seafloor spreading initiated to the north of the basin, subsequently forming the Argo
Abyssal Plain, and uplifted the Exmouth Plateau (Tindale et al., 1998; Stagg et al., 2004). Seafloor
spreading geographically progressed from the north to the west and southwest of the Exmouth Plateau
in the Berriasian and Valanginian, resulting in the formation of the Gascoyne and Cuvier abyssal

plains (Hagq et al., 1992; Longley et al., 2002), with the Northern Carnarvon Basin thereafter situated
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on a passive margin, with little tectonic activity in the mid- and Late Cretaceous (Barber, 1982; Exon
& Buffler, 1992; Tindale et al., 1998). Throughout the Cenozoic, the basin continued to develop as a
passive margin basin, dominated by thermal subsidence but with an episode of compression during
the Miocene (Longley et al., 2002).

The stratigraphy of the Exmouth Plateau comprises a sedimentary sequence composed primarily of
Mesozoic sedimentary rocks (Fig. 2). Following Late Carboniferous rifting, up to nine kilometres of
Triassic sediments were deposited in the newly formed Northern Carnarvon Basin, including the
marine Locker Shale and the fluvio-deltaic Mungaroo Formation (Exon & Buffler, 1992; AGSO
North West Shelf Study Group, 1994). The Exmouth Plateau was deprived of sediment supply in the
Early Jurassic due to the Jurassic sub-basins to the east acting as the primary sediment depocentres,
resulting in a thin Jurassic sequence across the plateau consisting of siltstones and claystones of the
Murat Siltstone, Athol and Brigadier formations (Hocking, 1988). The plateau was uplifted in the
Callovian, coinciding with seafloor spreading to the north and exposed the thin Jurassic sequence to
erosion (Barber, 1982; AGSO North West Shelf Study Group, 1994). As seafloor spreading
geographically progressed to the west and southwest of the Exmouth Plateau in the Berriasian and
Valanginian, igneous material was intruded into the Triassic and Jurassic successions of the Exmouth
Plateau (Longley et al., 2002; Holford et al., 2013). The intrusions manifest primarily as dykes and
sills that are predominant in the southern region of the plateau (Frey et al., 1998; Rohrman, 2013).
Marine transgressions coinciding with the Berriasian and Valanginian seafloor spreading led to
deposition of the deltaic Barrow Group and marine Muderong Shale formations across the plateau
(Hocking, 1988; Haq et al., 1992). Detrital input to the Exmouth Plateau began to decline after
deposition of the Muderong Shale as the basin began to develop as a passive margin (Exon et al.,
1992; Tindale et al., 1998). Transformation of the basin into a passive margin basin in the mid-
Cretaceous saw deposition of claystones and siltstones of the Windalia Radiolarite and Gearle
Siltstones (Stagg et al., 2004). By the end of the Cretaceous, sediment deposition in the Northern
Carnarvon Basin had changed from siliciclastics to carbonates (Hocking, 1988). Carbonate deposition
continued through the Cenozoic, resulting in a 500-1000m thick succession of carbonates across the
Exmouth Plateau (Boyd et al., 1992; Cathro et al., 2003).
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Figure 2: Generalized chronostratigraphic chart of the Exmouth Plateau. (modified from Northern
Carnarvon Basin Biozonation and Stratigraphy Chart 36, 2010, Geoscience Australia). Underlying the
chronostratigraphic chart is a schematic cross-section along A —B (from Fig 1a) that illustrates the
general structural elements in a seismic cross-section on the Exmouth Plateau.
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4. Data and Methodology

Two time-migrated, full-stack seismic datasets from the Exmouth Plateau were interpreted in this
study: the lo-Jansz and HEXO7B (referred to henceforth as Thebe) 3D seismic surveys (Fig. 1). The
lo-Jansz 3D survey covers an area of ~2900 km2 and has water depths that range from 1200-1400 m.
It has inline and crossline bin spacing of 18.75 x 12.5 m, and a record length of 6 seconds. Data from
this survey was processed to have SEG normal polarity, i.e. a peak represents an increase in acoustic
impedance. The Thebe 3D survey covers an area of ~1200 km2 and has water depths that range from
900-1200 m. It has inline and crossline bin spacing of 25 x 12.5 m and a record length of 4.5 seconds.
Data from this survey was processed to have SEG reverse polarity, i.e. a peak represents a decrease in

acoustic impedance.

Stratigraphic units in the seismic data are calibrated to five wells; Thebe-1, lo-1, lo-2, Zagreus-1 and
Jansz-1 (Figs 2b and 2c). Thebe-1 is located in the Thebe 3D survey while lo-1, lo-2, Jansz-1, and
Zagreus-1 are within the lo-Jansz 3D survey. The well depths are tied to seismic two-way time (TWT)
using available VVSP and sonic log data. Seismic horizons are interpreted based on well stratigraphic
markers.

Interval velocity data is available in a 450 km2 region of the lo-Jansz survey centred around lo-1 well.
A conservative velocity estimate for the Triassic and Jurassic sequences that contain the main features
of interest to this study is approximated to be 3400 ms-1. This value was used to convert TWT
measurements in seconds to depth in metres in the Jurassic and Triassic sequences in the lo-Jansz 3D.
In the Thebe 3D, a conservative velocity estimate of 2500 ms-1 was used for TWT to depth
conversion, based on sonic measurements of the Jurassic and Triassic sequences from Thebe-1 well.
The variation in velocities used for TWT to depth conversion is attributed to two factors; (1) the
inherent difference in measurement resolution and operational frequency bandwidth between surface
reflection and wireline measurement methods (Stewart et al., 1984); and (2) Jurassic and Triassic
sequences in lo-Jansz 3D are ~1s TWT deeper than in Thebe 3D, possibly resulting in them having a
higher degree of compaction, and thus higher velocities, in lo-Jansz 3D than in Thebe 3D. In the two
survey areas, the dominant frequencies of the Jurassic and Triassic sequences are 40-50 Hz, giving a

vertical resolution of 16—20 m.

Four subsurface horizons (Top Mungaroo, Top Brigadier, Top Jurassic, and Top Muderong Shale)
and the seafloor were interpreted based on their relevance to mapping paleo-pockmarks and other
fluid flow features (Fig. 2). The seafloor was interpreted as a peak in the lo-Jansz 3D, and a trough in
the Thebe 3D. The Top Muderong Shale is a polygonally faulted horizon and is interpreted as a
trough in the lo-Jansz 3D and a peak in the Thebe 3D. The Top Jurassic horizon represents the

regional Callovian—Oxfordian unconformity surface. The thin Jurassic sequence is imaged as
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continuous parallel reflectors in the surveys with more prominent syn-rift depositional features in the
Thebe 3D. It is interpreted as a trough in the lo-Jansz 3D and a peak in the Thebe 3D. The Top
Brigadier horizon is an intra-Jurassic horizon, interpreted as a trough, that was only interpreted in the
lo-Jansz 3D as it has mostly been eroded in the Thebe survey area. The deepest horizon interpreted is
the Triassic Top Mungaroo Formation. The seismic reflections within the underlying Triassic
sequence form a stack of continuous parallel reflectors that mimic the shape of the Top Mungaroo

horizon. This horizon is interpreted as a trough in the lo-Jansz 3D and a peak in the Thebe 3D.

Fluid flow features are commonly expressed in seismic data as vertical zones of degraded imaging
and these characteristics can be used to highlight fluid flow features using seismic attributes such as
variance and consistent dip (Marfurt et al., 1998). Variance is an attribute that detects abrupt lateral
variation along seismic reflections while consistent dip measures lateral changes in the gradient of a
seismic reflector. Consistent dip is an attribute enhances variation in gradient along a seismic reflector
in the inline or crossline directions. Lateral amplitude variations were imaged using Root Mean

Square (RMS) amplitude calculations within a 20 ms window centred along the interpreted horizons.

5. Fluid Flow Features in lo-Jansz and Thebe 3D survey areas

5.1. Vertically Disrupted Zones (VDZs) and ‘Crater-like’ Depressions

Columns of disrupted seismic reflections, referred to as vertically disrupted zones (VDZs) are
identified within the Triassic and Jurassic sequences of the two seismic surveys. Furthermore, each
VDZs underlies elliptical, ‘crater-like’ depressions that are identified along the Top Jurassic horizon
of both surveys. The VDZs across the two surveys share similarities in their dimensions but exhibit
variation in their seismic expression. The VDZs are categorized into four types (Fig. 3). Type A
VDZs are defined as having discontinuous seismic reflections overlying columns of concave-down
seismic reflections (Fig. 3a). Type B VDZs have continuous seismic reflections that have lower
amplitudes relative to the surrounding reflections. Furthermore, the depressions that overlie type B
VDZs have seismic reflections within them (Fig. 3b). Type C VDZs have either discontinuous or
continuous downward sagging reflectors within its column. There is no variation in seismic
amplitudes within type C VDZs relative to the hosting stratigraphy (Fig. 3c). Type D VDZs are
characterized by minimal or no disruption of seismic reflections within the columns compared to type
A, B and C VDZs. Finally, type D VDZs have concave down reflectors within its column though the
defining characteristic of this VDZ type is the upward deflection of seismic reflectors above the VDZs

and their associated depressions (Fig. 3d).
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Figure 3: Categories of Vertically Disrupted Zones (VDZs): a) Type A (VDZ T15 from Fig. 4). b)
Type B (VDZ T9 in Fig. 4). ¢) Type C (VDZ 1310 in Fig. 5). d) Type D (VDZ T6 in Fig. 4). €)
Generalized schematic of a crater-like depression and underlying VDZ illustrating how the length,
width and heights of the features were defined and measured.

The dimensions of the ‘crater-like’ depressions and VDZs are measured in this study as per the
schematic in Figure 3. The length is defined as the depression’s longest axis along the Top Jurassic
horizon while the width is defined as its shortest axis. The heights of the VDZs are measured from the

top of the feature to as deep as the seismic disruption can be recognized on a seismic cross-section.

5.1.1. Crater-like depressions and VDZ’s in Thebe 3D

A total of 17 VDZs (labelled T1-T17) with overlying ‘crater-like’ depressions are identified in NNW-
SSE linear trends along the eastern edge of the Thebe 3D survey, comprising five Type A, four Type
B and eight Type D VDZs (Fig. 4b). Along the Top Jurassic horizon, the depressions have low RMS
amplitudes relative to their surroundings (Fig. 4c). Bases of the VDZs, referred to as roots, extend into
and terminate within the Triassic Mungaroo Formation. The roots show no common surface of origin
within the formation, though it is possible that the true roots are below seismic resolution and extend
deeper.
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Average dimensions of the long and short axes of the depressions are 310 m and 240 m while the
average height of the VDZs is 220 m. A detailed summary on the range of dimensions for the
depressions and VDZs are presented in Table 1. No correlation is identified between the planform
dimensions of the ‘crater-like’ depressions with the height of VDZs. When imaged using the variance
attribute, VDZs manifest as ellipses on time slice planes and as columns on cross sections. Their
variance values range from 0.4 - 0.7 while the background variance values range from 0.05 to 0.15
(Figs 4d and 4e).

Type AVDZ |8
Type B VDZ
Type D VDZ

@ Thebe 3D
Top Jurassic Surface

Top Jurassic VDZ

Figure 4: a) Interpreted TWT horizon of the Top Jurassic surface in the Thebe 3D survey. b) A
zoomed in location of the Top Jurassic TWT horizon from (a) along which locations of VDZs are
overlayed. The number and polygon colors correspond to the VDZ type as described in the legend.
Expression of these VDZs with ¢) RMS and d) variance attributes extracted along the Top Jurassic
horizon. e) Imaging of VDZ T10 on seismic and variance cross-sections along line C-D from (a).
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5.1.2.Crater-like depressions and VDZ'’s in lo Jansz 3D

Along the south-western and western regions of the lo-Jansz 3D seismic survey, 23 Type C VDZs
(labelled 1J1-1323)are identified in the Triassic and Jurassic sequences (Fig. 5a). They occur in linear
NNE-SSW trends. The roots of the VDZs originate within the Triassic Mungaroo Formation with no
common surface of origin and terminate at the Top Jurassic horizon where they are overlain by

‘crater-like’ depressions (Fig. 5¢).

Average dimensions of the depression’s long and short axes are 313 m and 246 m while the average
height of the VDZs is 307 m. Seismic reflections within the VVDZs are either discontinuous, or have a
downward sag of up to 55 m (Figs 5d). A detailed summary on the range of dimensions for
depressions and VDZs are presented in Table 1. When imaged with the variance attribute, VDZs
appear as ellipses in time-slice planes and columns on cross sections. Their variance values range
from 0.3-0.7 while the hosting background variance values range from 0.02-0.1 (Figs 5b and 5e). The
VDZs and paleo-pockmarks within this 3D survey are not uniquely distinguishable using RMS
amplitude measurements due to the lack of variation in seismic reflection amplitudes between the

VDZs and surrounding reflectors.
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Figure 5: a) Interpreted TWT horizon of the Top Jurassic surface in the lo-Jansz survey (from Fig.

1b), with an overlay of the VDZ locations and numbers. b) Sub-section of (a) that images expressions

of VDZs with the variance attribute extracted along the Top Jurassic horizon. ¢) A zoomed-in 3D view

of the Top Jurassic horizon from (a) illustrating craterlike-depressions with vertical exaggeration. A

cross-section along line E-F in (a) is imaged using d) seismic data, e) variance attribute, and (f)

schematic illustration. These cross-sections highlight the expressions of VDZs and other structural

features.
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lo-Jansz 3D Thebe 3D

Maximum  Minimum  Average Maximum  Minimum  Average

Long Axis (m) 800 140 350 616 148 310

Short Axis (m) 590 125 270 472 115 240
Surface Area (km?) 0.316 0.007 0.076 0.250 0.014 0.075

VDZ Height (m) 640 102 363 433 47 177

Table 1: Collective measurements of VDZs and paleo-pockmarks dimensions in the two surveys.
5.2. Seafloor Depressions in Thebe 3D

In the Thebe 3D seismic survey, 81 circular depressions are identified along the seafloor in the
southern region of the survey, of which 5 are identified within seafloor troughs or gullies (Fig. 6). The
average length and width of the depressions are 392 m and 241 m, while their average depths are 10
m. Unlike the buried Jurassic ‘crater-like’ depressions, the seafloor depressions do not have
underlying VDZs or feeder pipes, nor do they have linear spatial distributions. Instead, underlying 33
of the seafloor depressions are vertically stacked depressions that extend as far down as 67m (using

1680 ms-1 for time to depth conversion) (Fig. 6¢).

Thebe 3D
Seafloor

N

Seafloor
depressions

Figure 6: a) Interpreted TWT seafloor horizon at Thebe 3D with seafloor depressions depicted by
polygons. b) A sub-section of the TWT seafloor horizon (From Fig 1c and 6a) with a monochrome

color scheme and vertical exaggeration that highlights seismic imaging of seafloor depressions. c)
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Seismic cross-section along G-H from (b) showing the seafloor depressions with underlying and

stacked depressions.

5.3. Normal Faults

Normal faulting is prevalent within the Triassic and Jurassic sequences of both 3D surveys (Fig 7).
The interpreted Top Jurassic and Top Mungaroo horizons from the Thebe 3D and lo-Jansz 3D surveys
highlight the predominant fault trends in the two areas. Consistent dip attributes extracted within a 50
ms time window along the Top Mungaroo horizon of both surveys reveal a series of linear features
within the Triassic sequences (Figs 7b and 7d). On seismic cross-sections, these features were
identified to be a series of low-throw (~20 m) normal faults that form a series of horsts and graben.
These faults are henceforth referred to as ‘minor faults’ (Figs 7e and 7f). In both study areas, the
upper tips of the minor faults terminate along the Top Jurassic horizon. The minor faults extend down
into the Triassic Mungaroo Formation, where their termination depths can’t be accurately determined

due to the deterioration of seismic data quality and decreasing seismic resolution (~20 m threshold).

5.3.1. Thebe 3D

Two predominant trends of faults are identified with in the Jurassic and Triassic sequences; NE-SW
(Fault Group A) and NNW-SSE to N-S trends (Fault Group B) (Fig. 7a). The fault planes of Group A
dip to the NW and SE with throws up to 800 m while fault planes of Group B dip towards the SW and
NE with fault throws up to 100 m. Minor faults are identified in the eastern region of the survey area
where the VDZs are identified. The minor faults strike NNW-SSE, sub-parallel to fault group B, and
the minor fault planes dip NNE and SSW (Fig. 7b).

5.3.2. lo-Jansz 3D

Normal faults within the lo-Jansz 3D survey are predominantly oriented NE-SW with fault planes dip
NW and have throws up to 650m (Fault group C; Figs 7c). Within the lo-Jansz 3D, minor faults are
identified predominantly at the western and south-western regions of the survey where the VDZs are
documented. The minor faults in lo-Jansz 3D strike NE-SW, and the fault planes dip to the NW and
SE (Fig 7d).
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Figure 7: Fault groups displayed on TWT maps of the Top Mungaroo horizons (a, b) and the lo-Jansz
survey (c and d). a). Top Mungaroo time-structure map in the Thebe survey, b) linear features
highlighted by the extracted consistent dip attribute. c). Top Mungaroo time-structure map of the lo-
Jansz survey, d) linear features highlighted by the extracted consistent dip attribute. €) consistent dip
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and f) seismic cross sections along line 1-J, show the linear features to be low-throw faults

(highlighted by green arrows).

5.4. Polygonal faults

Polygonal faults are characterised by strike planes that intersect at various angles to form polygonal
patterns (Cartwright et al., 2003). The faults develop through multiple layers, referred to as tiers by
Cartwright (1994), where some faults are isolated to individual tiers while others extend across
multiple tiers. Faults are categorized by their ‘order’ which refer to the number of tiers a fault extends
across. The highest order of faults refers to faults that extend across all tiers and the lowest order
refers to those that occur within an individual tier. For instance, in a polygonal fault system with three
tiers, first order faults are defined as those that extend across all tiers, while second order faults extend
across two consecutive tiers and third order faults are isolated to individual tiers (Gay et al., 2004).
While polygonal faults have been identified on seismic data in the Exmouth Plateau of the Northern

Carnarvon Basin, there is a lack of documentation on the tiers and orders of these faults.

In both the lo-Jansz and Thebe 3D surveys, multiple systems of polygonal faults are identified over
several chronostratigraphic sequences that are vertically separated from one another by lithologic
sequences that contain no polygonal faults. The faulted chronostratigraphic sequences are the Lower
Cretaceous (LC), Upper Cretaceous (UC) and Cenozoic (CZ) sequences. The LC and UC sequences
comprise of lithologic formations that can be correlated across the two seismic surveys. The LC
sequence consists of the Barrow Group and Muderong Shale formations, while the UC sequence
consists of the Gearle Siltstone, Toolonga Calcilutite, Miria and Korojon formations. The CZ
sequence consists of the Girilia and Cardabia formations in the Thebe 3D and the Walcott, Wilcox
and Dockrell Formations in the lo-Jansz 3D. Though the formations that compose the CZ sequence
cannot be correlated across the two survey areas, they represent chronostratigraphic equivalents of

each other.

5.4.1. Thebe 3D

Two systems of polygonal faults are identified in Thebe 3D (Fig. 8a), an older system within the LC
sequence (LC system) and a younger system that spans both the UC and CZ sequences (UC-CZ

system). These polygonal fault systems extend laterally throughout the survey area.

Two fault tiers are identified within the LC system where the lower tier consists of the Barrow Group
Formation and the upper tier consists of the Muderong Shale Formation (Figs 8a and 8c). First order
faults propagate across both the Barrow Group and Muderong Shale formations while second order
faults are isolated within the individual tiers. First order faults have a maximum throw of 30 m and

second order faults have and maximum throw of 18 m.
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The UC-CZ system consists of three tiers and is separated from the LC system by the Windalia
Radiolarite Formation. The lowest tier consists of Late Cretaceous Gearle Siltstone, Toolonga, Miria
and Korojon formations, while the middle and upper tiers consist of the Girilia and Cardabia
formations of the Paleogene (Figs 8a and 8b). Three orders of faults are identified; first order faults
extend across all three tiers, second order faults extend across either the younger or older two tiers,
and third order faults are isolated to individual tiers. The maximum fault throw measurements are 38

ms for first order faults, 18 ms for second order faults and 8 ms for third order faults.
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Figure 8: Polygonal fault system in Thebe 3D. (a) shows cross-section K-L with major horizons
interpreted, and a schematic illustrating the sets and tiers of polygonal faults. b) Time slices of the
variance attribute show the polygonal patterns of fault intersections within the Gearle Siltstone
formation, whereas c) shows the Muderong Shale and Barrow Group formations.

5.4.2.10-Jansz 3D

Three systems of polygonal faults are identified in the lo-Jansz 3D survey. The oldest system is
identified within the LC sequence (LC system), with a younger system identified in the UC sequence
(UC system) and the youngest system is identified within the CZ sequence (CZ system) (Fig. 9a). Due
to erosion of the LC, UC and CZ sequences in the north-eastern parts of the survey area, mapping of
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the polygonally faulted sequences is constrained to the south-western and central regions of lo-Jansz
3D.

Two tiers are identified within the LC polygonal fault system. The lower tier consists of the Barrow
Group Formation while the upper tier consists of the Muderong Shale Formation (Figs 9a and 9d).
First order faults extend from the base of the Barrow Group to the top of the Muderong Shale
Formation while second order faults are identified within each tier. We observe a higher fault density
in the lower tier as compared to the upper tier. The maximum fault throws are 20 ms for first order

faults and 12ms for second order faults.

The UC polygonal fault system is also comprised of two fault tiers, both occurring within the Gearle
Siltstone Formation. This system is separated from the LC system by the Windalia Radiolarite
Formation (Figs 9a and 9c). Similar to the LC system, first order and second order faults were
identified, however; where the Windalia Radiolarite Formation is thin, some first order faults from the
UC system are documented to dip-link with first order faults from the LC system. The maximum
throw of first order faults is 30 ms while the maximum throw of second order faults is 10 ms.
Polygonal fault density is observed to vary with the UC sequence thickness. From the southwest
towards the central area, over a distance of 47 km, the UC sequence thickness decreases from 1100 m
to 450 m (before being completely eroded further northeast) while polygonal fault density increases
from 2.5 to 5.5 faults per km2.

The CZ system of polygonal faults is limited to a narrow region of the lo-Jansz 3D survey area. This
is due to the Walcott, Wilcox, and Dockrell formations having been eroded in the southwest and
northeast of the survey area (Figs 9a and 9b). Where identified, the CZ and UC systems are vertically
separated from each other by a layer of undifferentiated, erosional deposits that are not polygonally
faulted. Two tiers of faults are identified with the lower tier consisting of the Dockrell Formation,
while the Wilcox and Walcott formations make up the upper tier. We observe a higher density of
second order faults in the lower tier than in the upper tier. The maximum throw of first order faults is

26 ms and 12 ms for second order faults.

93



Chapter 3 Paleo-Focused Fluid Flows in the Central and Eastern Exmouth Plateau

Io-Jansz 3D

Top Mungaroo

(a) Io-Jansz Cross-section

200 ms

Top Paleogene

Geatle Siltstone

Muderong Shale

S ————
/AW

/N7 X\N T\

<
3200 ms

Variance Seismic
Amplitude Amplitude Tt Neogene

1.00 + Cretaceous Paleogene . to Present

0.80

0.60 _ _ _ _ Fault Tier
0.40 0 Boundary
0.20 ! I - Jusassic g:;gccous \// \\// anlll)]tgsonal

0.00 -

Figure 9: Polygonal fault system in the lo-Jansz 3D. a) shows cross-section M-N with major horizons
interpreted, and a schematic illustrating the sets and tiers of polygonal faults. b) Time slices of the
variance attribute show the polygonal patterns of fault intersections within the Paleogene sequence,
whereas c¢) shows the Gearle Siltstone formation and d) shows the Muderong Shale and Barrow
Group formations.

6. Discussion

Focused fluid flows are phenomena associated with fluid migration from deeper to shallower depths
through a focusing mechanism. They provide valuable information of subsurface fluid dynamics, as
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well as insights into fluid migration pathways. In this study we document ancient focused fluid flow
features, expressed on seismic data as ‘crater-like’ depressions along the Top Jurassic surface with
underlying VDZs within the Jurassic and Triassic sequences of the two seismic surveys. We also
document tiered polygonal fault systems that are often associated with focused fluid expulsion and
have the potential to influence subsurface fluid dynamics as migration pathways. We discuss the
mechanisms that form the ‘crater-like” depressions, VDZs, and polygonal faults, along with the

implication of their presence on hydrocarbon migration.

6.1. Interpretation of ‘crater-like’ depressions and VDZs

The VDZs are interpreted to represent conduits for vertical fluid migration while their overlying
elliptical, crater-like depressions are interpreted to be paleo-pockmarks (Cartwright et al., 2007;
Loseth et al., 2009; Moss & Cartwright, 2010). The distortion or downward sag of seismic reflectors
within the VDZs can be attributed primarily to velocity variations or seismic processing artefacts as
opposed to disruption or deformation of the strata (Cartwright et al., 2007; Gay et al., 2007; Lgseth et
al., 2011). Experimental work by Bull et al. (2018) suggests that fluid escape pipes consist of
localized connected fracture systems which are then exploited by fluids to migrate through to
shallower depths. The increased anisotropy from the fracture sets within the fluid escape pipe, relative
to the surrounding stratigraphy, could then result in a decrease seismic velocity, which then results in

a localized ‘pull-down’ effect on seismic reflectors.

Seismic processing of the lo-Jansz 3D and Thebe 3D surveys were optimized to image hydrocarbon
reservoirs at depth intervals similar to those of where the VDZs are identified, making it unlikely that
the VDZs are data processing artefacts. In the lo-Jansz 3D, the imaging target is at approximately 3.0s
TWT while the VDZs are identified within 3.3-3.7s TWT. In the Thebe 3D, the imaging target of
interest is at approximately 2.5s TWT while the VDZs are identified within 2.4-2.8s TWT. There are
also no geological structures or seismic anomalies that overly the VDZs to suggest that the VDZs are

residual artefacts of imaging the overburden.

Laseth et al. (2011) modelled the seismic expression of a vertical fluid migration conduit by a
representing the conduit as a column of low velocity. In their model, a pipe, representing VDZs, was
embedded in a sequence of horizontal stratigraphic layers that represent the background. The material
within the pipe was varied with different acoustic impedance contrasts between the pipe and the
background. Synthetic seismic data was then generated and processed. The results of their study
describe the seismic expression of low velocity columns as a “vertical disruption of the seismic
reflectors abruptly terminating against the column”. VDZs in this study show similar characteristics to
the modelling results described by Laseth et al. (2011) supporting our interpretation that the VDZs are

fluid migration conduits.
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Variation in the sizes and seismic expressions between the four types of VDZs and their paleo-
pockmarks are influenced by factors such as volume and rate of fluid flow, the mechanical properties
of host sediments and fluid types (Hovland & Judd, 1988; Judd & Hovland, 2007; Andresen, 2012).
While the genesis of the VDZs as a whole is discussed in later sections of this paper, information on
the aforementioned parameters are not known for this study. As a result, we are not able to constrain

the cause of variation in the seismic expressions between the four types of VDZs.

6.2. Genesis of Fluid Flow Features in Relation to Faults

The VDZs in both 3D surveys formed in linear trends that occur parallel to the minor faults and lie
within graben bounded by the minor faults. These two observations suggest that the minor faults have
exerted a structural control on the genesis of VDZs. Studies have documented pockmarks with
underlying pipes on seismic data, similar to the VDZs, whose roots that originate at the upper tips of
fault planes, indicating the faults were functioning as conduits or fluid migration pathways
(Cartwright et al., 2007; Gay et al., 2007; Loseth et al., 2009; Huuse et al., 2010). In this study
however, upper tips of the minor faults terminate along the Top Jurassic horizon and the pockmarks
are laterally offset from them along the surface. The shortest distances between pockmarks and the
nearest minor fault along the Top Jurassic horizon range from 170 to 450 m in the Thebe 3D and 450
to770 m in the lo-Jansz 3D. No VDZs or pipes were observed within the Cretaceous sediments that
overlie the Top Jurassic horizon. Upon closer analysis of the minor faults and VDZs on seismic cross-
sections, we observe the roots of several VDZs (7 in lo-Jansz 3D and 7 in Thebe 3D) intersecting
planes of the minor faults within the Triassic Mungaroo Formation. Though this intersection is poorly
resolved, it is better imaged with the consistent dip attribute. (Figs 7e and 7f). This intersection
between VDZs and minor faults is not observed for all VDZs, however it is plausible that a similar
relation exits for the remaining VDZs but are below the seismic resolution threshold. The relation
between the faults and VDZs, along with the absence of fluid flow features in the sediments overlying
the Top Jurassic horizon, suggests that the faults are not acting as fluid migration pathways. The
vertical morphology of the fluid flow pipes, which cross-cut the background stratigraphy, suggests

that the driving force of fluid migration was high enough to overcome the overburden pressure.

Based on these relations between the VDZs and minor faults, along with the VDZ’s morphology, we
propose that the minor faults intersected a layer of overpressured fluids that then initiated vertical
fluid migration at the point of intersection (Fig. 10). A similar mechanism for fluid migration was
used by Maia et al. (2016) and Pilcher & Argent (2007) to explain the occurrence of pockmarks
identified in offshore Angola and offshore Gabon. Faults are able to locally alter the stress field and
reduce formation permeability, thus inducing hydraulic fracturing of overlying sediments and

triggering vertical fluid migration (Pilcher & Argent, 2007; Cartwright & Santamarina, 2015).

96



Chapter 3 Paleo-Focused Fluid Flows in the Central and Eastern Exmouth Plateau

VDZ

\

\~  ———Pressure Focus Points

Minor Fault

Figure 10: Proposed model for the formation of VDZs and paleo-pockmarks in this study (modified
after from Maia et al., 2016).

6.3. Timing of VDZ and Paleo-Pockmark Formation

In both the Thebe 3D and lo-Jansz 3D surveys, the shallowest termination of VDZs and minor faults
are along the Top Jurassic horizon. No VDZs or paleo-pockmarks were identified in the overlying
Cretaceous sequence, indicating that the VDZs had formed prior to its deposition. The fluid expulsion
event that formed the paleo-pockmarks are interpreted to have occurred as a solitary event as opposed
to being an episodic or interrupted release of fluids. Moss & Cartwright (2010) and Andresen &
Huuse (2011) document vertically stacked successions of pockmarks that indicate episodic fluid
expulsion where the expulsion rates are up to 10 Ma and 1.8 Ma respectively. The absence of
vertically stacked paleo-pockmarks in our study area agrees with our interpretation of a solitary fluid
expulsion event. These observations suggest that the paleo-pockmarks and VDZs had formed during
the Late Jurassic and Early Cretaceous, i.e. after deposition of the Jurassic sediments but prior to

deposition of the Early Cretaceous Barrow Group sequence.

Timing of the formation of minor faults was constrained using isochron thickness maps that were
generated for the Thebe 3D and lo-Jansz 3D surveys. Abrupt lateral variation of time thickness values
in orientations parallel to fault strike on isochron maps can be used as indicators of fault growth

within a time interval, i.e. the larger the time thickness variation, the larger the fault displacement. In
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the Thebe 3D survey, isochron maps of the Jurassic and Lower Cretaceous sediments were generated
using the Top Mungaroo, Top Jurassic and Top Muderong Shale horizons (Figs 11a and 11b). The
Jurassic isochron map shows lateral variation in time thickness of up to 280 ms (450 m) across Group
A faults, while there is no change in time thickness values across Group B faults. On the Early
Cretaceous isochron map, variations in time thickness of up to 200 ms (320 m) is observed across
Group A faults and 100 ms (160 m) across Group B faults. The observation that minor fault
displacement was absent in the Jurassic isochron map but is present in the Cretaceous isochron map
constrains the timing of minor fault growth to be approximately between the Kimmeridgian (early

Late Jurassic) and the Berriasian (Early Cretaceous).
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Figure 11: Isochron thickness maps of the Thebe 3D a) Jurassic and b) Cretaceous sequences and lo-
Jansz 3D c) Jurassic sequence.
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In the lo-Jansz 3D survey, an isochron map of the Jurassic sediments was generated with the Top
Jurassic and Top Muderong Shale. The isochron map shows variation in time thickness of up to 350
ms (560 m) across Group C faults and little to no time thickness variation across the minor faults (Fig.
11c). Anisochron map was generated for the Cretaceous sequence, using the Top Muderong Shale
and Top Jurassic; however, time thickness variation due to the minor faults were overprinted by
thickness variations from polygonal faults (up to 50 ms) in the Early Cretaceous sediments overlying
the Jurassic sediments. As such variations in time thickness associated with the minor faults could not
be accurately determined through isochron mapping. The timing of minor fault displacement in the lo-
Jansz 3D was instead determined from interpretation of seismic cross-sections. Minor fault
interpretations show that the faults intersect and displace the Top Brigadier and Top Jurassic horizons,
however; they do not extend into the overlying Cretaceous sediments (Fig. 7f). Furthermore, there is
no observed variation in stratal thickness within the Jurassic sequence adjacent to the minor faults to
suggest syn-depositional fault development. These observations on stratigraphic extent of minor
faults, as well as Jurassic sequence stratal thicknesses, suggests that the faults had formed after the
deposition of the Jurassic sedimentary rocks and prior to the deposition of the Cretaceous sediments.
We thus constrain the timing of minor fault formation in the lo-Jansz 3D to be between the
Kimmeridgian and the Berriasian, similar to those of the Thebe 3D. The timing of minor fault
formation in both surveys can be related to the regional tectonic activity of the Northern Carnarvon
Basin. During the Late Jurassic and Early Cretaceous, sea-floor spreading had initiated to the west and
southwest of the Exmouth Plateau (Haqg et al., 1992; Longley et al., 2002).

Similar minor faults located along the western edge of the Exmouth Plateau were documented by
Velayatham et al. (2018) with the Claudius 3D seismic survey. The strike orientations of the minor
faults from these three surveys are observed to have an approximate radial trend when plotted onto a
map (Fig. 12e). Across a distance of approximately 305 km between the Claudius 3D and lo-Jansz
3D, (160 km between Claudius 3D and Thebe 3D, 145 km between Thebe 3D and lo-Jansz 3D), the
bearing of minor fault strikes changes from 347° in the Claudius 3D, to 356° in the Thebe 3D and to
15°in lo-Jansz 3D. An extrapolation of these strike indicates that the “locus” of the radial trend is
situated along the southern margin of the Exmouth Plateau. The southern margin of the Exmouth
Plateau contains a well-documented Late Jurassic-Early Cretaceous igneous province (Holford et al.,
2013; Rohrman, 2013, 2015; Magee et al., 2016). Rohrman (2013) and Rohrman (2015) suggest that
this magmatism could be linked to mantle plume activity that was active between the Callovian and
Valanginian. Reeve et al. (2016) suggest, however, that the mantle plume model is not plausible due
to the lack of evidence for voluminous magmatism onshore during the Early Cretaceous and the
absence of a present-day plume whose path could be reconstructed to the southern margin of the
Exmouth Plateau. Nevertheless, the time frame of inferred mantle plume activity is coeval with the

formation of minor faults, and suggests a possible genetic link between the two.
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Variance slices within the Triassic sequence that underlie the minor faults (3.4 s in Thebe and 4.5 s in
the lo-Jansz 3D) reveals linear features that are parallel to the strike of minor faults within each
survey area (Figs 12a and 12c). The strikes of these linear features also have a regional scale radial
trend across the two survey areas, with orientations that change from 356° in the Thebe 3D to 15° in
the lo-Jansz 3D over a distance of 145 km. On seismic cross-sections, these linear features are imaged
as vertical zones of low seismic amplitudes in lo-Jansz 3D and vertical zones of incoherent seismic
reflectors in Thebe 3D. The cross-section expressions of the linear features are similar to those of
igneous dykes identified in the Bass Basin, offshore southeast Australia (Holford et al., 2017). These
observations suggest that the linear features may be igneous dykes, potentially sourced from the

proposed mantle plume along the Exmouth Plateau’s southern margin.
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Figure 12: Variance time slices and seismic cross sections of lo-Jansz 3D (a and b) and Thebe 3D (c
and d) that show inferred dykes in the Triassic sequences. €) Radial trend of minor fault strikes can be
extrapolated to a locus along the southern Exmouth Plateau margin where Rohrman (2015) suggests

a mantle plume was active in the Late Jurassic.
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6.4. Overpressure Mechanism and Fluid Source

The intersection of the VDZ roots and minor fault planes in the Triassic Mungaroo Formation suggest
that the fluids which formed the VDZs were sourced from the Mungaroo Formation itself. The
Mungaroo Formation is evidenced to have present day overpressured sequences in parts of the
Northern Carnarvon Basin, however; these pressures do not reflect the paleo-pressure regime.
Overpressures often occur in sediments with low permeabilities; however, these sediments are not
absolutely impermeable and overpressure compartments can leak (Luo & Vasseur, 2016). Over
geological time, the physical properties of an overpressured sequence may evolve and result in an
increase or decrease of overpressure dissipation rates (Luo & Vasseur, 2016). Thus present day
pressure magnitudes within a sequence may not be the same as paleo-pressure magnitudes (Tingate et
al., 2001; Luo & Vasseur, 2016). Studies of overpressure within the Mungaroo Formation in the
Northern Carnarvon Basin propose two potential sources of contemporary overpressure;
disequilibrium compaction and fluid expansion from hydrocarbon generation (Tingate et al., 2001;
Van Ruth et al., 2004). We note that these studies are focused on the Jurassic sub-basins (Exmouth,
Barrow and Dampier) as there are a limited number of pressure measurements from the Mungaroo

Formation on the Exmouth Plateau.

Overpressure generation from disequilibrium compaction is often associated with sedimentary basins
that have high sedimentation rates (>100 m / Ma) such as the Gulf of Mexico (Mudford & Best,
1989). Modelling results by Yu & Lerche (1996) however suggest that the host rock lithology can be
a key factor of overpressure generation in regions with lower sedimentation rates. For instance, a
shale dominated section with sedimentation rates of 50 m/Ma can develop overpressures at
approximately 2000 m below mudline. The Mungaroo Formation is documented to be up to 6 km
thick on the Exmouth Plateau having had sedimentation rates of up to 50 m/Ma (Powell et al., 1982;
Adamson et al., 2013). Based on lithological descriptions of ditch cutting and rotary side-wall core
data from Thebe-1, Thebe-2 and Zagreus-1, sediments of the Mungaroo Formation are interpreted to
consist of deltaic to marginal marine sequences that predominantly consist of claystone or sandstones
with interbedded claystones. The documented sedimentation rate and fine-grained sediment
composition, suggests that disequilibrium compaction is a plausible mechanism for local overpressure

generation within the Mungaroo Formation on the Exmouth Plateau.

Alongside disequilibrium compaction, overpressure generation from hydrocarbon generation is
another potential source of overpressure generation within the Mungaroo Formation (Tingate et al.,
2001). The Triassic Mungaroo Formation is a regionally recognized hydrocarbon source unit and has
been documented to be overpressured in parts of the Northern Carnarvon Basin (Tingate et al., 2001,

Ruth et al., 2004). This suggests that overpressure development within the Mungaroo Formation
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through hydrocarbon generation is a plausible hypothesis to explain the formation of paleo-focused
fluid flows identified in this study. We test the hypothesis of hydrocarbon generation as a fluid source

and fluid expansion as a contributor to the paleo-overpressure generation with burial history
modelling based on the geology of lo-Jansz 3D survey (Fig. 13). The 1D model consists of the
Jurassic and Triassic sequences represented by the Athol, Brigadier and Mungaroo formations. Total

organic carbon content of 2.0% was used for the Mungaroo Formation, based on a study by He &

Middleton (2002) that averaged 1043 Mungaroo Formation samples from the Northern Carnarvon

Basin. Assigned heat flow values are 70mW/m2 for the mid-Jurassic, and 55 W/m2 for the base of the

model, with a smooth gradient in between, based on heat flow modelling by He & Middleton (2002).
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Figure 13: Burial plot from 1D modelling of organic maturity within the Mungaroo Formation.
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The modelling results show that at depths corresponding to the roots of the VDZs in lo-Jansz 3D, the
vitrinite reflectance is between 0.3-0.4 % (Fig. 13a). While these values suggest that the organic
matter is immature for hydrocarbon generation (Fig 13; Burnham & Sweeney, 1989; Carr, 2000), it
should be noted that this model uses the eroded Top Jurassic for the top of the model, not accounting
for the Jurassic sediments that would have been eroded during the uplift of the Exmouth Plateau.
Though the extent of erosion is uncertain, we test the effect of a hypothetically thicker Jurassic
overburden on organic matter maturity within the Triassic sequence. Upon adding 250m, 500m, and
1000m to the Jurassic sequence thickness, modelled vitrinite reflectance values at depths
corresponding to the roots of VDZs are approximately 0.45, 0.52 and 0.68% respectively (Figs 13b,
13 ¢ and 13d). Burnham & Sweeney (1989) suggest that oil generation for typical marine source rocks
starts at vitrinite reflectance values of 0.5-0.65%, thus it is plausible that the presence of a thicker
Jurassic sequence would have further promoted hydrocarbon generation and potentially contributed to

overpressure generation.

Regional uplift of the plateau and overburden erosion can induce the generation of overpressures by
altering effective stress conditions with sedimentary rock sequences. Corcoran & Dore (2002) suggest
that the removal of overburden during uplift, without re-equilibration of pore-pressures could lower
the effective stresses and induce hydraulic fracturing. Furthermore, Katahara & Corrigan (2002)
indicate that the presence of gas in a rock unit that is experiencing erosional unloading tends to induce

overpressures.

The burial history modelling results presented here, together with results from studies by Corcoran &
Dore (2002) and Katahara & Corrigan (2002), suggest that the hypothesis of hydrocarbon generation
being a fluid source as well as contributor to overpressure generation is plausible. The modelling
study of Yu & Lerche (1996) along with the documented sedimentation rates and lithologic
composition of the Mungaroo Formation also indicate that overpressure generation within the
sequence through disequilibrium compaction is also a viable hypothesis. Without sufficient direct
measurements of the Triassic formation in the Exmouth Plateau however, the exact overpressure

mechanism and fluid content of the VDZs cannot be determined in this study.

7. Implications for Hydrocarbon Exploration on the Exmouth
Plateau
The Northern Carnarvon Basin is a well-developed hydrocarbon exploration region with exploration
focused on the Barrow, Dampier, Exmouth and Beagle sub-basins. In recent years, exploration over

the Exmouth Plateau has increased, focusing on plays associated with the Triassic Mungaroo

Formation. The primary play type across the Exmouth Plateau revolves around hydrocarbon migration
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from Mungaroo Formation source rocks to shallower reservoirs via faults that are able to access the
deeper source rocks (Longley et al., 2002). In this study, we expand on this play type by developing
an improved understanding of fluid migration events whereby the faults act as a trigger for fluid
migration. It its plausible that the faults had also acted as fluid migration pathways, however, we find
no evidence to support this hypothesis within the two seismic surveys.

The findings of this study have both positive and negative ramifications for hydrocarbon exploration.
If the VDZs were formed by hydrocarbons, they may be indicative of regions with working petroleum
systems. In addition to this, once the VDZs and paleo-pockmarks have been buried and preserved,
they can act as potential fluid migration pathways for deeper sourced fluids. If the VDZs occur within
a seal unit however, they could compromise the seal integrity by functioning as conduits from which
hydrocarbons in an underlying reservoir could leak out from.

The potential presence of igneous dykes within the Mungaroo Formation (Rohrman, 2013) could
increase exploration risk within the area, by acting as impermeable barriers to hydrocarbon migration
within the Mungaroo Formation. Dykes have been documented as causing compartmentalization of
source and reservoir sequences in the Bass Basin, offshore south-east Australia and the Faroe-
Shetland Basin in the NE Atlantic Margin (Holford et al., 2013; Holford et al., 2017).

Polygonal faults within the Northern Carnarvon Basin have previously been documented at the
Gorgon Platform to the south of the Rankin Trend (McCormack & McClay, 2013); however, there is
limited systematic documentation of polygonal fault systems on the Exmouth Plateau. The polygonal
faults identified in this study occur within similar or chronostratigraphically equivalent sequences to
those identified in McCormack & McClay (2013). Tier 1 and Tier 2 polygonal faults of McCormack
& McClay (2013) occur within the equivalent Lower Cretaceous sequence of this study that consists
of the Barrow Group and Muderong Shale formations, while Tier 3 polygonal faults of McCormack &
McClay (2013) occur within the equivalent Upper Cretaceous sequence of this study that consists of
the Gearle Siltstone, Tooloonga Calcilutite, Korojon Calcilutite and Miria formations. Unlike in this
study however, McCormack & McClay (2013) did not document polygonal faults within the Girilia
and Cardabia formations of the Cenozoic sequence. Polygonal fault throws observed in this study (8-
38ms TWT) also show a similar range of offsets with those of MCMC (10 — 25ms TWT).

8. Potential Impact of Tiered Polygonal Fault Systems on

Subsurface Fluid Dynamics

Several models have been proposed for the origins of polygonal faults, and the most widely used
model is of sediment dewatering due to compaction or dissolution of water bearing minerals
(Cartwright & Dewhurst, 1998; Cartwright et al., 2003; Seebeck, 2015). Berndt et al. (2003)
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document fluid escape features, similar to the VDZs of this study, overlying polygonal faults along
the mid-Norwegian margin. The study concluded that the source of fluids was expulsion from the host
rock due to dewatering during the formation of polygonal faults. In this study however, we observe no
indication of focused either fluid migration within or overlying polygonal fault systems identified in
the lo-Jansz 3D and Thebe 3D surveys.

Though not implicitly associated with fluid expulsion, the polygonal faults identified in this study
have the potential to play a critical role in influencing subsurface fluid dynamics and hydrocarbon
exploration as fluid migration pathways. This has been argued by Seebeck et al. (2015) who
investigated the impact of polygonal faulting on seal integrity in the Petrel Sub-basin of the Bonaparte
Basin of the North West Shelf. In their study, Seebeck et al. (2015) identified polygonal faults within
the Early to Late Cretaceous Bathurst Island Group (BIG), which predominantly consists of marine
mudstones. The BIG sequence acts a regional seal within the Petrel Sub-basin for underlying Jurassic
to Early Cretaceous reservoirs. Though predominantly constrained to occur within the BIG group,
polygonal faults were also observed to extend into underlying Jurassic reservoir formations by
Seebeck et al. (2015). Their study also identified columnar seismic anomalies, interpreted to be gas
chimneys, that rise along normal faults within the Jurassic sequences and through the BIG sequence
up to the seabed (Seebeck et al., 2015). Their study suggests that there is potential connectivity
between polygonal faults and the Jurassic normal faults to facilitate fluid migration from the Jurassic
sequences into the BIG formation, and then through the sequence via polygonal faults (Seebeck et al.,
2015).

The seal, reservoir and fluid migration petroleum systems elements described by Seebeck et al. (2015)
in the Petrel Sub-Basin are somewhat analogous to those of the Jansz-lo field within this study area.
Though hydrocarbons in Thebe are reservoired within the Triassic Mungaroo Formation,
hydrocarbons in Jansz-lo are reservoired within Jurassic-age sandstones that are overlain by
polygonally faulted Early Cretaceous Barrow Group and Muderong Shale formations that act as a
regional seal (Kovack et al., 2004; Jenkins et al., 2017). Fault mapping in our study shows that there is
a potential for vertical connectivity between normal faults within the Jurassic sequence and the
polygonal faults of the Barrow Group and Muderong Shale Formation (Fig 7, Fig 8, Fig 9). Such fault
connectivity could act as fluid migration pathways that hydraulically connect Mungaroo Formation
sourced hydrocarbons with shallower formations that overlie the Muderong shale. Seal integrity for
the Jansz-lo field does not seem to have been compromised by polygonal faults within the Barrow
Group and Muderong Shale formations, as no focused fluid flows have been documented to be
associated with polygonal faults overlying the reservoir (Jenkins et al., 2017). Nevertheless, the
occurrence of polygonal faults within the regional seal formation could imply an increase seal risk

associated with hydrocarbon plays across the Exmouth Plateau that are similar to Jansz-lo
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9. Summary and Conclusions

In this study, we document previously undescribed focused fluid flow features in the Triassic and
Jurassic sequences in the Exmouth Plateau of the Northern Carnarvon Basin. Also documented are
tiered polygonal fault systems within the Cretaceous and Cenozoic sequences of the Exmouth Plateau.
A total of 40 paleo-pockmarks are identified along the top of the Jurassic sequence with underlying
fluid flow conduits that extend into the Triassic sequence. The focused fluid flow features form linear
trends that are parallel to low-displacement normal faults in each survey; a NE-SW trend in lo-Jansz
3D and a NNW-SSE trend in Thebe 3D. The faults extend from the top of the Jurassic sequence into
the Mungaroo Formation with the paleo-pockmarks laterally offset from the faults along the Top
Jurassic horizon. The low throw faults are interpreted to have intersected an overpressured sequence
within the Mungaroo Formation. The intersection with the overpressured sequence locally reduced the
lithostatic overburden pressure, which then focussed the fluids to migrate vertically. Neither the
mechanism that generated the overpressure or the nature of the fluids could be determined in this
study. Overpressure studies in the Northern Carnarvon Basin narrow down the likely mechanisms to
either fluid expansion of hydrocarbon, or undercompaction. The strikes of the minor faults exhibit a
radial trend on regional scales, and are potentially linked to underlying dyke intrusions. The proposed
model of paleo-fluid migration improves our understanding of subsurface fluid dynamics and can be
utilized in evaluating petroleum system elements in the area. Though no fluid escape features were
identified to be associated with the polygonal fault systems, they nevertheless have the potential to
influence fluid migration as migration pathways and impact risk assessment in hydrocarbon

exploration.
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Fault Controlled Focused Fluid Flow In
the Ceduna Sub-Basin, Offshore South

Australia; evidence from 3D seismic

reflection data

Tayallen Velayatham, Simon P. Holford, Mark A. Bunch & Rosalind C. King

Abstract

Fluid escape features (e.g. pipes) are observable manifestations of fluid migration processes and can
provide information on subsurface fluid dynamics. This paper investigates the spatial link between
fluid escape features and underlying faults in the Ceduna Sub-basin of the Bight Basin along
Australia’s southern margin. The Ceduna Sub-basin is the largest depocenter of the Mesozoic Bight
Basin that formed as a result of rifting between Australia and Antarctica in the Mid Jurassic. The
study area is located in the northwest of the Ceduna Sub-basin within which three sets of fluid escape
pipes were identified along the study area’s south-western edge. The first set (set 1) is observed within
the siliclastic Wobbegong and carbonitic Dugong Supersequences of Paleocene to Pleistocene age,
while the second set (set 2) is observed within the top 400 ms (~485 m) of Santonian to Maastrichtian
deltaic Hammerhead Supersequence and the third set (set 3) within the top 450 ms (~600 m) of the
Turonian to Santonian Tiger Supersequence that predominantly consists of mudstones. We focus this
study on analysing the first two sets of fluid escape features due to the poor seismic imaging quality
of set 3 fluid escape pipes which makes accurate interpretations difficult. Dimensions of set 1 and set
2 fluid escape pipes range from 50 ms (60 m) to 400 ms (485 m) in height and 70 to 180 m in width.
Bases, or roots, of the fluid escape features overlie the upper tips of normal faults within the
Hammerhead Supersequence. The spatial distribution of fluid escape features and predominant
underlying faulting style within the Hammerhead Supersequence vary along the study area;
distributed fluid escape features overly polygonal faults to the northeast while linear clusters of fluid
escape features overlie normal faults in the southwest of the study area. The spatial link between the
fluid escape features and underlying faults was quantified using spatial statistics and the results

support the interpretation that the faults had acted as fluid migration pathways. The polygonal and
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normal faults developed in the Late Cretaceous and are interpreted to have transmitted fluids from the
Lower Cretaceous Blue Whale, White Pointer and Tiger Supersequences. These supersequences have
been identified as containing potential source rocks, thus the fluids that formed the fluid escape
features are potentially hydrocarbons. Geochemical analysis of potential source rocks from the Bight
Basin, combined with regional basin modelling results suggest that hydrocarbon generation and
expulsion from the Mid Cretaceous sequences initiated as early as the Mid Cretaceous (~95 Ma) and
continued through to the Cenozoic (~15 Ma). Hydrocarbon presence is seen as a key risk for
exploration in the Ceduna Sub-basin. This study highlights potential fluid migration pathways in a
distal region of the Ceduna Sub-basin, and if the fluids that formed the fluid escape features identified
in this study are indeed hydrocarbons, it could increase confidence in the presence of a working

petroleum system.
1. Introduction

Focused fluid flows in sedimentary basins are common yet complex expressions of subsurface fluid
dynamics that are typically driven by processes including sediment compaction, hydrocarbon
buoyancy or differential pressures (Berndt, 2005; Davies et al., 2008). Fluids migrate from deeper to
shallower depths by means of hydraulic fracturing or via permeable geological and stratigraphic
pathways such as faults, fractures, buried channels or along igneous intrusions (Cartwright et al.,
2007; Davies et al., 2012; Schofield et al., 2019). While studies of focused fluid flows are primarily
utilized in environmental, biological and geohazard-related fields, they can play a critical role in
hydrocarbon exploration, particularly when assessing the petroleum systems of frontier basins (Judd
and Hovland, 2007; Andresen et al., 2011). Recognition of subsurface fluid escape features on seismic
data can provide information on the presence of mature source rocks, hydrocarbon reservoirs, and
highlight fluid migration pathways (Abrams, 2005). Heggland (1998) identified sustained gas
seepages that manifested as clusters of seismic chimneys and buried craters on the seabed in the North
Sea. Analysis on the spatial distribution and vertical extent of these chimneys led to the identification
of an underlying hydrocarbon reservoir. Fluid escape features can also be utilized to assess the
hydrocarbon preservation capability of reservoirs (Abrams, 2005). Laseth et al. (2009) documented
the seismic expression of fluid escape features associated with leakage processes above hydrocarbon
filled traps. Depending on the location of the fluid escape features relative to the seal or reservoir
structure, seal integrity or reservoir spill capacity could can be assessed, and the risk of hydrocarbon
presence within the reservoir could be evaluated. Interpretation of focused fluid flow features to
understand subsurface fluid dynamics can be particularly valuable in frontier exploration basins,

where direct evidence of petroleum system elements and processes is often limited.
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The Bight Basin, located offshore along the Australia’s southern continental margin, is a frontier
hydrocarbon exploration basin and the Ceduna Sub-basin is the largest depocenter within it
(Struckmeyer et al., 2001). Over the past two decades, the Bight Basin has become a growing focus
for exploration interest, with prospective petroleum systems associated with thick Mid to Late
Cretaceous deltaic and marine sedimentary rocks (Bradshaw et al., 2002; Totterdell et al., 2008).
These Mid to Late Cretaceous sedimentary rocks are interpreted to provide a wide range of
hydrocarbon play types with structural and stratigraphic traps that have the potential to contain
substantive liquid hydrocarbon accumulations (Bradshaw et al., 2002; Struckmeyer et al., 2001;
Totterdell et al., 2008). Nevertheless, hydrocarbon charge is a key exploration risk within the basin.
To address this risk, various data acquisition surveys have been conducted within the basin to evaluate
its petroleum potential, including seafloor sampling, dredge sampling, synthetic aperture radar (SAR)
and seismic reflection surveys (Figure 1) (Logan et al., 2008; Struckmeyer et al., 2002; Totterdell and
Mitchell, 2009). A dredging survey by Geoscience Australia in 2009 recovered Mid Cretaceous
organic-rich marine shales from the western edge of the Ceduna Sub-basin that indicate the potential
presence of hydrocarbon source rocks in the distal regions of the sub-basin (Totterdell and Mitchell,
2009; Totterdell et al., 2008). Regional 2D seismic lines have revealed indications of fluid escape
features, imaged as anomalous seismic chimneys that are interpreted to be associated with migrating
hydrocarbons (Struckmeyer et al., 2002). Furthermore, Langhi et al. (2016) identified Paleocene to
Eocene aged biogenic mounds within the Central Ceduna Sub-basin that are closely associated with
underlying faults which intersect potential Mid Cretaceous source rocks (Figure 1). A proposed model
for the genesis of these mounds is fault-associated hydrocarbon seepage, whereby episodic fluid
migration occurred between the Late Cretaceous and Early Cenozoic (Langhi et al., 2016;
Struckmeyer et al., 2001). Seal integrity is also seen as an exploration risk. Fluid history analysis from
Jerboa-1 well of the Eyre Sub-basin, located to the west of the Ceduna Sub-basin, revealed an
interpreted paleo-oil column with hydrocarbons sourced from Late Jurassic to Early Cretaceous
source rocks, which has since been breached due to fault reactivation during the Late Cretaceous
(Ruble et al., 2001). The main phase of hydrocarbon generation from the aforementioned source rocks
is interpreted to be between the Late Cretaceous and Early Cenozoic (Struckmeyer et al., 2001).
Given that the timing of fault reactivation is thought to be coeval with hydrocarbon generation, it is
particularly important to constrain the timing of fluid migration within the basin to evaluate its
hydrocarbon potential (Struckmeyer et al., 2002; Totterdell et al., 2008).

In this study, we use recently acquired 3D seismic reflection data to document evidence of Late to
post-Cretaceous focused fluid flow events in the Ceduna Sub-basin of the Bight Basin, offshore South
Australia. In particular, we analyse the spatial variability of inferred fluid flow features and the
potential role of basin structures, specifically faults, in dictating the underlying fluid migration

pathways. We also attempt to constrain the timing of fluid flow, and the potential geological sources
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of the fluids, with the aim of contributing to improved assessments of petroleum charge as well as seal
risks within the Ceduna Sub-basin.

2. Geological Setting

The Ceduna Sub-basin is the largest depocenter of the Bight Basin, offshore South Australia
(Totterdell and Bradshaw, 2004; Willcox and Stagg, 1990). It is an east-west trending sub-basin that
covers an area of approximately 90,000 km? and contains up to 15 km of Mesozoic sedimentary rocks
(Figure 1) (Struckmeyer et al., 2001). The sub-basin is bordered by the Eyre and Recherche sub-
basins to the west, the Madura Shelf and Eucla Basins to the north, the Duntroon sub-basin to the east
and the South Australian Abyssal Plain to the south (Struckmeyer et al., 2001).
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Figure 1: (a) Location of the Ceduna 3D seismic survey, exploration wells, sampling survey locations
and biogenic mounds in the Ceduna Sub-Basin (Langhi et al., 2016; Totterdell and Mitchell, 2009).
(b) Regional cross section showing the stratigraphy of the Ceduna Sub-basin. (c)

Tectonostratigraphic chart of the Bight Basin, modified from Totterdell et al. (2000).

The Bight Basin formed as a result of intracontinental rifting between Australia and Antarctica during
the breakup of eastern Gondwana, after which it developed through multiple phases of subsidence
(Totterdell et al., 2000; Totterdell et al., 2008; Totterdell and Bradshaw, 2004; Willcox and Stagg,
1990). A comprehensive chronostratigraphic framework detailing the evolution of the basin through

these phases has been developed by Totterdell et al. (2000) and is referred to in this paper (Figure 1c).
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Northwest-southeast oriented rifting commenced during the Mid-Late Jurassic, forming extensional
and transtensional half-grabens throughout the eastern region of the Ceduna Sub-Basin (Krassay and
Totterdell, 2003; Totterdell and Bradshaw, 2004). During this phase of mechanical extension (Basin
Phase 1 of Totterdell et al. (2000)), the basin was filled with fluvio-lacustrine sedimentary rocks that
comprise of the Callovian-Kimmeridgian Sea Lion and Tithonian—Early Berriasian Minke
Supersequences (Totterdell et al., 2000). This period of extension was followed by a phase of slow
thermal subsidence (Basin Phase 2) during which fluvio-lacustrine to deltaic and marine sedimentary
rocks of the Southern Right and the Bronze Whaler Supersequences were deposited between the
Valanginian and Mid Albian (Totterdell et al., 2000; Totterdell and Bradshaw, 2004).

An abrupt increase in subsidence rates during the Mid Albian marked the start of a new phase in basin
development (Basin Phase 3), whereby marine mudstones of the Blue Whale Supersequence were
deposited in the Ceduna Sub-Basin (Totterdell et al., 2000; Totterdell and Bradshaw, 2004). This
sequence was then overlain by rapid progradational deposition of the deltaic White Pointer
Supersequence in the Cenomanian (Totterdell et al., 2000; Totterdell and Bradshaw, 2004).
Deposition of the White Pointer Supersequence was accompanied by the formation of listric growth
faults that sole out along a decollement surface within the Blue Whale Supersequence (Totterdell and
Bradshaw, 2004). These faults are characterised by growth strata in the White Pointer Supersequence
and triangular-shaped shale diapirs, adjacent to the faults, sourced from the Blue Whale
Supersequence (Totterdell et al., 2000; Totterdell and Bradshaw, 2004). Growth of the listric faults
ceased by the Late Cenomanian when the Turonian- Santonian Tiger Supersequence, comprising
marine to marginal marine mudstones, was deposited above the White Pointer Supersequence
(Totterdell et al., 2000). Though there is some uncertainty regarding the timing of the onset of
seafloor spreading to the south of the Bight Basin, most authors assign a late Santonian age, marking
continental separation of Australia and Antarctica, and accompanied by normal reactivation of the
Cenomanian listric faults (Sayers et al., 2001; Struckmeyer et al., 2001; Totterdell and Bradshaw,
2004).

Following continental separation, the Bight Basin became established as a passive margin basin and
entered a period of reduced subsidence rates (Basin Phase 4) (Totterdell et al., 2000; Totterdell and
Bradshaw, 2004). Between the late Santonian and Maastrichtian, deltaic sedimentary rocks of the
Hammerhead Supersequence were deposited in the Ceduna Sub-basin, reaching thicknesses of up to 5
km in the central parts of the sub-basin (Krassay and Totterdell, 2003; Totterdell et al., 2000). The
Hammerhead Supersequence consists of three higher order deltaic sequences with the older two
having progradational stratal geometries and the youngest characterised by aggradational strata
geometries (Totterdell et al., 2000). The Hammerhead Supersequence is structurally defined by high-
angle (52° —58°) planar normal faults that dip towards the southwest, and listric growth faults that are

latest Maastrichtian to early Paleocene in age that similarly dip towards the southwest (Krassay and
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Totterdell, 2003; Robson et al., 2017; Totterdell and Bradshaw, 2004). Both the planar extensional
and listric fault sets are interpreted to have formed as a result of gravitational instability caused by the
supersequence’s rapid, progradational deposition; however, the listric faults are also interpreted to be
associated with reactivation of underlying Cenomanian listric faults (Krassay and Totterdell, 2003;
Robson et al., 2017; Ryan et al., 2017).

The Hammerhead Supersequence is overlain by marginal marine to deltaic sedimentary rocks of the
Wobbegong Supersequence, deposited between the Paleocene and early Eocene (Totterdell et al.,
2000). Separating the Hammerhead and Wobbegong supersequences is an unconformity surface that
represents a 5 - 7 m.y. hiatus in sedimentation (Totterdell et al., 2000). The Wobbegong
Supersequence is thin (~250 m), relative to the underlying stratigraphic sequences, throughout the
Ceduna Sub-basin and tapers out at the sub-basin’s southern margin. The Ceduna Sub-basin is also
characterised by igneous intrusions within the Wobbegong, Hammerhead and Tiger supersequences,
interpreted to have been emplaced during the Mid Eocene and proposed to be associated with the
onset of rapid seafloor spreading along Australia’s southern margin at that time (Holford et al., 2012;
Reynolds et al., 2017). The intrusion morphologies have been identified primarily as sills and
laccoliths with lateral dimensions ranging between 2 to 23 km and 5 to 270 m in thickness (Reynolds
etal., 2017).

Overlying the Wobbegong Supersequence is the mid Eocene-Pleistocene Dugong Supersequence,
which contains a basal sandstone unit that transitions up into cool water carbonates (Totterdell et al.,
2000).

3. Data and Methodology

This study uses the Ceduna 3D seismic reflection survey that was acquired in 2012 and covers an area
of ~12,000 km? (Figure 1). The data extends to 9 s two-way-time (TWT) with water depths ranging
from 1.5 to 4 s TWT. Survey inlines are oriented northwest-southeast in 15 m intervals and crosslines
are oriented northeast-southwest in 12.5 m intervals. The data is zero phase processed with peaks
representing an increase in acoustic impedance and troughs representing decrease in acoustic
impedance. The interval velocity and frequency of the 3D seismic data is approximately 2100 ms™
and 45 Hz at the Cenozoic interval and approximately 3243 ms™* and 25 Hz at the Turonian (Tiger
Supersequence) interval. This gives a vertical resolution of 12 m and 30 m at the Cenozoic and

Turonian intervals respectively.

Two petroleum wells were utilized for stratigraphic control and tied to the Ceduna 3D seismic data;
Potoroo-1 and Gnarlyknots-1 (Figure 1). Potoroo-1 is located 70 km north of the survey area while
Gnarlyknots-1 is located 45km northeast of the survey area. Potooroo-1 recovered samples from Mid

Miocene to Mid Cretaceous sedimentary rocks, whereas Gnarlyknots-1 recovered samples from Late
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to Mid Cretaceous sedimentary rocks. The two wells were tied to the 3D seismic survey using
regional 2D seismic lines that intersect both wells and 3D seismic data. Regional interpretation studies
by Totterdell et al. (2000) and Krassay and Totterdell (2003) were also used to constrain interpretation
of stratigraphic boundaries within the study area that were not intersected at the two well locations. A
power function derived using velocity survey data from Potoroo-1 and Gnarlyknots-1 were used to

convert two-way-time (twt) measurements to depth (Figure 2) (Robson et al., 2017).
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Figure 2: A power function was derived using velocity survey data from Potoroo — 1 and Gnarlyknots

-1 wells to convert time values to approximated depth measurements in this study.

Of the horizons interpreted in this study, three are discussed in detail in this paper; the Seafloor, Top
Hammerhead and Top Tiger horizons. The estimated ages of these horizons are based on the regional
sequence framework developed by Totterdell et al. (2000). The Seafloor horizon is interpreted as a
peak. The sequence bound by the Seafloor and Top Hammerhead horizon (referred to as the Cenozoic
sequence) is expressed as parallel seismic reflectors, characterised by low to moderate seismic
amplitudes. The Top Hammerhead horizon is an unconformable surface that is interpreted as a trough
(Totterdell and Bradshaw, 2004). The seismic sequence underlying the Top Hammerhead horizon is
characterised by clinoform geometries of moderate seismic amplitudes with interspersed high

amplitudes. The Top Tiger horizon represents the top of the Tiger Supersequence and the base of the
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Hammerhead Supersequence. This horizon is interpreted as a trough and the underlying seismic
sequence is characterised by parallel seismic reflectors of low seismic amplitude. In addition to
interpretation of seismic amplitudes, variance, a seismic attribute that detects and highlights abrupt
lateral changes or discontinuities along a seismic reflector, was used to identify and map focused fluid
flows and faults in this study (Meldahl and Heggland, 1999).

Statistical analysis was undertaken to identify and quantify trends in the spatial distribution of fluid
flow features. After comparing three methods (multiple blade, multinominal sector, continuous
sector), the continuous sector method was selected for point alignment analysis in this study as it was
found to be the most robust of the methods (Hammer, 2009; Hammer et al., 2001). In this method,
each fluid flow feature will act as a central point and orientations between the central and
neighbouring points within a defined radial distance are analysed. The significance of the identified
orientations are then tested with Rayleigh’s test for circular distributions (Hammer, 2009). This test
produces a p-value that quantifies the likelihood of a spatial distribution as being random; the smaller
the p-value, the less likely the spatial distribution is random (Mardia and Jupp, 2000).

4. Seismic Interpretation Results

An estimated 1541 vertical zones of disrupted or discontinuous seismic reflectors (referred to as
“columns”) were identified along the southwestern edge of the seismic reflection survey (referred to
as the “study area”) (Figure 1, 3). Within the study area, three sets of ‘columns’ were identified based
on the stratigraphic sequences in which they occur; the first and shallowest set within the Cenozoic
sequence (referred to as set 1), the second within the upper Hammerhead Supersequence (referred to
as set 2), and the third within the Upper Tiger Supersequence (referred to as set 3). The focus of
analysis and discussion of this study will be on the first and second sets of ‘columns’. The seismic
data quality at depths where set 3 ‘columns’ are identified is not sufficient for the features to be
interpreted and analysed with confidence. Nevertheless, the imaging characteristics and spatial

distribution of these columns are still documented in this study.
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Figure 3: (a) Interpreted Top Hammerhead horizon showing the ‘study area’. Seismic cross sections
from (b) Area 1 and (c) Area 3 illustrating identified Cenozoic and Hammerhead columns. (d) A zoom
in of the ‘columns’ and (e) a variance time slice at 3.0 s TWT highlighting the ‘columns’. (Figure not
oriented with North at the top.)

4.1. Set 1 (Cenozoic) Columns

4.1.1. Seismic expressions

Of the 1541 identified columns, 703 (46%) consist of set 1 columns. The seismic expression of
Cenozoic ‘columns’ encompasses vertical zones of convex upward seismic reflectors with amplitudes
higher than the surrounding reflectors, laterally discontinuous seismic reflectors, or vertical zones of
convex downward seismic reflectors (Figure 3). Imaging of these features is enhanced when using the
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variance attribute, whereby the ‘columns’ have variance values >0.5 compared to background
variance values of ~0.01. The heights of the columns range from 50 ms (~60 m) to 270 ms (~310 m)
while their widths range between 70 to 180 m.

Set 1 columns occur within Cenozoic strata (Figure 3). The lower terminus of the columns, referred to
as the bases or roots, terminate along the Top Hammerhead horizon whereas their upper terminus
terminates at varying levels within the Cenozoic sequence, the shallowest of which terminate along
the seafloor. Furthermore, out of the 703 set 1 columns, the root of 588 columns (84%) is associated

with the upper tip of underlying normal faults within the Hammerhead Supersequence.
4.1.2. Spatial Distribution

The Cenozoic columns are documented along the study area, however, their occurrence is focused at
the north-western (Area 1) and south-eastern (Area 3) corners of the study area. In Area 1, the
columns have a random spatial distribution whereas in Area 3, they occur in linear trending clusters
with orientations that range between 271-305° (Figure 5, 6). Between the two corners of the study
area, referred to as Area 2, the spatial distribution of the columns is predominantly sporadic; however,

column spatial distribution shows a transitioning to linear clusters towards the southeast of this area.

4.2. Set 2 (Hammerhead) Columns

4.2.1. Seismic Expression

Of the 1541 columns, 806 (54%) are identified to be set 2 columns. The occurrence of set 2 columns
within the Hammerhead Supersequence is restricted to ~400 ms (485 m) beneath the Top
Hammerhead horizon. Set 2 columns are predominantly manifested as vertical columns of upward
deflected seismic reflectors that have higher amplitudes than the adjacent, undisturbed reflectors
(Figure 3). Similar to the Cenozoic columns, the Hammerhead columns have variance values of at
least 0.5 compared to background variance values of 0.01. The upper terminus of these columns is
along the Top Hammerhead horizon while their roots terminate at varying depths within 400ms (~485
m) below the aforementioned horizon. Column heights range from 120 — 400 ms (140 - 485 m), and
have a similar widths as those of the Cenozoic columns (70 — 180 m). Like the Cenozoic columns,
upper tips of normal faults within the Hammerhead Supersequence underlie the base of 670 (83%)
Hammerhead columns.

4.2.2. Spatial Distribution

The spatial distribution of Hammerhead columns along the study area is similar to those of the
Cenozoic columns. The Hammerhead columns have a sporadic spatial distribution in Area 1 and

cluster in linear trends with orientations between 271-305° in Area 3 (Figure 5,6). Within Area 2, the

131



Chapter 4 Paleo-Focused Fluid Flows in the Great Australian Bight

spatial distribution of the columns transition from having a random spatial distribution in the
northwest of this region to linear trending clusters to the southeast.

4.3. Set 3 (Top Tiger) Columns

4.3.1. Seismic Expressions

A total of 32 (2%) columns were identified within the Tiger Supersequence, occurring at depths
restricted to ~450 ms (600 m) below the interpreted Top Tiger Horizon, which translates to between
1000 to 1450 ms (1200 — 1800 m) below the seafloor. They are imaged as vertical zones of
discontinuous and or convex upward seismic reflectors (Figure 4). Heights of the columns range from
150 ms (200 m) to 450 ms (600 m) with the upper tips of the columns terminating against the Top

Tiger horizon.

4.3.2. Spatial Distribution

Of the 32 columns, 23 are identified within Area 1 of the study area and 9 occur in the northern corner

of the survey. No spatial distribution trends are observed with the Tiger columns.
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Figure 4: Set three columns identified along the Top Tiger horizon. (Figure not oriented with North
at the top.)
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4.4. Faults Underlying Set 1 and Set 2 Columns

Normal faults are observed to underlie the Cenozoic and Hammerhead columns. Like the column’s
spatial distribution trends, the predominant type of extensional faults within the Hammerhead
Supersequence varies within the study area. Faulting in the Hammerhead Supersequence
predominantly consists of polygonal faults in Area 1 and normal faults (referred to as primary faults)
in Area 3. The predominant fault type in Area 2 shows a transition from polygonal faults in the

northwest to primary faults in the southeast.

4.4.1. Polygonal faults in Area 1

In Area 1, faulting within the Hammerhead Supersequence is predominantly polygonal faults with
interspersed primary faults (Figure 5). The polygonal faults are characterised by variable strike
orientations, and their vertical extent is stratigraphically constrained within the Hammerhead
Supersequence; they do not extend into the overlying Cenozoic sequence nor the underlying Tiger
Supersequence (Cartwright and Dewhurst, 1998). Polygonal faults develop in layers, also known as
tiers, and the individual faults can be categorized by their ‘order’, referring to the number of tiers the
faults extend across (Cartwright, 1994). In this survey, two tiers, and two orders of polygonal faults
were identified. First order faults are defined as those that are vertically constrained within individual
tiers, while second order faults are those that extend across both tiers. The fault throws range between
7 and 21 ms (~9 — 25 m).

Three primary faults, along with associated synthetic and antithetic faults (referred to secondary
faults), were interpreted in Area 1. These primary faults extend from the top of the Hammerhead
Supersequence down through the Tiger and White Pointer Supersequences to sole out along a
decollement surface within the Blue Whale Supersequence. The primary faults have an average strike
orientation of 315° and throws that range between 31 to 87 ms (37 — 115 m) within the Hammerhead

Supersequence.
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Figure 5: From Area 1 in Fig 3. (a) Variance attribute extract along the Top Hammerhead horizon

highlighting columns. (b) Variance Time slice at 3750ms highlighting polygonal faulting within the

Hammerhead Supersequence. (c) Sketch that overlies the identified columns from (a) with underlying

fault strikes from (b). Seismic cross section (d) with and (e) without interpretations, illustrating the

polygonal faults and columns. (Figure not oriented with North at the top.)

4.4.2. Primary Faults in Area 3

Faults in Area 3 are predominantly primary faults with associated synthetic and antithetic secondary

faults; however, the primary faults in this area show prominent listric characteristics (Figure 6). A

total of 27 primary faults were interpreted in this area. Seven (7) of the interpreted primary faults have

similar vertical extents as those interpreted in Area 1, extending from the top of the Hammerhead

Supersequence down through the Tiger and White Pointer Supersequences to sole out along a

detachment surface within the Blue Whale Supersequence. The remaining 20 primary faults are
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stratigraphically constrained to occur within the Hammerhead Supersequence, whereby they extend
from the top of the supersequence and sole out along the top of the Tiger Supersequence. The
secondary faults similarly occur within the Hammerhead Supersequence only. They do not intersect
the Top Hammerhead horizon nor do they extend down to the detachment surface along the top of the
Tiger Supersequence. Primary faults in this area have strike orientations that average 280° and throws

that range between 63 to 280 ms (75 — 360 m) within the Hammerhead Supersequence.
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Figure 6: From Area 3 in Fig 3. (a) Variance attribute extract along the Top Hammerhead horizon
highlighting columns. (b) Variance Time slice at 3800ms highlighting primary faults with secondary
faults within the Hammerhead Supersequence. (c) Sketch that overlies the identified columns from (a)
with underlying fault strikes from (b). Seismic cross section (d) with and (e) without interpretations,
illustrating the faults and columns. (Figure not oriented with North at the top.)
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4.4.3. Faults in Area 2

The predominant fault type within the Hammerhead Supersequence in Area 2 shows a gradual change
from the northwest to the southeast (Figure 7). To the northwest, faulting consists predominantly of
polygonal faults. Dimensions of the polygonal faults are similar to those described in section 4.4.1
above. We then observe an increase in the number of primary faults towards the southeast of Area 2

that show increasing listric characteristics.

A total of 6 primary faults were interpreted in this area. These faults extend from the top of the
Hammerhead Supersequence, down through the Tiger and White Pointer Supersequences to sole out
within the Blue Whale Supersequence. The primary faults have an average orientation of 300° and
have throws that range between 45 to 145 ms (56 - 185 m) within the Hammerhead Supersequence.
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Figure 7: From Area 2 in Fig 3. (a) Variance attribute extract along the Top Hammerhead horizon
highlighting ‘columns’. (b) Variance Time slice at 3664 ms highlighting polygonal, primary and
secondary faults within the Hammerhead Supersequence. (c) Sketch that overlies the identified
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columns from (a) with underlying fault strikes from (b). Seismic cross section (d) with and (e) without

interpretations, illustrating the faults and column. (Figure not oriented with North at the top.)

5. Discussion

We document columnar seismic anomalies along the top 400 ms (485 m) of the Hammerhead
Supersequence and within the Cenozoic sequence along the southwestern edge of the Ceduna 3D
survey area. Based on the column-like morphology of these features, they could be interpreted to be
either dissolution pipes or fluid escape pipes. Dissolution pipes form by dissolution of rocks at depth
to form subsurface cavities that subsequently result in a collapse pipe, whereas fluid escape pipes are
conduits of vertically migrating fluids that are commonly associated with naturally seeping or
overpressured fluid sources (Cartwright et al., 2007). Dissolution pipes are likely to occur within host-
rocks that can undergo Kkarstification or are dissolvable, such as evaporates and carbonates (Cartwright
et al., 2007). While the Cenozoic Dugong Supersequence consists of carbontes, the underlying
Wobbegong and Hammerhead Supersequences are predominantly siliclastic, within which dissolution
pipes are not able to form. Given that 54% of the identified columns occur within the Hammerhead
Supersequence, it is unlikely that the columns are dissolution pipes. We thus interpret them to be fluid
escape pipes. Fluid escape pipes represent the manifestation of focused fluid flows on seismic data.
They are often described as zones of increased permeability through which fluids are transported at
faster rates than they would have through the undeformed host rock (Leduc et al., 2013; Lgseth et al.,
2011). The chaotic or distorted nature of the seismic reflectors within the fluid escape pipes can be
attributed to variations in velocity between them and the surrounding sedimentary rocks (Cartwright
et al., 2007; Laseth et al., 2011).

The increased seismic amplitudes of the fluid escape pipes relative to the surrounding host rock
indicates a contrast in acoustic impedance between them. Amplitude anomalies within fluid escape
pipes are often associated with the presence of low velocity fluids such as hydrocarbons, or zones of
cementation that resulted from localized diagenesis during fluid migration (Moss and Cartwright,
2010).

Fluid escape pipes are recognized as pathways of focused fluid venting from underlying source
regions (Cartwright and Santamarina, 2015). Judd and Hovland (2007) indicate that the occurrence of
focused fluid flows can range from high energy, explosive events to low energy, gentle events which
may or may not result in a surficial expression of fluid expulsion. Fluid expulsion along a surface
often results in crater-like depressions known as pockmarks, or paleo-pockmarks if they have been
buried and preserved; however, they do not provide information on the rate or amount of fluids that

have been expelled (Andresen, 2012; Cartwright et al., 2007). No pockmarks were identified to
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overlie the fluid escape pipes documented in this study, suggesting that fluid expulsion which formed

the fluid escape pipes was of low energy.
5.1. Evidence for Fault Controlled Focused Fluid Flow

The spatial distribution of Cenozoic and Hammerhead fluid escape pipes documented in this study
changes within the study area, from having a random spatial distribution in Area 1 (in the northwest)
to occurring in linear clusters in Area 3 (in the southeast)(Figure 5a, 6a). We also observe a change in
the pre-dominant fault type within the Hammerhead Supersequence along the study area; varying
from polygonal faults in the Area 1 to primary faults in Area 3 (Figure 5b, 6b). The apparent
correlation between the spatial distribution of fluid escape features and pre-dominant fault type along
the study area, together with the observation that each fluid escape pipe overlies the upper tip of an
extensional fault within the Hammerhead Supersequence, suggests that the faults and fluid escape
pipes are spatially linked. A variance attribute extract from a 100 ms time window below the Top
Hammerhead horizon shows the spatial overlap between Hammerhead fault strikes and locations of
fluid escape pipes (Figure 5c, 6¢). This observation supports our interpretation that the faults and fluid
escape pipes are spatially linked.

To further demonstrate the spatial link between fluid escape pipes and underlying faults, we utilize
spatial statistics to quantify the change in spatial distribution trends of fluid escape pipes between
Area 1 and Area 3 (Figure 8). Two 7 by 7 km areas (referred to as ‘grid A1’ and ‘grid A3”) with
spatial distributions of fluid escape features that are representative of those in Area 1 and Area 3 were
identified and used for spatial statistics analysis (Figure 5a, 6a). We define three search radii (r) of
1.5, 2.5 and 3.5 km that sufficiently sample fluid escape pipes within each grid. At grid A1, 74
alignments were identified when r is 3.5 km, 15 alignments when r is 2.5 km and 11 alignments when
ris 1.5 km (Figure 8b, ¢, d). From Rayleigh’s test, p values of 0.8, 3x10~° and 0.2 were calculated
when ris 3.5, 2.5 and 1.5 km respectively. The varying orientations of the alignments identified and
relatively high p-value when r is 3.5 km show that the spatial distribution of the fluid escape features
is random. While relatively low p-values were obtained when r is 2.5 and 1.5 km, it is based on a
limited number of identified alignments that are focused around a smaller cluster of fluid escape

pipes. These p-values are thus not representative of the overall spatial distribution.

At grid A3, 88, 99, and 56 alignments were identified when r is 3.5, 2.5 and 1.5 km respectively
(Figure 8e, f, g). From Rayleighs test, p values significantly lower than 0.01 were obtained for all
search radii. Furthermore, the mean orientation of the alignments are 296°, 297° and 276°, which is
similar to the average primary fault strike orientation of 280°. The low p values and consistency in the
alignment orientations show that it is highly unlikely for the spatial distribution of fluid escape pipes

in Area 3 to be random.
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Figure 8: Spatial statistics analysis for fluid escape pipe distribution in (a) grid Al and (e) grid A3.
Alignments identified for search radii of (b, f) 3.5 km, (c, g) 2.5 km, and (d, h) 1.5 km are displayed.

The results of spatial statistics analysis reinforce our interpretation of a spatial link between the fluid
escape pipes and underlying faults. The random spatial distribution in Area 1 can be attributed to the
variable strike orientations of the underlying polygonal faults whereas the linear trends in Area 3 can
be attributed to the underlying primary faults.
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The spatial link between the fluid escape features and the Hammerhead faults that underlie them
suggest that the faults had acted as fluid migration pathways. Similar interactions between faults and
fluids have been documented in various regions across the globe. In the Lower Congo basin, Gay et
al. (2007) documented fluid escape features within elongated fault depressions along the seabed. The
faults are interpreted to have acted as migration pathways for fluids from reservoirs at least 800 m
below the seafloor. In the Hammerfest Basin of the Barrents Sea, regional subsurface faults were
identified to act as migration avenues for thermogenic fluids from Jurassic hydrocarbon reservoirs to

shallower Paleocene strata (Ostanin et al., 2013).

Establishing the timing of fluid escape pipe formation would provide information on the periods of
fluid migration, which could then be used to identify a potential source of fluids (Andresen, 2012).
Given the spatial link between fluid escape pipes and Hammerhead faults, it is critical to understand
the fault growth history and its development as fluid migration conduits in order to determine the
timing of fluid escape pipe formation.

5.2. Fault Development as Migration Pathways

5.2.1. Primary Faults

The primary faults are documented within the Hammerhead Supersequence along the ‘south-western
edge of the study area and are the predominant fault type in Area 3 (Figure 3). The upper tips of these
faults terminate along the unconformity surface that marks the top of the Hammerhead
Supersequence, and their bases sole out along either of two identified detachment surfaces; one within
the Blue Whale Supersequence (referred to as Type A faults), and the other along the top of the Tiger
Supersequence (referred to as Type B faults). A third set of normal faults were identified in the
stratigraphic sequences that underlie the Hammerhead Supersequence (referred to as Type C faults).
The upper tips of these faults terminate along the top of the Tiger Supersequence and they extend
down through the Tiger and White Pointer Supersequences to sole out along a detachment surface
within the Blue Whale Supersequence. Several studies have indicated that the Type A and Type B
faults identified in this study formed during the Late Cretaceous, between the Santonian and
Maastrichtian, whereas Type C faults developed during the Mid Cretaceous, between the Cenomanian
to Santonian (Totterdell and Bradshaw, 2004; Krassay and Totterdell, 2003; Kovacevic et al., 2015;
Macdonald et al., 2012).

Detailed studies on primary fault nucleation and development within the Ceduna Sub-Basin have
recently been undertaken by Robson et al. (2017) and Ryan et al. (2017). These faults were studied
using displacement-distance, displacement-depth and expansion index analysis to develop fault
growth profiles. Results of their studies identified three types of growth histories for Type A faults;

(a) continuous propagation of Type C faults from their nucleation in the Cenomanian through to the
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Maastrichtian; (b) reactivation and propagation of Type C faults during the Maastrichtian with a
period of halted development between the Turonian and early Campanian; (c) nucleation and growth
of Type B faults within the Hammerhead Supersequence that dip-linked with Type C faults by the late
Maastrichtian. Ryan et al. (2017) suggested that Type A faults within the study area predominantly
developed through dip-linking between Type B and Type C faults (Figure 9). Based on the results of
these studies, we also interpret that although Type B and Type C faults are not observed to be dip-
linked on seismic data within this study, it is possible that there is a connection between the upper tips

of Type C faults and the bases of the Type B faults that is below the seismic resolution threshold.

Nucleation of Late Cretaceous Nucleation of secondary

e Present Day
Hammerhead s Type B Fault . antithetic faults

- Basinward
—*\\ _Thickening

~| ~13km
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Type A Fault ~

Figure 9. lllustrated growth history and fault plane interaction between the Cenomanian-Santonian

Type C Fault = Fault Dip Linkage

Type C faults and the Santonian-Maastrichtian Type B faults. Modified from (Robson et al., 2017).

5.2.2. Polygonal Faults

Polygonal faults are defined as arrays of layer-bound extensional faults with varying fault strike
orientations that form within fine-grained stratigraphic intervals (Cartwright et al., 2003). The
mechanisms by which polygonal faults form are poorly understood and a topic of ongoing debate.
Studies have proposed several models for their formation including gravity collapse, density
inversion, syneresis and dehydration of water bearing minerals (Cartwright and Dewhurst, 1998;
Cartwright et al., 2003; Seebeck, 2015).

In this study, we document a polygonal fault system that consists of two tiers and with two ‘orders’ of
faults within the Hammerhead Supersequence. The polygonal faults occur predominantly in Areas 1
and 2 of the ‘study area’ (Figure 3). Their locality along the distal most part of the survey is
interpreted to be due to the basin-ward increase in clay content within the Hammerhead
Supersequence (King and Mee, 2004; Krassay and Totterdell, 2003). These faults do not propagate
into the overlying Cenozoic sequence nor the underlying Tiger Supersequence and are interpreted to
have formed at the end of the Cretaceous. As was discussed with Type B and Type C listric faults, it
is possible that the lower tips of the polygonal faults are linked with the upper tips of the Type C

faults and that the linkage between them is below seismic resolution.
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5.3. Migration Pathways

Primary and polygonal faults within the Hammerhead Supersequence are interpreted to have
developed during the Campanian and Maastrichtian of the Late Cretaceous. The fluid escape pipes
documented in this study occur within the Cenozoic sequence and the top 400 ms (485 m) of the
Hammerhead Supersequence. This observation leads us to interpret that the faults had developed as
fluid migration pathways by the end of the Cretaceous. This is supported by the lack of fluid escape
features identified within the Hammerhead Supersequence at depths deeper than 400 ms (485 m)
below the Top Hammerhead horizon. The primary faults and polygonal faults had nucleated and
developed within the Hammerhead Supersequence between the Santonian and Maastrichtian. Had
there been fluid migration during their initial development, we would expect to observe fluid escape
pipes at varying depths within the Hammerhead Supersequence.

5.4. Fluid Source

As previously discussed, primary and polygonal faults within the study area are interpreted to have
developed as fluid migration pathways by the end of the Cretaceous. The formation of fluid escape
pipes overlying the upper tips of the faults indicates that they formed after fault development.
Furthermore, we also observe that the upper tips of the fluid escape pipes terminate at varying depths
within the Cenozoic sequence. This suggests that fluid expulsion and fluid escape pipe formation
persisted from the Late Cretaceous through to the Cenozoic, though poor age control within the
Cenozoic sequence precludes more precise constraints on their age. Similar deductions for continuous
or episodic fluid expulsion events were made in offshore Namibia where fluid escape pipes with

upper tips that terminate at varying stratigraphic levels were observed (Moss and Cartwright, 2010).

Type B faults and polygonal faults had nucleated within the Hammerhead Supersequence between the
Campanian and Maastrichtian. Type B faults then dip linked with underlying Type C faults to form
Type A faults. Although not observable on seismic data within this study, the lower tips of Type B
faults and polygonal faults are interpreted to be connected with the upper tips of Type C faults based
on fault growth patterns identified by Robson et al. (2017) and Ryan et al. (2017). Based on these
fault development observations, the fluids that formed the fluid escape pipes are hypothesized to be
sourced from two potential source groups; the Hammerhead Supersequence, or the ‘pre-Hammerhead’

sequences (Mid Cretaceous Tiger, White Pointer and Blue Whale Supersequences).

Samples of the Hammerhead Supersequence that were recovered from Gnarlyknots -1 indicate that
the sequence is sand rich. It could be argued that samples taken at the well are from proximal parts of
the basin and that in the distal parts of the basin, the sedimentary rocks would have higher clay

content, evidenced by the presence polygonal faults. Clay minerals such as smectite may be altered to
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illite through diagenesis and will release water in this processes, thus making it a possible source of

fluids for fluid escape pipe formation (Hall et al., 1986).

Alongside the primary faults within Area 3, secondary synthetic and antithetic faults are also
identified within the Hammerhead Supersequence. These secondary faults are contained within the
Hammerhead Supersequence and do not intersect the Top Hammerhead horizon nor do they extend
down to the detachment surface along the top of the Tiger. If the Hammerhead Supersequence was a
source of fluids, we would expect to observe a higher degree of association between the fluid escape
features and the secondary faults. The fluid escape features are instead predominantly associated with

Type A and Type B primary faults which are linked to deeper stratigraphic sequences (Figure 6).

In Area 1, faults within the Hammerhead Supersequence are predominantly polygonal faults. While
mechanisms that forms polygonal faults are still poorly understood, these faults are often associated
with fluid expulsion during their formation due to the dewatering of clay minerals (Cartwright, 1994;
Cartwright and Dewhurst, 1998; Gay et al., 2004). It could be then be argued that the fluid escape
pipes that overlie the polygonal faults were a result of fluid expulsion during fault formation;
however, the fluids expelled during polygonal fault formation generally migrate through diffusive
flow mechanisms as opposed to focused fluid migration (Berndt et al., 2003; Cartwright and
Lonergan, 1996). Diffusive fluid flow is a low flux fluid migration process that does not form fluid
escape features such as fluid escape pipes or pockmarks (Berndt, 2005; Judd and Hovland, 2007).
Wang et al. (2010) further indicate that the low permeability and strong capillary forces of fine
grained sediments make are it unlikely for fluids to be expelled are rates sufficient to form fluid

escape features.

Based on the observations and analysis made in this section, we rule out the hypothesis that the fluids
which formed the fluid escape pipes are sourced from the Hammerhead Supersequence and are

instead interpreted to be sourced from the Tiger, White Pointer or Blue Whale Supersequences.
5.5. Fluid Composition

Whilst we hypothesise that the observed fluid escape pipes had formed from fluids sourced from the
Albian to Coniacian Blue Whale, White Pointer, or Tiger Supersequences, we are unable however, to
determine the fluid composition based on the seismic data observations. Direct measurements or
sample analysis from sedimentary rocks within the fluid escape pipes would be needed to accurately
determine fluid composition. Increased amplitudes of seismic reflectors within fluid escape pipes,
relative to the surrounding reflectors, can be attributed to the presence of hydrocarbons or host rock

alteration by thermogenic fluids (Forrest et al., 2010; Lgseth et al., 2009).
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Numerous studies and surveys conducted within the Ceduna Sub-basin have provided evidence that
favors the interpretation of the fluids sourced from the Blue Whale, White Pointer and basal Tiger
supersequences being hydrocarbons (King and Mee, 2004; Longley et al., 2001). These stratigraphic
sequences have been identified as potentially containing hydrocarbon source rocks within the main
depocenter of the sub-basin (Struckmeyer et al., 2001). Petroleum modelling studies have been
undertaken to determine the timing of generation and expulsion of hydrocarbons from the Blue
Whale, White Pointer, Tiger and Hammerhead Supersequences in the Ceduna Sub-basin
(Struckmeyer et al., 2001; Totterdell et al., 2008). Results from the modelling studies constrained the
timing of hydrocarbon expulsion to be between 95 to 55 Ma for the Blue Whale Supersequence, 80
and 15 Ma for the White Pointer, and 80 to 25 Ma for the basal Tiger Supersequences (Figure 10).
Struckmeyer et al (2001) further suggests that hydrocarbons from phases of expulsions during the Mid
Cretaceous, prior to deposition of the Hammerhead Supersequence, may have been reservoired within
the White Pointer and Tiger Supersequences. The results from the modelling studies are in agreement
with our interpreted timing of fluid migration and fluid escape pipe formation. Type A and type B
faults, along with the polygonal faults, are interpreted to have developed as fluid migration pathways
by the Late Cretaceous, coeval with the hydrocarbon expulsion phases of source rocks within the Blue
Whale, White Pointer and Tiger Supersequences.
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Figure 10: Timing of hydrocarbon expulsion from Mid Cretaceous source rocks. Edited from
Struckmeyer et al. (2001).
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A study by Langhi et al. (2016) documented Cenozoic biogenic mounds that were observed to have
spatial links with Hammerhead Supersequence faults that underlie them, similar to the spatial links
observed between fluid escape pipes and Hammerhead Supersequence faults in this study (Figure 1).
These biogenic mounds overlie the Top Hammerhead horizon and are interpreted to have formed
during the Paleocene to Eocene (Langhi et al., 2016). These mounds do not show any relationship to
paleo-bathymetric highs, and thus Langhi et al. (2016) propose a model whereby the biogenic mound
growth is attributed to hydrocarbon seepage sourced from the Tiger and White Pointer supersequences
that had utilized normal faults, similar to Type A faults of this study, as migration pathways. The
proposed model for biogenic mound growth in Langhi et al. (2016) agrees with our interpretation that
the primary and polygonal faults identified in our study are facilitating migration for fluids sourced

from the Blue Whale, White Pointer and Tiger Supersequences.

A regional model of source rock distribution within the Bight Basin was developed by Struckmeyer et
al. (2001) to assess the source rock potential of the Ceduna Sub-Basin. Geochemical data from 13
wells across the Ceduna, Sub-Basin, Eyre Sub-Basin, Duntroon and Polda Basins were utilized in
developing this model. Analysis of the samples show total organic content (TOC) vales of up to 22%,
with even higher values measured in coals from the samples. Though these samples were taken from
wells along proximal parts of the sub-basin, similar organic rich rocks are suggested to be present
within the main depocenter along the distal region of the Ceduna Sub-basin (King and Meg, 2004;
Struckmeyer et al., 2001).

6. Implications of this study for Hydrocarbon Exploration in the

Ceduna Sub-Basin

The Ceduna Sub-Basin is a frontier exploration region in Australia. Despite undergoing multiple
phases of petroleum exploration since the 1970s, to date, only 5 exploration wells having been drilled
in the sub-basin — four of which are in the proximal margins of the sub-basin (Somerville, 2001;
Strand et al., 2017). Hydrocarbon charge is perceived to be the major exploration risk in the sub basin
(Somerville, 2001). A lack of direct evidence for oil-prone source rocks in the distal regions of the
sub-basin has resulted in exploration focussed along the proximal regions of the sub-basin. Of the five
exploration wells in the sub-basin, two have shown indications of a working petroleum system. Oil
and gas shows were reported from Greenly-1 and low abundance oil filled fluid inclusions were
documented at Gnarlyknots-1 (Strand et al., 2017; Totterdell and Mitchell, 2009).

The results of this study contributes to the existing body of evidence which indicates the presence of a
working petroleum system in the distal regions of the Ceduna Sub-Basin. Our findings show that the

faults along the shelf edge were functional fluid migration pathways that had facilitated the migration
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of potential hydrocarbons from the Mid Cretaceous Blue Whale, White Pointer and basal Tiger
Supersequences to shallower late Cretaceous and Cenozoic intervals. Documentation of fluid escape
pipes with upper terminuses that terminate along the seafloor indicate that it is plausible that the faults
are active fluid migration pathways at present. Although the analysis of this study was based on a
survey that covers only a part of the Ceduna Sub-Basin, the observations and results can be applied to

other regions of the sub-basin to infer the presence of a working petroleum system.

7. Conclusion

We document fluid escape features within the Cenozoic and top 400 ms of the Maastrichtian
Hammerhead supersequence along the southwestern edge of the survey area in the Ceduna Sub-basin.
The fluid escape features overlie the upper tips of normal faults within the Hammerhead
Supersequence and have varying spatial distributions between the north-western and south-eastern
corners of the study area; a sporadic arrangement in the north-western corner and linear trends in the
south-eastern corner. This variation in spatial distribution is reflected in the change of predominant
fault type within the Hammerhead Supersequence that underlie the fluid escape features within the
study area; polygonal faulting to the northwest and listric faults to the southeast. Both the polygonal
and listric faults are interpreted to have facilitated fluid migration and based on their fault growth
histories, they developed as migration pathways by the end of the Cretaceous. The fluids are
interpreted to be hydrocarbons sourced from the Early Cretaceous Blue Whale, White Pointer, and
Tiger Supersequences. Petroleum systems modelling suggests that hydrocarbon expulsion from these
sequences was between 95 Ma to 15 Ma, between the Mid Cretaceous and Mid Cenozoic. The
findings of this study contribute to existing research on better understanding the sub-basins petroleum
prospectivity by identifying potential hydrocarbon migration pathways and potentially reducing

exploration risk in distal parts of the sub-basin.
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3D Seismic analysis of complex faulting
patterns and fluid escape features
associated with late Cenozoic magmatism
in the Bass Basin, offshore southeast

Australia.

Tayallen Velayatham, Simon Holford, Mark Bunch, Rosalind King, Nick Schofield

1. Abstract

Igneous intrusions in sedimentary petroleum basins are often regarded as having a negative impact on
the elements of the petroleum system, though the impact of intrusion-related deformation features on
petroleum systems is not well understood. In this study, we use 3D seismic reflection data to
document a variety of deformation styles associated with igneous intrusions that were emplacement
during late Cenozoic magmatic activity in the Bass Basin, offshore southeastern Australia; three
intrusion associated normal fault systems (conjugate faults, concentric faults, radial faults) and fluid
escape pipes. These deformation features occur within approximately 600 m of the associated with
underlying igneous intrusions and occur within the Late Eocene to Miocene Demons Bluff and
Torquay formations. The conjugate faults bound grabens and are interpreted to have formed in
response to underlying dyke intrusions, whilst the radial faults are interpreted to have formed in
response to overburden uplift from an emplaced, underlying intrusion that could not be identified in
this study. We identify 101 fluid escape features that show variation in both the morphology of their
surficial depressions and of the seismic reflection characteristics of their infilling deposits. These
features are interpreted to be hydrothermal or volcanic vents with underlying pipe-like feeders,
depending on their spatial association with adjacent or underlying igneous intrusions. The concentric
fault systems are associated with surficial depressions, and quantitative analysis of reflector sags

within these depressions suggest that they are a result of subsurface subsidence in response to
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formation of maar-craters. The magmatic-related deformation features documented in this study may
have multiple effects on working petroleum systems, such as providing secondary fluid flow
pathways that can either reduce seal integrity, or enable migration into shallower reservoirs.

2. Introduction

The emplacement of magma within a sedimentary basin can present multiple challenges to
hydrocarbon exploration and production (Schutter, 2003; Senger et al., 2017). For example, igneous
intrusions such as dykes and sills can act as conduits for hydrocarbon fluids if they are fractured and
permeable, though if impermeable, they can act as fluid migration barriers and can cause
compartmentalization of the source or reservoir units (Cartwright et al., 2007; Holford et al., 2012;
Senger et al., 2017). A more well-known impact is conductive and convective heat transfer from
igneous intrusions within a source rock unit could induce hydrocarbon generation to result in source
rock maturation or even over-maturation (Othman et al., 2001; Schofield and Totterdell, 2008).
Igneous intrusions can also indirectly degrade the quality of potential hydrocarbon reservoir rocks.
High temperature (>200° C)hydrothermal fluids that are derived from igneous intrusions or generated
from heat transfer between igneous intrusions and subsurface fluids can be highly mineralizing and
precipitate as cement when mobilizing through sedimentary rocks, thus reducing reservoir porosity
and permeability of reservoir rocks (Holford et al., 2012; Parnell et al., 2005). In addition to the
impacts on fluid flow properties of host rocks, magma intrusions can also have deleterious effects on
the quality of seismic reflection data. For example, velocities of igneous intrusions (5.5 — 6.5 km/s)
are often high relative to velocities of the surrounding host sedimentary rock (~3 km/s) (Senger et al
2017). These high velocity contrasts can result in distortions of underlying seismic reflectors, making
it difficult to interpret both the intrusions and underlying strata (Jackson et al., 2013; Reynolds et al.,
2018).

Subsurface magma transport and emplacement often results in deformation of the surrounding and
overlying host rock, with the spectrum of deformation features encompassing calderas, fluid escape
pipes, maar-diatremes, or forced folding of overburden. Deformation associated with the
emplacement of igneous intrusions can have an array of impacts on the elements of a petroleum
system (Holford et al., 2012). For example, igneous intrusions can be associated with the superheating
of pore fluids within adjacent host rocks, resulting in overpressure generation, sediment fluidization or
even sediment dissolution. These processes can result in subsurface focused fluid migration and
expulsion (Jamtveit et al., 2004; Sun et al., 2013). Interaction of igneous intrusions with water in the
near surface can also result in phreatomagmatic explosions, which in turn can lead to the formation of
collapse structures such as calderas and maar-diatremes (Boyce, 2013; Schulz et al., 2005). These

igneous intrusion associated collapse structures can form with complex fault systems that are
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potentially able to influence subsurface fluid dynamics by providing fluid migration pathways
(Reynolds et al., 2018; Schulz et al., 2005). Emplacement of igneous intrusions such as sills in the
subsurface can result in structural deformation of the overburden to form forced fold structures that
have the potential to act as hydrocarbon traps (Jackson et al., 2013; Schmiedel et al., 2017; Schutter,
2003). For instance, the Benbecula South well in the Rockall Basin of the United Kingdom discovered
gas in a domal structure that was interpreted to have formed as a result of an underlying igneous
emplacement (Schofield et al., 2018). As an igneous intrusion is emplaced into the host rock, the
overburden can be uplifted in response to elastic bending to form domes with geometries that are
similar to the underlying intrusion (Jackson et al., 2013; Schmiedel et al., 2017). While the impact of
magmatic emplacements on petroleum systems have been the focus of numerous studies, there is less
understanding of the impact of intrusion associated structural deformation features on petroleum

systems.

The Bass Basin is a Cretaceous-Cenozoic failed rift basin located offshore south-eastern Australia.
The basin contains a rich record of Cenozoic magmatism, manifested by synrift Paleocene lava flows
and igneous sills, as well as post-rift Oligocene to Miocene submarine monogenetic volcanoes (Blevin
et al., 2003; Reynolds et al., 2018; Watson et al., 2019). The basin is moderately explored with 45
wells drilled, 36 of which are exploration wells (Blevin et al., 2005) . Of the 36 exploration wells, 25
(55%) have encountered igneous lithologies in the subsurface (Watson et al., 2019). Extensive studies
have been undertaken to understand the spatial distribution, emplacement mechanisms, seismic
expressions and impact on petroleum systems of igneous intrusions within the Bass Basin (Blevin et
al., 2003; Holford et al., 2012; Holford et al., 2017; Reynolds et al., 2018; Watson et al., 2019). Whilst
the extrusive and intrusive components of this magmatism have been studied in relation to their
impacts on petroleum systems, there has been comparatively little investigation of the potential
impacts of deformation associated with igneous intrusions on hydrocarbon exploration and
development. In this study, we document a broad array of intrusion induced overburden deformation
features in the Bass Basin using 3D seismic data. We investigate the genesis and evolution of the
overburden deformation features by analysing the variations in their morphology and spatial
associations with interpreted underlying igneous intrusions within the study area. We also discuss the
potential impact of these intrusion induced overburden deformation features on petroleum systems

and hydrocarbon exploration in the region.
3. Geological Setting

The Bass Basin is located in the Bass Strait between Victoria and Tasmania, in the eastern part of
Australia’s rioted southern continental margin (Fig 1). It represents the failed arm of a rift system that

developed primarily through three phases. The first phase occurred during the Late Jurassic to Early
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Cretaceous as a part of the Southern Margin Rift System which initiated the separation between
Australia and Antarctica (Cummings et al., 2004; Stagg et al., 1999). The second phase of rifting
occurred during the Late Cretaceous to Early Paleocene, when rift systems developed along
Australia’s eastern margin, culminating in the formation of the Tasman Sea (Cummings et al., 2004;
Hill et al., 1995). The third phase of rifting initiated in the Late Cretaceous, coeval with initiation of
the second phase, along the Tasman Fracture Zone to the west (Blevin et al., 2003; Cummings et al.,
2004). Structurally, the Bass Basin is characterized by a system of NW-SE trending half grabens,
three of which have been defined as the deepest depocenters in the basin. These are the Cormorant,
Yolla and Pelican troughs (Blevin et al., 2003; Holford et al., 2012).

The ages of sedimentary rocks in the Bass Basin ranges from Early Cretaceous to recent (Fig 1)
(Blevin et al., 2003). We use formation nomenclature developed by Lennon et al. (1999) to describe
the stratigraphic succession in the basin. Synchronous with the first phase of extension, Early
Cretaceous sediments of the Otway Group were deposited during a period of slow subsidence (Blevin
et al., 2003). This unit unconformably overlies the basement, and consists primarily of fluvial channel
sands and volcanogenic sediments with minor deposits of coaly floodplain shales (Blevin et al., 2005;
Lennon et al., 1999). The Otway Group is overlain by a thick sequence of interbedded sandstones,
siltstone and coals that were deposited in fluvio-deltaic and lacustrine environments (Lennon et al.,
1999). This sequence is known as the Eastern View Coal Measures (EVCM) and can further sub-
divided into three sub-sequences, the Upper, Middle and Lower EVCM, based on intra-formational
unconformities (Lennon et al., 1999). The Demon’s Bluff Formation overlies the EVCM sequence,
and comprises carbonaceous shales and siltstones. Deposition of these finer grained sediments reflects
a change in depositional environment to increasingly marine conditions following a regional marine
transgression (Lennon et al., 1999). Subsequent rise in sea level during the Late Oligocene led to
deposition of the Torquay Group in an open marine setting. This unit comprises calcareous shales at

its base that grade upward into bioclastic limestones (Blevin et al., 2005; Lennon et al., 1999).
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Figure 1: Location of the Labatt 3D seismic survey within the Bass Basin, along with a representative
stratigraphic column and seismic cross-section. Also defined are the interpreted horizons and seismic
sequences.

Intrusive and extrusive igneous rocks are prevalent within the sedimentary sequences of the Bass
Basin with evidence of multiple phases of magmatic activity (Blevin et al., 2003; Holford et al.,
2012). Igneous rocks encountered within the Bass Basin can be broadly grouped into three categories
based on their methods of emplacement; submarine volcanic rocks, igneous intrusions, and subaerial
volcanic rocks (Watson et al., 2019). The oldest volcanic rocks encountered within the basin are Early
Cretaceous volcaniclastic rocks within the Otway Group sequence (Holford et al., 2012). These
volcanoclastic rocks are interpreted to have been sourced from basaltic volcanism near the
Hawkesdale area of Western Victoria or ignimbritic volcanoes along the Lord Howe Rise to the east
of the Bass Basin (Blevin et al., 2003; Watson et al., 2019). Upper crustal extension associated with
rifting in the Tasman Basin to the east of the Bass Basin during the Mid Cretaceous resulted in the
deposition of igneous flows, mounds and cones within the Bass Basin, predominantly within the
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Durroon Sub-basin (Blevin et al., 2003). The Durroon-1 well within the Durroon Sub-basin
encountered a thick (>100 m) succession of highly altered olivine basalt with interbedded clastic
sediments overlying the Mid Cretaceous Otway Group sequence (Blevin et al., 2003). A subsequent
phase of igneous activity occurred during the Late Cretaceous to Early Paleogene which resulted in
deposition of extrusive volcanic material as well as the emplacement of igneous intrusions in the
central and northern parts of the Bass Basin, synchronous with deposition of the Middle EVCM
sequence (Holford et al., 2012). Fourteen exploration and appraisal wells in the Bass Basin, including
Bass-1, Yolla-1 and Cormorant-1, have intersected extrusive basaltic flows and igneous sills within
the EVCM formation (Blevin et al., 2005; Holford et al., 2012; Watson et al., 2019). The Aroo-1 well
located on the northern flank of the Yolla Trough encountered over 500 m of stacked subaerial lava
flows and volcanoclastic rocks with interbedded thin (< 1 m) siltstones and sandstones within the
Middle EVCM whereas the Flinders-1 well encountered a 64 m thick dolerite intrusion within the
same stratigraphic sequence (Watson et al., 2019). The latest and most recent phase of igneous
activity within the Bass Basin occurred during the Oligocene to Miocene (Blevin et al., 2003). This
phase saw widespread formation of intrusive and extrusive volcanic features, including submarine
volcanos, volcanoclastic deposits, lava flows, dykes and sills, across the basin at varying stratigraphic
levels (Holford et al., 2012; Reynolds et al., 2018; Watson et al., 2019). Extrusive volcanic mounds
and vents that developed during this phase of magmatic activity can be observed on seismic data
within the central and north-western regions of the Bass Basin. Miocene volcanic rocks encountered
by Bass-1, Tilana-1 and Yolla-1 wells within the central part of the basin consist of balastic flows and
weathered pyroclasts (Blevin et al., 2003; Reynolds et al., 2018; Watson et al., 2019). Miocene aged
igneous intrusions, with thicknesses up to 150 m, have also been identified within the Late Cretaceous

to Early Eocene sections of the EVCM sequence (Blevin et al., 2003).

The Bass Basin is a moderately explored basin with 45 wells (36 exploration wells) drilled since
1965, by which there have been four commercial fields discovered; the Yolla, White Ibis, Pelican, and
Treefoil fields with Yolla being the only producing field at present (Blevin et al., 2005; Watson et al.,
2019). Numerous other wells across the basin have identified gas shows within the Late Cretaceous to
early Cenozoic EVCM succession, indicating the presence of a working petroleum system (Blevin et
al., 2005). Regionally, fluvio-deltaic sediments of the Upper EVCM succession are recognized as a
hydrocarbon reservoir unit with Paleocene to Early Eocene coals from the underlying Middle EVCM
succession as source rocks (Boreham et al., 2003; Cummings et al., 2002). The Demon’s Bluff
formation that overlies the EVCM sequence acts as a regional seal (Boreham et al., 2003; Cummings
et al., 2002).
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4. Data and Methodology

This study uses the Labatt 3D seismic survey which was acquired in 2008 and is located in the
Cormorant Trough to the northeast of the Bass Basin. The data is time-migrated with in-line and
cross-line spacings of 12.5 and 25 m respectively, and has a record length of 6 seconds two-way travel
time (TWT). The quality of seismic data however, deteriorates rapidly below 2 s TWT and does not
allow for data interpretation below this depth. The seismic data has a reverse SEG (“European”)
polarity, where an increase in acoustic impedance is represented by a trough. The intervals of interest
to this study are the EVCM, Demon’s Bluff and Torquay sequences. These sequences are between 0.4
to 1.5 s TWT, with dominant frequencies ranging from approximately 50 to 35 Hz respectively.
Wireline log data from three wells within the study area (King-1, Comorant-1, and Craigow-1), were
used to constrain stratigraphic interpretations, calculate seismic resolution and perform time to depth
conversions. Using velocities from wells within the study area and the quarter-wavelength criterion,

vertical seismic resolution is estimated to range between 10 to 25 m within the interval of interest.

Five seismic horizons, including the seafloor, were interpreted in this study (Fig 1). After the seafloor,
the shallowest surface interpreted is a peak reflection within the Torquay succession which is referred
to as the Mid Miocene (MM) horizon. Reynolds et al. (2018) had identified two surfaces that bound a
stratigraphic sequence within which igneous vents are identified in the Labatt 3D survey. These two
surfaces occur within the Torquay Group and two horizons were interpreted in this study based on the
surfaces identified by Reynolds et al. (2018). The two horizons are referred to as the Top Volcanic
(TV) and Base Volcanic (BV) horizons. The deepest interpreted horizon is a peak reflector within the
upper EVCM and is referred to as the Intra-EVCM horizon.

We define a number of seismic sequences that are bounded by the interpreted seismic horizons. The
shallowest sequence, bound by the seafloor and MM horizon, is referred to as the ‘Late Cenozoic’
sequence. The seismic facies of this sequence consists of relatively flat-lying, parallel reflectors with
low to moderate amplitudes. The sequence bound by the MM and TV horizons is referred to as the
‘Post-Volcanic’ sequence. Similar to the Late Cenozoic sequence, the seismic facies of this sequence
consists of flat-lying, parallel reflectors with low to moderate amplitudes. The upper half of this
sequence contains polygonal faults that do not extend above the MM horizon (Fig 1). While the
seismic reflectors within the upper half of this sequence are clearly imaged, imaging quality of the
lower half is poor, making reflector interpretation within this zone difficult (Fig 1). The sequence
bound by the TV and BV horizons is referred to as the ‘Syn-Volcanic’ sequence. The seismic
expression of this sequence is of moderate amplitude parallel reflectors that also contains volcanic
mounds and vents as identified by Reynolds et al. (2018). The seismic sequence bound by the BV and
Intra-EVCM horizons is referred to as the ‘Pre-Volcanic’ sequence. This sequence consists of the

Lower Torquay Group, the Demon’s Bluff Formation, and the upper part of the EVCM sequence.
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Seismic amplitudes of reflectors within the Pre-Volcanic sequence vary. Seismic reflectors at the top
of the Lower Torquay Group are laterally continuous and have moderate amplitudes; however the
seismic signal-to-noise ratio deteriorates with depth. A laterally continuous and high amplitude
seismic reflector (relative to the overlying and underlying seismic reflectors) at the base of the Lower
Torquay Group marks the top of the Demon’s Bluff Formation. Seismic reflectors of the Demons
Bluff Formation and the upper part of the EVCM sequence within the Pre-Volcanic sequence are
laterally continuous with low seismic amplitudes. The sequence underlying the Intra-EVCM horizon
is referred to as the ‘Intra Eastern View Coal Measure (Intra-EVCM)’ sequence. This sequence
comprises parallel reflectors of moderate amplitude strength with anomalous high amplitude

reflection events across the survey area.

Several seismic attributes were used to highlight features of interest in this study. Structural features
in the seismic data are accentuated and identified using a variance attribute which highlights and
quantifies lateral discontinuities along a seismic reflector within a time window (Marfurt et al., 1998).
Root-mean-square (RMS) amplitudes were calculated to highlight lateral variation in seismic reflector
amplitudes (Chopra and Marfurt, 2007). It should be noted that this attribute quantifies both troughs
and peaks as a positive number, which means it does not differentiate between increases and
decreases of a similar scale in acoustic impedance. The nature of RMS amplitude anomalies should be
verified by interpreting the polarity of the reflection events causing them on ‘raw’ amplitude seismic
cross-sections. We also use isochron mapping that measures the time thickness of a seismic sequence
bound by two selected horizons. Spectral decomposition, an imaging method that isolates and
combines discrete frequency bands of seismic time series data, was used to highlight stratigraphic
features (Partyka et al., 1999).

5. Overburden Deformation Features

Extrusive volcanic features, such as volcanic mounds and lava flows, are prevalent within the Syn-
Volcanic sequence of the Labatt 3D seismic survey, particularly along the north-eastern edge of the
survey area. Reynolds et al. (2018) has documented these submarine volcanic features in detail, thus

we do not discuss these features in study.

We identify and categorize four predominant types of feature in this study; sub-vertical linear

columns with overlying conjugate faults, radial faults, surficial depressions and concentric faults.
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5.1. Sub-Vertical Linear Columns with Overlying Conjugate Faults

Variance time slices between 1.2 to 1.8 s TWT reveal thirteen sub-vertical linear columns within the
Intra-EVCM sequence (L1-13) (Fig 2). These features have higher variance values (~0.3-0.8) relative
to the surrounding host rock (~0.05). The length of these features range from 2.7 to 16 km with
orientations between NNW-SSE to NE-SW. On seismic cross sections, they are imaged as columns of
upward deflected seismic reflectors with thicknesses between 100 to 200 m and seismic amplitudes
similar to those of the surrounding seismic reflectors (Fig 2 b,d). The upper tips of these columns
terminate along the Intra-EVCM horizon while the depth at which their bases terminate could not be
determined due to the deterioration of both seismic data quality and resolution with depth. Four of the
sub-vertical linear columns (L1, L2, L9, L10) are overlain by volcanic vents as identified by Reynolds
et al. (2018) (Fig 2c).

The uppermost tips of each sub-vertical linear column are overlain by broadly symmetrical pairs of
conjugate normal faults, i.e. two normal faults that dip toward each other (Fig 2 b,d). The conjugate
faults have maximum throws that range between 10 to 60 m and dips that range between 34° and 53°
with an average dip of 48°. The strike orientation and length of each conjugate fault pair is similar to
those of the sub-vertical linear columns that underlie them.. The basal tips of each conjugate fault pair
appear to intersect and terminate along the Intra-EVVCM horizon at the top of the columnar features.

Upper tips of the conjugate faults appear to terminate either along the TV or MM horizons.
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Figure 2: Variance attribute time-slice within the EVCM sequence (a) with and (c) without

interpretations highlighting linear features. (b) Seismic cross section identifying the linear features

and highlighting conjugate faults (b) and (d) without interpretations.

5.2. Radial Faults Associated With Localised Structural Highs

Four areas of radial faulting, referred to as R1-4 respectively, were identified within the Syn-Volcanic

sequence (Fig 3). Each area of radial faulting is geometrically spherical with diameters ranging from

approximately 5 to 9 km. Within each area of radial faulting, the radial faults are imaged as an array

of faults with strike orientations that are radially symmetrical along a central axis, and thus appear to

‘radiate out’ from a central point. On seismic cross-sections, all four radial fault sets consist of normal

faults forming horsts and grabens (Fig 3c).

The upper tips of the radial faults terminate along the TV horizon whereas the basal tips extend down

to ~150 m below the BV horizon (Fig 3c). R1 appears unique however, in that several (~4) radial

faults appear to extend above the TV horizon and terminate within the zone of polygonal faulting

within the Post-Volcanic sequence. Also unique to R1 is the presence of a concentric fault along the

periphery of the R1 fault set (referred to as the “RC fault”) (Fig 3b). This concentric fault cross-cuts
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several radial faults and has a strike perpendicular to those of the radial faults it intersects. The RC
fault extends from the polygonally faulted section within the Post-Volcanic sequence down to ~220 m
below the BV horizon.

Detailed mapping of the BV surface shows that areas of radial faulting all coincide with local
structural highs. Relative to areas on the BV surface not affected by radial faulting, TWT values along
the BV surface are approximately 120 ms shallower at R1, 65 ms at R2, 80 ms at R3 and 55 ms at R4.
A similar trend of localized structural highs associated with areas of radial faulting is seen for TWT
values along the Intra-EVCM and TV horizons as well. Relative to areas not affected by radial faults
along their surfaces, TWT values at radially faulted areas along the TV surface are between 30 to 130
ms less, whereas TWT values at radially faulted areas along the Intra-EVVCM surface are between 40
to 120 ms less. Along both the TV and Intra-EVCM surfaces, the largest magnitude of structural highs
are located at R1.
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Figure 3: (a) Interpreted TWT Base Volcanics (BV) horizon that highlights areas with interpreted
radial faults (R1-4) and (b) variance attribute extract along Base Volcanics (BV) horizon that
highlights areas with interpreted concentric faults (C1-6). (c) Seismic cross section representation of
interpreted radial and concentric faults (R1 and C1).

5.3. Surficial Depressions and Infilling Seismic Reflector Morphologies

A total of 101 surficial depressions were identified within the Syn-Volcanic sequence, with 32
identified along the BV horizon and 69 along the TV horizon, with no clear observable pattern to their
spatial distributions (Fig 4c). The lateral dimensions of the depressions range from 60 to 1500 m. The
depressions can be categorized into three groups on the basis of their morphology; pipes, craters, and
unclassified (Fig 4, 7c). On seismic cross sections, crater depressions are interpreted to have a conical
shape whereas pipe depressions are columnar in shape. Unclassified depressions are those that are
poorly resolved on seismic cross-sections and thus could not be classified into either crater or pipe
categories. A total of 35 craters, 33, pipes, and 33 unclassified depressions were documented.

The surficial depressions were further categorized according to the character of seismic reflectors that
infill the depressions. Four categories were identified; parallel, convex, pinnacle, and unclassified.
Parallel infill reflectors are those that are flat-lying and parallel, or sub-parallel, to seismic reflectors
of the overlying Post-Volcanic or Syn-Volcanic sequences; convex infills are seismic reflectors within
depressions that are concave downward/convex upward, and pinnacles are infill reflectors that have a
pinnacle-like morphology with seismic reflectors from the overlying Post-Volcanic sequence
onlapping onto them (Fig 4 d,e,f). A total of 11 pinnacle, 31 convex, and 52 parallel depression infills
were identified while 7 are unclassified due to poor seismic imaging of infill reflectors (Fig 7¢). There
is no observed correlation between the morphology of depressions and the character of the infill

reflectors.

Each depression is underlain by vertical columns of disrupted or discontinuous seismic reflectors that
have a lower seismic amplitude relative to the surrounding reflectors (Fig 4a). These columns extend
down from the base of the depressions and either terminate or fall below the seismic resolution

threshold within the Pre-Volcanic or EVCM sequences. The tallest column is approximately 840 m.
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Figure 4: Seismic cross section (a) without and (b) with identified seismic sequences, igneous
features and surficial depressions. (c) Location of the surficial depression features within the survey
area along the interpreted Base Volcanic horizon. Zoom-in cross section views highlight reflector
characteristics of a (d) crater depression with pinnacle infill, (e) pipe depression with parallel infill

and (f) crater depression with convex infill.
5.4. Concentric Faults

Six areas of concentric faults (C1-6) were identified along the TV surface and on variance time-slices
(0.7 —1.0 s TWT) through the Syn-Volcanic sequence (Fig 3b). On a plan view, the concentric faults
form discontinuous, circular or elliptical ring-like patterns around a central locus. The diameter of
‘concentric rings’ range between 1.5 and 5.7 km. At C1, three surficial depressions are observed

within the locus of the concentric faults.

Of the six concentric fault sets, only one (C1) was resolved clearly enough on seismic cross-sections
for detailed quantitative and qualitative analysis. On seismic cross-sections, the concentric faults of
C1 are normal faults that predominantly dip towards the center of the concentric locus and have a
graben-like geometry (Fig 3c). These normal faults have throws of up to 30 m and extend from the
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TV horizon down into the Pre-Volcanic sequence, up to 80 m below the BV horizon. Closer to the
surficial depressions, we observe steeply dipping, near-vertical reverse faults that dip away from the
depressions. These reverse faults appear to be constrained within the Syn-Volcanic sequence, i.e. they
extend from the TV to BV horizons, and have throws that are at the limits of the seismic resolution
threshold (~10-15 m). Seismic reflectors within the Syn-Volcanic and Pre-Volcanic sequences in the
area ‘enclosed’ by the concentric faults are have a downward sag of up to 80 m relative to the

surrounding undeformed seismic reflectors.
6. Discussion

We document four types of structural deformation feature within the Labatt 3D seismic survey; linear
features with overlying conjugate faults, radial faults, surficial depressions and concentric faults.
Here we discuss the potential origins of these features and their possible association with

contemporaneous magmatic activity.
6.1. Sub-vertical Linear Columns and Overlying Conjugate Faults

We document 13 sub-vertical linear columns (L1-13) within the Intra-EVCM sequence. The upper tip
of each column is overlain by broadly symmetrical pairs of conjugate normal faults that have strike
orientations and lengths similar to those of the underlying sub-vertical linear columns. Within the
EVCM sequence of the Yolla 3D survey (south-east adjacent to Labatt 3D), Cummings et al. (2004)
interpreted analogous linear column-like features strike-slip zones. Cummings et al. (2004) also
interpreted negative flower structures to overlie the strike-slip zones (analogous to the conjugate faults
identified in this study) and the negative flower structures are in turn overlain by volcanic mounds.
The strike-slip zones and negative flower structures were interpreted to have been magma conduits for
the overlying volcanic mounds. Interpretation of the analogous sub-vertical linear columns as strike-
slip zones by Cummings et al. (2004) was supported by indications that Late Cretaceous to Eocene
NW-SE normal faults within the EVCM sequence have been segmented by strike-slip movement (Fig
5a). Conversely, Holford et al. (2017) interpreted the same analogous linear features in the Yolla 3D
survey to be near-vertical igneous dykes that supplied magma to the overlying volcanic mounds. We
compare our observations and interpretations of the sub-vertical linear columns and overlying
conjugate faults with the interpretations of Cummings et al. (2004) and Holford et al. (2017). We
utilize spectral decomposition within the Intra-EVVCM to identify potential structural or stratigraphic
features that can provide evidence of strike-slip movement across the sub-vertical linear columns.
Within the Intra-EVCM sequence, we identified and interpreted three channels that cross-cut the sub-
vertical linear columns and NW-SE normal faults. These channels show no evidence of having
undergone lateral displacement, suggesting that the sub-vertical linear columns were not loci of lateral

movement (Fig 5 b,c). Based on this observation, we agree with the interpretation of Holford et al
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(2017) and similarly interpret the sub-vertical linear columns of this study to be igneous dykes. The
apparent segmentation of the NW-SE faults may therefore be attributed to the nature of fault
development.

The Intra-EVCM sequence was analysed using the RMS amplitude attribute to identify potential
amplitude anomalies associated with the interpeted igneous dykes. Coal deposits are prevalent within
this sequence and are highlighted by the attribute as bright amplitude bodies (Fig 5d) (Boreham et al.,
2003). On seismic cross-sections of the study area, the coal deposits manifest as either individual or
vertical stacks of high seismic amplitude reflectors (up to 6 times higher than surrounding reflectors)
capped by a strong peak reflection event (Fig 1, 5e). In the eastern section of the study area, a sub-
vertical linear column cuts across an interpreted body of coal and we observe a zone of lower RMS
amplitudes, parallel to and centered on the columnar feature (Fig 5d, e). This zone of lower RMS
amplitude is approximately 780 m wide and is interpreted to be an alteration zone around a dyke that
is approximately 140 m in width. The alteration zone is likely due to thermal metamorphism of the
coal, resulting in coke formation. Coke has a higher density than coal which would result in a lower
acoustic impedance contrast with the surrounding rock relative to coal, thus manifesting as a zone of
lower RMS amplitude (McFarlane, 1929). Analogous metamorphism of coals to coke around dyke
intrusions has been documented and quantified in South Africa and the United States of America
(McFarlane, 1929; Saghafi et al., 2008).

The conjugate faults that overlie the dykes are interpreted to be dyke-related grabens. Similar
structures have been documented at volcanic regions in Hawaii, Italy, Iceland and mid-ocean ridges
(Chadwick and Embley, 1998; Rubin, 1992; Rubin and Pollard, 1988). Detailed geodetic and seismic
monitoring of dyke-related grabens has demonstrated that dyke intrusions trigger the formation of
overlying grabens (Chadwick and Embley, 1998). Modelling studies suggest that during dyke
intrusion, horizontal compressive stress within the host rock is increased along the sides of the dyke,
but horizontal stress in a broad region above the dyke is reduced, thereby inducing a tensional stress
regime (Rubin and Pollard, 1988). The induced tensional stress is greatest away from the dyke and
minimal along the plane of the dyke, resulting in two zones of maximum horizontal tensional stress
which leads to the development of two parallel fissure zones and normal faulting that are the dyke-
induced faults (Chadwick and Embley, 1998).
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Figure 5: (a) Variance time-slice within the EVCM sequence with interpreted igneous intrusions,
dykes, and NW-SE faults. (b), (c) Spectral decomposition of the EVCM sequence with channels
(highlighted by black arrows) that cross-cut the the dykes and NW-SE faults. (d) RMS amplitude time-
slice showing an interpreted alteration zone around a dyke through a coal body along with (e) a

seismic cross-section of the alteration zone.

The upper tips of conjugate faults appear to terminate either along the TV horizon, or extend through
the polygonal faulted rocks of the Post VVolcanic sequence to terminate within this sequence or along
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the MM horizon. Interpreting termination depths of the upper tips of conjugate faults can be
misleading as there is a potential for dip-linkage between the conjugate faults and polygonal faults of
the Post Volcanic sequence. The possibility of conjugate and polygonal fault dip-linkage introduces
an uncertainty to determining the ‘true’ termination depth of the upper tips of conjugate faults, which
in turn adds uncertainty in constraining the timing of fault development based on fault termination
depths. To test the hypothesis of potential dip linkage between polygonal and conjugate faults, we
analyse the growth history of the conjugate faults by measuring depth-displacement profiles along
their fault planes. Depth-displacement profiles allow assessment of dip linkage along a fault plane and
thus, identification of vertical segmentation (Magee and Jackson, 2018; Mansfield and Cartwright,
1996; Robson et al., 2016). Displacement measurements were taken along seismic cross-sections
perpendicular to the conjugate fault planes (Fig 6a). We note that there is an apparent variation in
vertical seismic resolution within the seismic sequences that the conjugate faults propagate through
(Post-Volcanic, Syn-Volcanic and Pre-Volcanic) that could introduce artificial trends in the
displacement depth profiles that area a function of the seismic resolution variation as opposed to the
conjugate fault’s growth profile. We compensate for this variation by normalizing TWT displacement
measurements with the period of the dominant frequency centred on the point of measurement (Fig
6a). The resulting measurement value is dimensionless and quantifies the variation of displacement
along the seismically resolvable fault plane. We also note that the Post-Volcanic sequence that
immediately overlies the TV horizon has very poor seismic resolution from which displacement

measurements could not be made. We refer to this region as the “blank zone”.

A total of 784 displacement measurements were taken along the planes of seven pairs of conjugate
faults that overlie dykes (i.e. 14 faults in total). From the 784 points, a total of 61 depth-displacement
profiles were generated (20 for L1, 7 for L2, 9 for L3, 3 for L4, 3 for L5, 17 for L8, 2 for L9).
Displacement profiles of conjugate fault pairs were found to be similar to each other. Representative
displacement profiles for conjugate fault pairs were selected (3 for L1, 3 for L2, 4 for L3, 3 for L4, 2
for L5, 4 for L8, 2 for L9) and plot in Figure 6. The profiles in Figure 6 show two identifiable local
peaks of displacement, one within the polygonal faults of the Post-Volcanic sequence, and the other
within the Syn-Volcanic sequence. The two peaks are resolvable outside the “blank zone”, suggesting
that they are not an artificial result due to the lack of measurements within the “blank zone” sequence.
These results suggest that the conjugate faults that appear to extend upwards to the MM horizon are
likely to be two sets of faults (polygonal and conjugate faults) that are dip-linked. Similar
displacement profiles and dip-link interaction between faults were observed in the Ceduna Sub-basin
of the Great Australian Bight by Robson et al. (2016). It is thus likely that the conjugate faults formed
prior to deposition of the Post-Volcanic sequence, terminating along the TV horizon and had

subsequently dip-linked to overlying polygonal faults.
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The depth displacement profiles of conjugate faults may also provide insight into how dyke-induced
faults nucleate. While it is broadly agreed that dyke-induced faults form as a response to an induced
tensional stress regime in sedimentary rocks overlying the dyke intrusion, the location of fault
nucleation is still poorly understood (Magee and Jackson, 2018). At present, there are five hypotheses
for the nucleation of dyke induced faults; (i) nucleating along a surface and extending downwards to
the dyke (Acocella et al., 2003), (ii) nucleating at the upper tip of the dyke and extending upwards to
the surface (Xu et al., 2016), (iii) a combination of (i) and (ii) with both segments linking (Tentler,
2005), (iv) nucleating between the dyke and surface then extending upwards and downwards (Mastin
and Pollard, 1988), or (V) nucleating in front of a laterally propagating dyke that is eventually cross-
cut by the dyke (Rubin and Pollard, 1988). Magee and Jackson (2018) hypothesize the displacement-
depth trends for the five modes of dyke-induced fault nucleation, as shown in Figure 6b-f.
Displacement depth profiles (within the Syn-Volcanic and Pre-Volcanic sequences) of conjugate
faults identified in this study most closely resemble that of Figure 6e, whereby the dyke-induced
faults are interpreted to have nucleated between the surface and upper tip of the dyke. Magee and
Jackson (2018) interpreted similar nucleation patterns for dyke-induced faults interpreted within
Jurassic and Triassic sequences on the Exmouth Plateau in the North West Shelf of Australia.
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6.2. Radial Faults and Localized Structural Highs

Four areas of radial faults (R1-4) were identified within the Syn-Volcanic sequence of the Labatt 3D
survey. The areas of radial faults are associated with structural highs as observed along the TV, BV
and MM surfaces. Radial faults are commonly associated with subsurface doming events such as the
inflation of a magma chamber or salt diapirism (Stewart, 2006; Troll et al., 2002). Several scaled
physical modelling studies have been undertaken to better understand the complex fault patterns
within radial fault sets (Komuro, 1987; Komuro et al., 1984; Marti et al., 1994). The fault patterns
generated in these studies are similar to the ones observed in our study area in that the fault strikes
from the modelling studies and radial faults of this study have a radial symmetry around a central axis
when observed on plan view. As mentioned in section 4.2, the faults forming R2, R3 and R4 have
similar vertical extents, i.e. they extend from the TV horizon to just below the BV horizon. While
most faults of R1 have similar vertical ranges as those in the other radial fault sets, several are of
greater vertical extent with upper tips observed to extend into the overlying Post-Volcanic sequence
that overlies the TV horizon. Furthermore, R1 is the only radial fault set that has a concentric fault
(RC Fault) associated with it. While radial faults are associated with doming, concentric faults are
commonly associated with subsurface collapse mechanisms (Komuro, 1987; Komuro et al., 1984;
Marti et al., 1994). In the aforementioned modelling studies, concentric faults along the periphery of
radial faults were observed in scenarios of subsurface collapse that follow a doming event.

Isochron maps were generated for the Late Cenozoic, Post-Volcanic, and Pre-Volcanic sequences to
constrain the timing of potential doming events that resulted in radial fault formation (Fig 7). In the
Pre-Volcanic isochron map, there is an increase in sequence thickness at radial fault locations,
however, this is interpreted to be due to a regional increase in sequence thickness from the NE to SW.
No anomalous thickness variations associated with the radial faults are observed on the Post-Volcanic
sequence isochron map. On the Late Cenozoic isochron map however, the regions of the sequence
associated with R1 and R3 are up to 78 ms (20%) thinner than regions without radial faults. Doming
associated with radial faults along the TV horizon and the absence of isochron thickness variation in
sequences overlying R2 and R4 suggest that these radial fault sets had formed prior to deposition of

the Post-Volcanic sequence whereas R1 and R3 formed subsequently.

We verify this interpretation by analysing the vertical extent of the radial faults. The upper tips of all
radial faults associated with R 2, 3, and 4 terminate along the TV horizon, indicating they had formed
prior to deposition of the Post-Volcanic sequence. Most faults at R1 have similar vertical extents,
however, several of them and the RC fault extend into the overlying Post-Volcanic sequence,

suggesting a later time of formation and supporting observations from the isochron maps.
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Figure 7: Isochron maps of the (a) Pre-Volcanic, (b) Volcanic, and (c) Late Cenozoic sequences.

Based on these results, the radial faults are interpreted to have formed as a result of episodic,
structural deformation of the Syn-Volcanic sequence through domal uplifting by an underlying source
of ‘inflation’. The radial faults and doming along the interpreted horizons at R2 and R4 had likely
formed after deposition of the Syn-Volcanic sequence and prior to deposition of the Post-Volcanic
sequence which would account for the termination of radial faults along the TV horizon. A
subsequent episode of deformation occurred after deposition of the Post-Volcanic sequence at R1 and
R3, which resulted in a second phase of doming and isochron thinning in the Late Cenozoic sequence
that would account for the smaller isochron thickness values within the Late Cenozoic sequence. A
phase of subsurface subsidence then occurred at R1 which led to formation of the concentric fault
associated with the periphery of the radial fault set.

The Bass Basin has experienced multiple episodes of igneous activity during the Cretaceous and
Cenozoic with igneous and volcanic features identified within stratigraphic sequences of Mid—
Cretaceous to Miocene ages (Blevin et al., 2003; Holford et al., 2012; Reynolds et al., 2018). The
radial faults and the surficial doming associated with them could be interpreted as a result of igneous
intrusion within the Pre-Volcanic sequence. The broad morphology of the radially faulted domal
regions is reminiscent of forced folds that develop above sill intrusions. Hansen and Cartwright
(2006) interpreted radial and concentric fault patterns, similar to those identified at R1 of this study,
within Cenozoic sequences in the Rockall Basin offshore United Kingdom. The radial and concentric
faults of that study were identified to have formed over and around a forced fold that had developed
as a result of emplacement of a sill intrusion approximately 300 m below the forced fold. Igneous
intrusions often result in uplift of the overburden and while the extent of uplift is often equal to the
thickness of the intrusion, it is also possible to have overburden uplift that is significantly less than the
thickness of the intrusion (Jackson et al., 2013). A study by Jackson et al. (2013) measured the
thickness of 33 igneous intrusions in the Ceduna Sub-basin and compared intrusion thicknesses with

the extent of overburden uplift that resulted from emplacement of the intrusions. The study showed
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that the amplitude of overburden uplift from emplacement of an underlying igneous intrusion can be
as low as a quarter of the intrusion thickness. Furthermore, they discuss a conceptual model that
quantifies the trade-off between the extent of overburden uplift with the depth and thickness of an
intrusion; i.e. the deeper an intrusion is, the thicker it would have to be to produce a similar amount of
uplift as a thinner, shallower intrusion. Magee et al. (2019) expands on the relationship between
igneous intrusions and overlying forced fold amplitudes quantified by Jackson et al. (2013) by
suggesting that amplitudes of forced folds that overlie igneous intrusions can decrease with time as
the uplifted sedimentary rocks are subjected to burial related compaction. The implication of Magee et
al. (2019) study is that while the ratio of forced fold amplitude to intrusion thickness can be as low as
1:4 as indicated by Jackson et al. (2013), this ratio could decrease further for forced fold structures

that are buried and sedimentary rocks of the forced fold subsequently undergo compaction.

An investigation of seismic data in our study area reveals no indications of igneous intrusions
underlying the domed regions; however, the limit of seismic interpretation within the Labatt 3D
seismic data is effectively up to 2 s TWT due to the rapid decrease of seismic signal-to-noise ratio
below this depth. We interpret regional 2D seismic lines that cross R1 to investigate the potential
presence of igneous intrusions in seismic sequences below 2 s TWT; however, no indication of
igneous intrusion presence is observed (Blevin et al., 2003). Following the study of Jackson et al.
(2013), the shallower an intrusion is, the thinner it would have to be to cause a similar amount of
overburden uplift as a deeper, thicker intrusion. At R1, the TV horizon is approximately 100 m
shallower than outside the domed region. Using a ratio of 1:1 for uplift amplitude to intrusion
thickness (a conservative ratio in terms of inferable intrusion thickness), we would expect to see an
intrusion of 100 m underlying R1, which is well above the seismic resolution threshold of 20m at this
depth. Seeing as how the radial faults are identified within the Syn-Volcanic sequence, the shallowest
depth this hypothesized intrusion would be at is approximately 220 m below the BV horizon, which is
within the top of the Pre-Volcanic sequence where the deepest extent of the RC fault is identified in
this study. No indications of igneous intrusions were observed on seismic cross-sections within the
stratigraphic sequences that underlie the Syn-Volcanic sequence at R1. The Cormorant-1 well is
located in the middle of R1, targeting an anticlinal structure within the upper EVCM sequence that
had formed as a result of tectonic inversion during the Late Cenozoic (Blevin et al., 2003). The well
encountered an igneous intrusion, approximately ~150 m thick, within the Upper EVCM sequence;
however, this intrusion is approximately 1800 m below the TV horizon (Reynolds et al., 2018). The
150 m thickness of the aforementioned intrusion at this depth does not sufficiently account for the 100
m uplift at R1. It could be argued however that the igneous intrusion associated with the localized
uplift at R1 is not clearly imaged in this seismic data set. A study by Watson et al. (2019) analysed the
factors that influence predictability of the presence of igneous intrusions prior to drilling in the Bass

Basin. In their study, mineralogical and geophysical analysis of igneous intrusions in the Bass Basin
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were undertaken using well site cutting descriptions, thin section micrographs from side-wall cores,
geophysical logs from wells in the basin that intersected intrusions, and two 3D seismic surveys
(Shearwater Marine and Yolla 3D). Geochemical analysis of igneous intrusions in the Bass Basin by
Watson et al. (2019) indicate that rafts of less dense silicic intrusive materials occur within igneous
intrusions of the basin. The study suggests that occurrence of the felsic material within the igneous
intrusions could result in the deterioration of seismic response along and intrusion boundary, making
the intrusion boundary difficult to define and resolve. Furthermore, Watson et al. (2019) goes on to
suggest that the abundant presence of coal within the EVCM sequence can act as a seismic signal
transmission filter that can mask imaging of the igneous intrusions below them due to the high
reflectivity coefficient nature of coals. Based on these two factors, the felsic inclusions in intrusions
and seismic signal masking by overlying coals, it is plausible that the domal uplift associated with the
R1 (and by extension, R2-4) had formed as a result of emplacement of underlying igneous intrusions

that could not be detected or resolved clearly within the limits of the seismic data used in this study.

An alternate interpretation for the formation of radial faults with localized structural highs is that they
had formed as a result of tectonic inversion. The Bass Basin is interpreted to have undergone tectonic
inversion during the Late Cenozoic (Blevin et al., 2003; Blevin et al., 2005; Holford et al., 2011a;
Holford et al., 2011b). Horizontal compression during this time, oriented approximately northwest to
southeast, is interpreted to have reverse-reactivated normal faults within the Otway Group, EVCM
and Demon’s Bluff sequences to result in broadly northeast to southwest striking anticlinal structures
within the Torquay sequence (Blevin et al., 2005; Holford et al., 2011b). The plan view geometry of
domal structures/structural highs associated with the four areas of radial faults of this study however
are circular and show no observable orientation of elongation to suggest a preferred orientation of
formation. While the interpreted timing of radial fault and associated structural high formation is
coeval with the timing of tectonic inversion across the Bass Basin, we do not interpret these structural

overburden deformation features to have formed as a result of Late Cenozoic tectonic inversion.
6.3. Surficial Depressions and Infilling Reflectors

A total of 101 surficial depressions were identified within the Syn-Volcanic sequence of this study; 32
along the BV horizon and 69 along the TV horizon. Underlying each of the depressions are columns
of disrupted or discontinuous seismic reflectors with amplitudes lower than those of the surrounding
stratigraphy. The surficial depressions and columns of disrupted seismic reflectors that underlie them
are interpreted to be fluid escape features. The columns represent fluid migration pathways commonly
referred to as fluid escape pipes and the depressions are the surficial manifestations of fluid expulsion
along the paleo-surface. Seismic reflectors within the depressions represent ‘infill” sediments that
were deposited after the depressions had formed. Fluid escape features have been documented and

studied in various regions globally including the Northwest Shelf of Australia, the Lower Congo
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Basin and offshore Namibia (Gay et al., 2007; Moss and Cartwright, 2010; Velayatham et al., 2018).
While fluid escape features are commonly associated with dewatering from rapid sediment deposition,
or hydrocarbon generation and expulsion, they have also been documented in igneous provinces
(Cartwright et al., 2007; Judd and Hovland, 2007; Svensen et al., 2004). Igneous intrusions can
superheat host rock pore fluids or even induce hydrocarbon generation and expulsion from source
rocks in petroleum prone sequences, driving rapid fluid displacement resulting in the formation of

fluid escape features in overlying strata (Jamtveit et al., 2004; Judd, 2003; Othman et al., 2001).

As described in section 5.3, the fluid escape features in this study are categorized according to the
morphology of surficial depressions (pipes, craters and unclassified) and the character of the infill
seismic reflectors (parallel, convex, pinnacle and unclassified). We observe no correlation between
depression and infill reflector morphologies (Fig 8c). There is also no discernible trend to the spatial
distribution of the fluid escape features based on depression morphology (Fig 8a). When analysed
based on reflector infill morphology however, we find that occurrence of depressions with convex and
pinnacle infills are focused at areas that are adjacent to extrusive volcanic features identified by
Reynolds et al. (2018) or overlie the igneous dykes we have interpreted in this study (Fig 8b). Of the
20 convex and 3 pinnacle infill reflector morphologies associated with crater or pipe depressions, 15
convex (75%) and 2 pinnacle (66.7%) infill reflector morphologies are associated with crater

depressions.

Reynolds et al. (2018) identified igneous vent structures, interpreted to be submarine volcanoes within
Miocene Torquay group sequence (Syn-Volcanic equivalent sequences of this study) in the Labatt 3D
and Yolla 3D seismic survey. The vent structures identified in the study were categorized as crater or
cone type vents based on their seismic morphology. The crater type vents were described as sub-
circular excavations along a paleo-surface that were filled with low amplitude, sub-horizontal
reflections that onlap with crater margins. The cone type vents were described as having a conical
morphology with seismic reflections within the vent downlapping the underlying horizon and seismic
reflections of overlying sedimentary rocks onlapping onto the vents. The seismic morphology of the
crater vents in Reynolds et al. (2018) are similar to the crater depressions of this study while the
morphology of cone vents of Reynolds et al. (2018) is similar to depressions with convex or pinnacle
infill reflectors of this study. The crater depressions of this study have infilling seismic reflectors that
onlap onto the crater margins whereas seismic reflectors of the convex and pinnacle infill
morphologies of this study downlap onto the underlying seismic horizon and have seismic reflectors

of the overlying Post Volcanic sequence onlapping onto them (Fig 4d,f).

Reynolds et al. (2018) infer that the variation of crater and cone type vents represent different stages
of volcano evolution. The crater vents represent maar-diatreme complexes that mark the early stage of

volcano formation whereas the cone vents represent late stage vent construction. Maar structures are
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craters that form as a result of near surface phreatomagmatic eruption in which magma interacts with
water in the near surface (Schulz et al., 2005). This interaction generates vapour and creates an
explosion chamber due to hyperbaric pressure, which then fractures the surrounding host rock and
ejects the contents of the chamber towards the surface, resulting in an explosion cavity along a surface
(Schulz et al., 2005). Based on the similarities of seismic expressions between the crater and cone
vents identified in Reynolds et al. (2018) with the crater depressions, mound and pinnacle infill
reflector morphologies of this study, we similarly interpret the crater depressions to be maar
complexes whereby the mound and pinnacle infill reflectors represent volcanic vent constructions at
varying stages of development. Our interpretation of the volcanic vents is also supported by the
observation that 14 (45%) depressions with convex infill morphologies and 8 (72%) depressions with
pinnacle infill morphologies are observed to occur within 300 m (laterally offset) of underlying

igneous dykes identified in this study, which could be a potential source of magma for vent formation
(Fig8b).
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Figure 8: Spatial distribution of surficial depressions based on (a) depression and (b) infill

morphology. (c) Bar chart of depressions categorized by infill morphology.

Eighteen (18) of the crater depressions have parallel infills, indicating the absence of a volcanic vent.
It is plausible that these depressions are also maar structures that did not develop volcanic vents due to
a lack of magma supply and/or that the igneous source that formed the maars fall below seismic
resolution. An alternative interpretation is that these crater depressions with parallel infills are
hydrothermal vents. A study by Jamtveit et al. (2004) identified fluid escape features in South Africa
that resemble the crater depressions with parallel infill reflectors of this study. In their proposed
model for hydrothermal vent formation, igneous intrusions in the subsurface superheated pore fluids
of the surrounding host rock, resulting in overpressure generation that then led to fluid venting. The
pipe depressions are similarly interpreted to have formed as a result of hydrothermal venting. The
column like structure of these depressions could be attributed to a less catastrophic expulsion event
than those forming crater depressions. Though Reynolds et al. (2018) and Jamtveit et al. (2004)
provide different models for similar structural features, we believe that both interpretations are
applicable in this study and can be used to explain the variation in depression and infill morphologies.

The depressions interpreted in this study formed within the Syn-Volcanic sequence, either along the
TV or BV horizons, suggesting that they formed synchronously with its deposition. While the convex
and pinnacle infill craters are interpreted to have been formed by an igneous source, the nature of the
hydrothermal fluids that formed parallel infill crater and pipe depressions could not be determined.
Eighty (79%) of the fluid escape pipes have seismically resolvable bases that terminate within the
EVCM sequence. The Middle and Lower sections of the EVCM sequence are identified as
hydrocarbon source rocks within the Bass Basin (Boreham et al., 2003). It is thus plausible for
underlying igneous intrusions to have induced hydrocarbon generation or heated up pore fluids, which

resulted in fluid migration to form fluid escape pipes and associated surficial depressions.

6.4. Concentric Faults

Concentric faults are commonly associated with evacuation of subsurface sediments (Bertoni and
Cartwright, 2005; McDonnell et al., 2007; Ward et al., 2016). They have been documented in regions
with salt withdrawal, caldera formation, evaporate dissolution, and even around sunken clastic pipes,
however there has been little to no documentation of them being associated with fluid escape features
(McDonnell et al., 2007; Netoff and Shroba, 2001; Ward et al., 2016).

The concentric faults of C1 form a ring-like feature around three surficial depressions (two crater
depressions and one pipe depression). Seismic reflectors within the Syn-Volcanic and Pre-Volcanic
sequences that underlie the area encompassed by the concentric faults have a downward sag of up to

80 ms which could be interpreted as a result of localised subsidence of the sedimentary rocks in the
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Syn-Volcanic and Pre-Volcanic sequences (Fig 9c). A study by McDonnell et al. (2007) similarly
identified circular sag structures in the Fort Worth Basin of Texas. These structures were quantified
by measuring the width of a ‘sag column’ (the “sag width”, S.W.), defined as the distance between
points of inflection along the sagging seismic reflectors (Fig 9a). According to McDonnell et al.
(2007), a S.W. that broadens with depth correlates to a scenario of subsurface subsidence. Where
seismically resolvable on seismic cross-sections, we define and measure three S.W. profiles as per
McDonnell et al. (2007). The measurements show narrowing upward S.W. trends, which support an

interpretation of subsurface subsidence (Fig 9 c, d).
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Figure 9: (a), (b) Schematic on how the Sag Width (S.W.) is defined based on McDonnell (2007). (c)
Seismic cross-section from Labatt 3D along which one set of S.W. measurements were taken. (d)
Variance extract along the BV horizon defining locations where S.W. measurements were taken. (¢)

Three sets of S.W. measurements taken.

An alternative interpretation of sagging reflectors is that they could represent a seismic imaging
artefact. Wireline log data and lithological descriptions from interpreted well completion reports of
Craigow-1 and King-1 wells indicate that sedimentary rocks within the Syn-Volcanic sequence have a
higher velocity than sedimentary rocks of the Post-Volcanic sequence. The area ‘enclosed’ by the
concentric faults has a thicker Post-Volcanic sequence compared to its surroundings, due to the

presence of surficial depression (Fig 9c). This thicker sequence of comparatively lower acoustic
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velocity sedimentary rocks could result in an artificial pushdown of underlying seismic reflectors in
TWT. To test this hypothesis, we calculate the variation of TWT values for the sagging Pre-Volcanic
sequence reflectors if the overlying Post-Volcanic sequence sediments were substituted with those of
the Syn-Volcanic sequence (Fig 9c). Based on sonic velocity logs from Craigow-1, the acoustic
velocity of the Post-Volcanic sequence is approximately 1966 ms™ while the velocity of the Syn-
Volcanic sequence is 2345 ms™. At the measurement location, the TWT thickness of substituted Post-
Volcanic sediments is 123 ms. We find that TWT values of the sagging reflectors would be 20 ms
shallower if sediments of the Post-Volcanic sequence were replaced with sediments of the Syn-
Volcanic sequence. This amount of variation is insufficient to explain the apparent degree of sag in

reflectors, supporting the interpretation that the observed sag is caused by subsidence.

As discussed in section 5.3, the crater depressions within the sag region could be interpreted as either
maar structures or hydrothermal vents. The indication of subsurface subsidence suggests that
depressions associated with the concentric fault set are more likely to be maar structures. Following
the formation of a phreatomagmatic explosion crater, the surrounding and overlying rocks are likely
to collapse into the space that was created, resulting in the formation of concentric faults (Schulz,
2000). Concentric faults within the Bass Basin have been identified to be associated with maar-
diatreme and volcano formation by Reynolds et al. (2018). Boyce (2013) mapped distributions of and
classified 416 volcanic eruption centers in the Newer Volcanics Province of Western Victoria in
Australia. Of the 416 eruption centers, 27 were categorized as complex maar associated structures of
which the plan view for one such structure (Red Rock maar-cone volcanic complex) is shown in
Figure 10 (b). Boyce (2013) suggests that the complex maar structures can consist of a coalescence of
smaller maar craters. This description of complex maar structure formation is analogous to our
interpretation for the formation of the crater depressions and encompassing concentric faults
identified in this study. In a plan view comparison of the Red Rock complex maar-cone structure
identified by Boyce (2013) with the crater depressions and concentric faults of the TV horizon of this
study, we see similar morphological characteristics in surficial expressions (Fig 10). The surficial
expression of maar associated depressions of the Red Rock structure are analogous to the surficial
expression of crater depressions encompassed by concentric faults along the TV horizon of this study.
It is unclear if the lack of surficial expressions of potential concentric faults at the Red Rock complex
is due to the absence of concentric faults or whether they are blind faults. Nevertheless, the
guantitative analysis of sagging reflectors within C1, along with similarities in qualitative comparison
between the surficial expression of C1 and the Red Rock maar-cone volcanic complex identified by
Boyce (2013), supports our interpretation that C1 (and C2-6 by extension), had likely formed as a

result of subsurface sediment subsidence.
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v Red Rock Volcanic Complex, Western Victoria, Australia [

Ny| Eruption associated
depressions

Figure 10: (a) Concentric fault set and depressions along the TV horizon with morphological

similarities to complex maar craters in the Newer Volcanic Province of Victoria (Boyce, 2013).

7. Impact of igneous deformation on hydrocarbon prospectivity and

exploration

There has been growing interest and increasing hydrocarbon exploration in basins where igneous
activity has occurred. As such, the impact of igneous intrusions in hydrocarbon bearing basins have
been studied extensively, with a focus on issues such as the impact of intrusions on maturation of
hydrocarbon source rocks, or how igneous sills and dykes can act as barriers or conduits to fluid
migration (Cartwright et al., 2007; Holford et al., 2012; Othman et al., 2001; Rateau et al., 2013;
Schofield et al., 2017). While there have also been extensive studies on intrusion associated
deformation features, these focus on the potential of intrusion associated forced folds to act as
hydrocarbon traps (Hansen and Cartwright, 2006; Magee et al., 2017; Senger et al., 2017). There is
less focus on the potential impact of igneous intrusion associated fault and collapse structures on
petroleum systems. Our study highlights four types of deformation structures that are interpreted to be
the result of igneous intrusions; conjugate faults (Fig 2), radial faults (Fig 3a), fluid escape features
(Fig 4) and concentric faults (Fig 3b). In this section, we briefly discuss the possible impacts of these

deformation structures on petroleum systems within the study area.

In the Bass Basin, the fluvio-deltaic sandstones within upper EVCM is identified as the key reservoir-
bearing sequence, with hydrocarbons being sourced primarily from the coaly sequences of the Middle
EVCM that are particularly abundant in the Cormorant, Yolla and Pelican Troughs (Boreham et al.,
2003; Cummings et al., 2002; Lennon et al., 1999). The overlying Demon’s Bluff formation (part of
the Pre-Volcanic Sequence) acts as a regional top seal for the upper EVCM sequence (Lennon et al.,
1999). The conjugate faults in this study extend from the Syn-Volcanic to Intra-EVCM sequence,
providing a potential secondary migration pathway for accumulated hydrocarbons within the upper
EVCM. Craigow-1 was drilled targeting a reservoir within the upper EVCM sequence but did not
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encounter hydrocarbons. In the well’s post-drilling interpretative completion report, the lack of
hydrocarbons was attributed to dykes having acted as fluid migration barriers that laterally
compartmentalized reservoirs within the upper EVCM sequence and prevented charge of the targeted
reservoir. In this study, we interpret the presence of a NW trending dyke approximately 200 m to the
east of the Craigow-1 well location (Fig 2c). The well did however encounter minor gas shows within
the overlying Torquay and Demon’s Bluff formations. While dykes may have compartmentalized
EVCM reservoirs, gas shows in the base of the Torquay sequence that overlies the Demon’s Bluff
formation may indicate that the conjugate faults compromised seal integrity and acted as fluid
migration pathways for residual volumes of hydrocarbon. Cormorant-1 was similarly drilled targeting
a sandstone reservoir within the uppermost EVCM sequence. The targeted structure was a northwest-
southeast trending anticline that formed as a result of Miocene compression (Blevin et al., 2003). The
well did not encounter commercial hydrocarbon accumulations within the reservoir but found oil and
gas shows within the EVCM sequence. The lack of economic accumulation was attributed to an
ineffective seal and late development of the trapping structure relative to hydrocarbon migration
(Blevin et al., 2003). Though the Cormorant-1 well was drilled within 1 km of seismically resolvable
igneous dykes interpreted in this study (Fig 2¢), the presence of hydrocarbon shows at the EVCM
sequence at suggest that these dykes may not have played a role in hydrocarbon migration at this

location.

We also document numerous fluid escape features that are interpreted to have formed as a result of
igneous intrusions. The fluid escape features are often interpreted as hydrothermal vents whereby pore
fluids were superheated by an intrusion, thereby generating overpressure that led to fluid migration
and expulsion (Jamtveit et al., 2004). If emplaced within an organic-rich source rock unit, the
intrusion may also have generated overpressure by inducing hydrocarbon generation. While the fluid
escape pipes documented in this study are observed to extend down to the EVCM sequence, the
nature of fluids that formed the pipes and depressions could not be determined. If the expelled fluids
were hydrocarbons from source rocks of the EVCM sequence, this would have increased the source
risk for hydrocarbon exploration as the source rocks would have a lower hydrocarbon generation

potential than otherwise considered.

Igneous rocks and intrusions are prevalent across the Early Cretaceous to Miocene sediments of the
Bass Basin; however, they have proven to be difficult to predict pre-drill (Watson et al., 2019). Of the
20 exploration wells in the basin that encountered igneous rocks, 13 (65%) were not predicted pre-
drill (Watson et al., 2019). While the igneous rocks can be difficult to identify and predict on seismic
data (for reasons discussed in section 6.2), identification and interpretation of igneous intrusion
associated deformation features can be used to infer the presence of underlying igneous intrusions.
Detailed mapping of intrusion associated deformation features, such as the radial, conjugate, and

concentric faults identified in this study, can be used to delineate the distribution of underlying
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intrusions. For instance, in this study, we identified 13 pairs of conjugate faults within the Pre-
Volcanic and Syn-Volcanic sequences. By focusing variance attribute and spectral decomposition
analysis of the Intra-EVCM sequence at locations underlying the conjugate faults (Fig 2, 5), we
identified and interpreted the occurrence of igneous dykes that may not be immediately apparent for

interpretation on seismic cross-sections.

8. Conclusions

We have documented a series of structural deformation features that are interpreted to be associated
with igneous intrusions; conjugate faults, radial faults, fluid escape pipes, surficial depressions and
concentric faults. Thirteen igneous dykes, along with pairs of overlying conjugate faults, were
identified in the study area. While previous studies identified these features to be strike-slip faults, we
observe no evidence of lateral strain movement along them within the sequence. The occurrence of
volcanic vents overlying these features support the interpretation of these features as igneous dykes.
Four sets of radial faults were documented within the Syn-Volcanic sequence and are interpreted to be
the result of doming events for which the source of overburden uplift could not be concluded in this
study. One hundred and one (101) surficial depressions with underlying fluid escape pipes were also
identified in the study area with variations in the depression morphology and the morphology of
infilling seismic reflectors. Pipe depressions are interpreted to be hydrothermal vents whereas crater
depressions are interpreted as either maars or more typically hydrothermal vents. Convex and
pinnacle infill reflector morphologies are interpreted to represent volcanic vents at varying stages of
evolution. A set of concentric faults in the west of the study area is interpreted to be the result of
subsurface subsidence. Although igneous intrusions in sedimentary basins are often the focus of
increased risk in hydrocarbon exploration, the structural deformation features they form can also have
a significant impact on elements of a petroleum system. In particular, their role as possible fluid

migration pathways should be considered when assessing exploration risk.
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Summary and Conclusions

The overarching objective of this project was to document the character, distribution and origin of
focused fluid flow phenomena in offshore basins of Australia. The study concentrates on three
offshore sedimentary basins where focused fluid flow features have previously been documented; the
Northern Carnarvon Basin of the North West Shelf, the Ceduna Sub-Basin of the Great Australian
Bight, and the Bass Basin, offshore Southeastern Australia. The aims of this project are two-fold:

1. To improve understanding of active and ancient subsurface fluid dynamics by developing
models for the genesis of focussed fluid flow features in offshore basins of Australia.
2. To assess and evaluate the implications of focused fluid flow occurrences on petroleum

systems elements in the respective regions of study.

Chapters 2 and 3 - A geological model for the genesis of a Late
Jurassic fluid expulsion event in the Exmouth Plateau of the Northern

Carnarvon Basin

Chapters 2 and 3 establish a geological model for the formation of focused fluid flow features in the
Exmouth Plateau of the Northern Carnarvon Basin. Three 3D seismic surveys from across the plateau
were interpreted; lo-Jansz 3D, Thebe 3D and Claudius 3D. Across the three surveys, 315 paleo-
pockmarks were identified; these occur in linear trends developed on a major unconformity that
represents the top of the Jurassic sequence. Each paleo-pockmark was underlain by a fluid escape pipe
that extends into the Triassic Mungaroo Formation. Focused fluid flow features occur in linear spatial
tracks that collectively exhibit a radial trend across the three surveys; striking 167°/347° in Claudius
3D (the westernmost survey studied), 176°/356° in Thebe 3D, and 15°/195° in lo-Jansz 3D (the

easternmost survey).

The focused fluid flow features occur parallel to, but are laterally offset from, the upper tips of normal
faults that extend through the Jurassic and Triassic sequences. Furthermore, bases of fluid escape
pipes appear to intersect the normal fault planes within the Triassic Mungaroo Formation. These
observations indicate that the faults did not act as fluid migration pathways themselves, but act as a
control on spatial distribution of focused fluid flow features. The faults are interpreted to have formed
during the Late Jurassic and intersected an overpressured sequence within the Triassic Mungaroo
formation. At the point of intersection between the fault and overpressured sequence, the overburden

stress was reduced, which induced vertical fluid migration. Based on fluid escape pipe termination
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depths on seismic cross-sections, along with interpretation of Jurassic and Triassic sequence isochron
maps, the timing of fluid expulsion was constrained to be at the end of the Jurassic and the fluids are
likely sourced from the Triassic Mungaroo formation, though the nature of the fluid has not been
determined to this point.

Present day overpressure generation within the Triassic sequences of the Northern Carnarvon Basin
are often attributed to either disequilibrium compaction or fluid expansion from hydrocarbon
generation. Overpressure generation from disequilibrium compaction commonly occurs in basins with
high sedimentation rates (>100 m/ Ma). Though the Triassic Mungaroo Formation of the Exmouth
Plateau is documented to have been characterised sedimentation rates that are low for generating
disequilibrium compaction overpressures (~50 m/Ma), the lithological composition of the Mungaroo
Formation (predominantly claystone or sandstones with interbedded claystones) could be a
contributing factor for overpressure generation by this mechanism. Relative to coarse-grained
sedimentary rock, fine-grained sedimentary rock such as shales or claystones, have low permeabilities
that can impede fluid migration or expulsion from within a formation or from/to neighbouring
formations. Thus, the lengthier time needed for fluids to be expelled from fine grained sedimentary
rocks of the Mungaroo Formation may have compensated for the relatively lower sedimentation rates
across the Exmouth Plateau during the Triassic in order for disequilibrium compaction overpressure to
have been developed. The Mungaroo Formation is a regionally recognized hydrocarbon source and
reservoir unit (Longley et al 2002). Thermal maturity modelling results indicate that at the time of
formation, focused fluid flow features could have been formed by hydrocarbons migrating from parts
of the Mungaroo Formation that had entered the hydrocarbon generation window. Though the specific
overpressure generation mechanism could not be determined in this study, both disequilibrium
compaction and fluid expansion from hydrocarbon generation are plausible causes of overpressure

that resulted in fluid migration events and formed associated focused fluid flow features.

The occurrence of paleo-pockmarks with underlying fluid escape pipes that have an observably
consistent generational mechanism and timing of formation in a radial trend across the Exmouth
Plateau suggests that the fluid expulsion was a coeval basin-wide event. The timing of paleo-
pockmark formation in the Late Jurassic coincides chronologically with interpreted mantle plume
activity along the southern margin of the Exmouth Plateau. Linear features (that are poorly resolved in
the seismic data sets used in this study) are identified to underlie the normal faults associated with
fluid flow pipes and pockmarks. The linear features have orientations that mirror the radial trend of
the overlying normal faults and fluid escape features across the three seismic surveys. These linear
features are interpreted to be igneous dykes sourced from the magmatism along the southern margin
plateau, and may be responsible for the nucleation of normal faults that triggered formation of the

Late Jurassic focused fluid flow event(s).
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Chapter 4 - Focused fluid flows in the Ceduna Sub-basin of the Great

Australian Bight: A potential indicator of a working petroleum system

Chapter 4 builds on the results of Chapters 2 and 3 by expanding on the previously developed model
to understand the genesis of fault-associated focused fluid flows in the Ceduna Sub-Basin. Fluid
escape pipes were identified within both the Cenozoic sedimentary sequence and the shallowest 400
m of the Late Cretaceous Hammerhead Supersequence along the south-western edge of the Ceduna
3D survey. These focused fluid flow features overlie upper tips of normal faults within the
Hammerhead Supersequence. The spatial distribution of fluid escape pipes varies across the study
area, as does the predominant fault type within the Hammerhead Supersequence. Fluid escape pipes
occur with apparently random spatial distribution when overlying polygonal faults in the north-west,
whereas they occur in linear clusters with underlying normal faults in the south-east that show listric-

like characteristics.

In contrast to the model developed for focused fluid flow features in the Northern Carnarvon Basin,
an alternative model for fault-fluid interaction is proposed whereby faults were utilized as fluid
migration pathways, resulting in the development of fluid escape pipes that overlie their upper tips.
The normal and polygonal faults within the study area are interpreted to have developed in the Late
Cretaceous and are dip-linked with underlying, Mid Cretaceous-age listric faults that intersect the
Tiger, White Pointer and Blue Whale Supersequences. The upper terminus of fluid escape features
occur at varying stratigraphic levels within the Late Cretaceous Hammerhead and Cenozoic
sequences. Furthermore, some fluid escape pipes are observed to breach the sea floor on seismic data.
These two observations on fluid escape pipe termination level suggest that the focused fluid flow
system was an event that occurred from the Late Cretaceous through to the Cenozoic. Mid
Cretaceous-age Tiger, White Pointer and Blue Whale supersequences have been identified as potential
source rock units and regional basin modelling studies indicate that the(se) sequence(s) generated and
expelled hydrocarbons from the Late Cretaceous onwards. It is thus inferred that the identified
focused fluid flow features were potentially formed by the generation of hydrocarbons within Mid
Cretaceous Supersequences and migrated to shallower depths through the dip-linked Mid to Late

Cretaceous listric, normal and polygonal fault systems.
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Chapter 5 - Igneous intrusion associated focused fluid flows and

overburden deformation features

While chapters 2, 3 and 4 developed our understanding of hydrocarbon-associated focused fluid flow
features, Chapter 5 expands on the focused fluid flow feature development models hypothesised so far
by investigating focused fluid flow features associated with igneous intrusions in the Bass Basin,
offshore Southeast Australia. A total of 101 surficial depressions with underlying fluid escape pipes
were identified within the Oligocene to Miocene-age Torquay Group and were categorized on the
basis of seismic morphology of surficial depression (pipe-like and crater-like) and infilling seismic
reflectors (parallel, convex and pinnacle). Alongside the surficial depressions, a variety of overburden
deformation structures induced by underlying igneous bodies were also documented within the
Eocene to Miocene Torquay Group and Demon’s Bluff sequences, manifesting as radial, conjugate,
and concentric faults. Localized structural highs are associated with areas of radial faulting and 13
sub-vertical column-like features were identified within the Early Cenozoic Eastern View Coal
Measures (EVCM) sequence. These sub-vertical column-like features underlie the conjugate faults
with, and have length and orientations that mirror, those of the overlying conjugate faults. No spatial
link was observed between the aforementioned complex fault systems (conjugate radial, concentric

faults) and surficial depressions.

The surficial depressions and complex fault systems (radial, concentric and conjugate faults) are
interpreted to be associated with the emplacement of underlying igneous intrusions. The surficial
depressions are interpreted to be hydrothermal vents or maar craters based on their seismic
morphologies with the convex and pinnacle infilling seismic reflectors representing varying stages of
volcanic vent evolution. Utilizing spectral decomposition methods, the sub-vertical column-like
features identified within the EVCM sequence are evidenced to be igneous dykes and the conjugate
faults that overlie them are dyke-induced normal faults. Sandbox modelling studies suggest that radial
faults form in response to elastic deformation during sediment doming, whereas concentric faults
form as a result of subsurface sediment evacuation. The source of doming that resulted in four areas
of radial fault formation could not be identified definitively in this study, but is inferred to be a
number of underlying igneous intrusions that could not be clearly imaged within the study dataset or a
deeper source of ‘inflation’ that is beyond the imaging limits of the 3D seismic survey data. Six areas
of identified concentric faulting are associated with the presence of maars or hydrothermal vents.
Quantitative analysis of seismic reflector sag within the locus of one concentric fault set indicate that
the concentric faults had formed as a result of subsurface sediment evacuation. It is likely that
subsurface sediment evacuation event occurred when the surficial depressions within the concentric

fault locus were formed.
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Subsurface volcanic material in the Bass Basin has historically been difficult to predict prior to
drilling or to image on seismic data. Chapter 5 develops an interpretation framework that uses the
analysis of both fluid flow and overburden deformation features to delineate the presence of igneous
intrusions in the subsurface.
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Figure 1: Schematic illustration that summarizes key findings on focused fluid flow systems within
this thesis. (a) and (b) illustrate how the integrity of a sealing sequence can be compromised by the
presence of paleo-focused fluid flow features. In (a), accumulated hydrocarbons leak through the
paleo-fluid flow features to form fluid escape pipes (or gas chimneys) and potentially seep through an
active pockmark on the seafloor. At (b) the paleo-fluid escape features act as a migration pathway for
fluid subsequent to their formation. Episodic fluid expulsion along paleo-surfaces can result in a
vertical succession of pockmarks referred to as stacked paleo-pockmarks. Structural features, such as
faults at (c), are able to act as controls on spatial distribution of fluid escape features. Faults can act
as fluid migration pathways, or triggers for focused fluid migration. Underlying geological control on
the spatial distribution of focused fluid features can result in organized distribution of fluid escape
features. At (d), underlying faults controlling the spatial distribution of overlying fluid escape features
result in linear trains of pockmarks parallel to the orientation of fault strike. Focused fluid flow
systems are also associated with igneous intrusions. (€) Igneous intrusions are able to superheat pore
fluids in the host rock to induce focused fluid migration. (f) Alongside fluid escape features,
emplacement of igneous intrusions can result in overburden deformation structures such as dyke
induced faults, maar craters and concentric faults. Mapping these features can help delineate the

distribution of underlying intrusions.
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Implications of focused fluid flow systems on petroleum system

elements and hydrocarbon exploration efforts

This project has developed three models for the formation of focused fluid flow features in the
Northern Carnarvon Basin, the Ceduna Sub-basin and the Bass Basin of offshore Australia; three
basins that represent currently producing, frontier and mature hydrocarbon basins respectively. This
thesis highlights varying interactions between subsurface fluid migration systems and geological
structures that can lead to the formation of focused fluid flows. As such, the different models for
genesis of focused fluid flow features developed in Chapters 2-5 can have varying implications for the

assessment of petroleum systems elements during hydrocarbon exploration.

1. Inthe Exmouth Plateau, normal faults acted as a trigger for the formation of focused fluid
flow features. While the faults do not appear to have been utilized as fluid migration
pathways, the fluid escape pipes themselves can act as such pathways once buried and
preserved. The observation that normal faults within the Triassic Mungaroo Formation are not
fluid migration pathways can lead to re-evaluation of play types that rely on faults as
hydrocarbon migration pathways. For instance, the Tiberius -1 well was drilled into a Late
Triassic carbonate reef along the western edge of the Exmouth Plateau to test a new
exploration play in 2010. In this play, the carbonate reefs are reservoirs that are charged by
hydrocarbons that had migrated along normal faults developed within the underlying Triassic
Mungaroo Formation source rock. The well did not encounter hydrocarbons; the failure was
attributed to a lack of fluid migration pathways into the carbonate reservoirs. The findings
from chapters 2 and 3 of this thesis suggest that normal faults within the Mungaroo Formation
act as a control on the spatial distribution of focused fluid migration but not as fluid migration
pathways. With this revised understanding of the role of the aforementioned faults on
subsurface fluid dynamics, a reassessment of this carbonate reef play type should reflect a
different risk profile regarding fluid migration and associated petroleum systems elements.
Alongside their potential impact on hydrocarbon charge, the presence of fluid escape pipes
within a sealing unit may indicate compromised seal integrity and increased risk that
hydrocarbon accumulations were evacuated from reservoirs within the Mungaroo Formation.

2. The Ceduna Sub-basin is a frontier hydrocarbon exploration region where the lack of direct
evidence for the existence hydrocarbon prone source rocks within distal parts of the sub-basin
is a key exploration risk. The identification of fluid escape pipes that are potentially

associated with hydrocarbon generation, expulsion and migration indicates the possible

201



Chapter 6 Conclusion

presence of productive Mid Cretaceous source rocks and establishes Late Cretaceous faults as
viable fluid migration pathways. These results could enhance hydrocarbon prospectivity by
reducing the source risk and encouraging a re-evaluation of exploration targets in the region.
Fluid flow and overburden deformation features in the Bass Basin developed as a result of
subsurface igneous intrusions. The igneous dykes identified in this study may impact
petroleum systems elements by acting as fluid migration barriers that compartmentalize
hydrocarbon reservoirs or sequences otherwise viable as secondary or tertiary migration
pathways. Igneous intrusion-associated complex fault systems (radial, conjugate, concentric
faults) may compromise seal rock integrity and provide fluid migration pathways for

subsequently generated hydrocarbons.

Recommendations for future work

This thesis represents a pioneering attempt to document and develop geological models for the

occurrence of ancient focussed fluid flow systems in offshore basins of Australia. The findings

established in this study provide a basis for future research on focused fluid flow systems in offshore

Australian basins. Several recommendations for future work are described below:

202

This study utilized seismic interpretation workflows that revolve around seismic reflection or
individual seismic attribute analysis. Advances in seismic imaging technology, compounded
by rapidly improving computer processing power, has led to the development of simultaneous
multi-attribute seismic analysis methods such as the chimney cube or neural-network analysis
in recent years. Utilizing advanced workflows and methods such as these, semi-automated
seismic interpretation workflows can be developed to detect focused fluid flow features that
may not be identifiable with conventional seismic interpretation techniques.

Chapters 2 and 3 utilized three 3D seismic surveys from the eastern, central and western
regions of the Exmouth Plateau in the Northern Carnarvon Basin to reveal a potential basin-
wide fluid expulsion event that occurred during the Late Jurassic. The spatial distribution of
these fluid flow features is controlled by Late Jurassic normal faults that are potentially
igneous dyke-associated faults, though the igneous intrusions could not be identified in this
study. While a radial trend in linear trains of paleo-fluid escape features is observed within
this study, further interpretation of 3D seismic surveys from across the plateau would better
define the spatial distribution of paleo-focused fluid flow features across the Exmouth
Plateau. Comprehensive mapping of Late Jurassic fluid flow features across the plateau will
enable identification of potential basin-wide spatial distribution trends of focussed fluid flow

systems. This information can then be integrated with the spatial distribution of igneous
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intrusions across the Exmouth Plateau to identify correlations between the occurrence of
focused fluid flow features and the presence of igneous intrusions. Potential correlations
between the two features could then lead to utilizing the occurrence of Late Jurassic fluid
escape features as a predictive feature for identifying underlying igneous intrusions.

As highlighted in Chapter 3, a plausible source of overpressure generation within the Triassic
Mungaroo formation of the Exmouth Plateau, that led to formation of the Late Jurassic
focused fluid flow features, is fluid expansion from hydrocarbon generation. One-dimensional
burial history modelling of the Mungaroo Formation show that organic matter within the
formation could have entered the hydrocarbon generation window when the overburden
thickness reached approximately 500 m or more. The varying overburden thicknesses used in
this modelling study represent hypothetical values of Jurassic sedimentary rocks that had been
eroded across the Exmouth Plateau at the end of the Jurassic (prior to formation of the
focused fluid flow features). If the amount of erosion that Jurassic sedimentary rocks had
undergone in the Late Jurassic could be better constrained, more realistic burial history
modelling parameters could be defined to test the hypothesis of fluid expansion from
hydrocarbon generation as a source of overpressure generation in the Mungaroo Formation.
Furthermore, 2D or 3D basin modelling studies that generated overpressure as an output
could also be undertaken to develop a clearer understanding of the paleo-pressure regime
across the Exmouth Plateau during the Late Jurassic.

Chapter 4 documents hydrocarbon-based focused fluid flow features within the Cenozoic
sequence and shallowest ~400 m of the Upper Cretaceous Hammerhead Supersequence in the
Ceduna Sub-basin of the Great Australian Bight. Some of these features appear to breach the
seafloor on seismic cross-sections. In 2009, Geoscience Australia acquired seabed sediment
cores across the Ceduna Sub-basin utilizing gravity corers to identify and characterise
potential natural hydrocarbon seeps. Sampling sites and locations were selected based on 2D
seismic profile data, bathymetry and Synthetic Aperture Radar (SAR) data, though the gravity
core sampling sites do not coincide with regions of the Ceduna Sub-basin where focused fluid
flow features were identified in this study. The location and spatial distribution of focused
fluid flow features within the Ceduna Sub-basin identified in Chapter 3 can be used as a basis
for selecting future seabed sampling or shallow drilling sites to obtain direct sediment sample
measurements of the aforementioned focused fluid flow features. Geochemical analysis of
such sediment samples could test the hypothesis of whether the identified focused fluid flow
features had formed as a result of hydrocarbon generation.

Chapters 2, 3, and 5 highlight the potential role of igneous intrusions in the formation or
spatial control of focused fluid flow features. In Chapters 2 and 3, potential igneous dykes

may have formed focused fluid flow associated normal faults within the Triassic Mungaroo
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Formation of the Exmouth Plateau in the Northern Carnarvon Basin. In Chapter 5,
hydrothermal vents, maar crater depressions and overburden deformation structures
(manifesting as conjugate, radial and concentric faults) within Eocene to Miocene Torquay
and Demon’s Bluff formations are interpreted to have developed due to emplacement of
underlying igneous intrusions. In all three chapters, the igneous intrusions are poorly imaged
on seismic data. Potential field data, such as magnetic or controlled source electromagnetic
(CSEM) data, measure subsurface conductivity/resistivity and are sensitive to the presence of
igneous material that tends to have higher electrical conductivity relative to the surrounding
sedimentary rocks. Existing potential field data in the Northern Carnarvon and Bass Basins
have predominantly been acquired for basement or crustal studies and as such, the parameters
of these data sets are not optimized for identifying smaller, localized igneous features.
Acquiring a denser grid of potential field data over areas of interest, with acquisition
parameters that are tuned for detecting localized igneous intrusions, will enable more accurate
interpretations of their spatial distributions within the Northern Carnarvon and Bass Basins.
With a clearer delineation on the location of igneous intrusions in the two basins, spatial
correlations between the focused fluid flows and igneous intrusions can be identified and
geological models for the genesis of focused fluid flow features developed in chapters 2, 3
and 5 can be further refined.



Appendix 1

Dimensions and spatial measurements of paleo-pockmarks
from the Exmouth Plateau, Northern Carnarvon Basin
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Dimensions and spatial measurements of Claudius Paleo-pockmarks
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604096.9
603711.38
603664.17
603011.12
602806.55
602814.42
603278.63

7771697.62
7772143.78
7772490.21
7772847.14
77735715

7773656.43

7773859

7774730.94
7775164.12
7775715.44
7776373.65
T777127.5

7777583.18
7778292.02
7778865.85
7779169.64
7779557.81
7780193.52
7780598.57
7780891.11
7781099.26
7781599.19
7782173.77
7781875.61
7782061.25
7782280.66
7782646.33
7782905.11
7783972.27
7784545.02
7785058.73
7785289.01
7785749.57
7787243.44
7787550.48
7768821.11
7769158.61
7770921.86
7759126.57
7761542.07
7764531.93
7764878.13
7764091.32
7764649.96
7765082.7

7766396.66

107
363
130
219
295
102
85
268
228
346
326
394
220
138
398
144
319
288
295
117
114
171
155
209
125
138
264
340
324
289
152
300
282
294
336
416
308
460
164
408
303
231
454
223
433
180

146
397
220
284
589
107
98
445
330
595
606
539
280
143
399
214
398
325
329
152
122
175
210
238
131
164
308
426
346
323
171
302
357
386
371
450
312
602
167
415
314
270
618
242
454
227

207
303
310
312
265
173
180
355
290
368
438
400
412
255
435
176
317
362
377
195
201
205
203
244
174
180
219
450
471
258
206
259
208
197
229
373
215
275
171
224
344
209
227
257
176
244

798
1685
1423
1323

584

769

724

994

388

904

826

773

779

708

789

861

750

769

747

732

725

788

778
895
948
863
902
948
993
81
316
243
978
558
560
1074
1036
642
544
490
474

20
18
28
41
28
51
35
19
63

40

23

35

26

22
12

28
23

15

28

41

39

42

33

36
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86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131

208

602961.46
602535.99
602675.91
602411.61
602046.26
601813.06
602201.73
601898.57
601478.8
601486.58
601323.33
601237.83
601175.64
600746.96
600702.52
599591.36
599631.75
599639.83
598872.55
602716.99
599276.38
599139.08
598299.11
596901.86
602033.71
601987.3
601694.55
601455.37
601223.32
601051.96
597479.97
601005.55
600791.35
600711.34
600490.01
600183.62
597909.92
599569.54
597794.41
599392.57
599227.39
601449.4
602959.58
603046.1
595807.51
595489.83

7766848.43
7767073.86
7767796.79
7767928.94
7768791.79
7769211.55
7769483.62
7769950.03
7770082.18
7770424.21
7770626.32
7770945.03
7771613.55
777347481
7773911.78
7777640.5

7778149.32
7778561.23
7778835.83
7780402.68
7780895.35
7781993.77
7782567.22
7784497.5

7782527.2

7783176.93
7783726.7

7784115.83
7784558.5

7784886.94
7793494.44
7785129.7

7785515.25
7786191.48
7786698.42
7787343.75
7788707.41
7788947.31
7789446.77
7789403.51
7789678.8

7790241.18
7790193.99
7790551.87
7785858.12
7786857.1

163
262
157

177
455
278
110
207
183
128
180
404
152
349
327
135
277
282
141
417
198
271
353
110
495
288
317
117
109
385
112
92
361
394
252
266
258
578
268
264
481
241
425
266
368

258
327
168
130
245
548
293
165
353
231
246
223
753
172
545
363
166
392
348
179
856
221
330
358
121
567
309
344
161
119
487
135
135
371
616
282
349
345
676
289
298
526
384
462
674
373

243
396
217
181
308
330
291
358
251
199
199
126
344
247
406
397
217
256
291
244
541
283
519
567
238
482
230
393
202
195
454
476
232
511
433
347
322
357
419
441
360
442
325
383
554
336

830
816
551
416
443
842
738
594
297
408
363
440
486
330
496
466
477
523
382
585
527
229
480
552
812
957
934
880
835
811
820
830
637
765
621
675
704
756
869
781
785
438
589
856
883
894

62

50

20

24

24

61

48

50

25

27

31

33

25

31

55

25
69
50
37
20

42

51

28



132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177

209

594732.04
597457.96
598799.06
598648.42
598387.55
593476.67
595050.51
596930.41
597782.84
597708.83
596463.14
597164.2
596935.35
596022.8
596225.35
596349.28
595960.14
595894.41
595831.97
595868.97
595690.89
595452.69
592063.81
592587.28
591181.1
604792.77
599916.46
599007.88
609207.44
607167.24
608373.3
606970.66
607831.37
607931.36
606062.13
607804.8
607353.2
607209.75
607156.61
604978.16
605647.6
605387.25
605137.54
604914.39
604760.31
615593.7

7788942.51
7790534.38
7790589.49
7791034.08
7791607.26
7791746.04
7792444.2

7792068.22
7792698.73
7793083.07
7793439.4

7794175.23
7794719.85
779472275
7796173.69
7795826.68
7796835.48
7796146.28
7798451.55
7798624.99
7799027.39
7800091.2

7795963.05
7797687.42
7798318.66
7796738.33
7798320.2

7800816.2

7790149.29
7792019.47
7792471.08
7792577.34
7793639.95
7793831.21
7794601.6

7794187.18
7795903.29
7796184.88
7796487.72
7799823.46
7800673.54
7801056.07
7801624.56
7802347.14
7802703.11
7803233.56

265
290
178
246
286
378
283
125
188
373
276
301
317
409
330
174
375
313
110
149
179
238
288
129
334
282
309
726
430
258
173
225
162
122
453
290
134
329
196
328
296
335
211
304
122
250

266
355
236
450
373
1082
313
157
186
380
407
381
388
448
460
180
533
395
149
151
263
340
303
154
409
357
570
727
719
409
180
286
172
141
480
296
170
348
304
566
358
429
349
319
207
360

510
360
229
378
281
471
339
175
153
420
370
393
403
434
484
192
392
395
217
196
416
397
510
201
376
256
556
616
391
400
289
225
370
244
351
320
388
464
233
412
395
543
196
271
213
305

940
1143
636
644
660
703
532
625
757
796
738
776

814
823
795
726
789
813
966
888
794
840
981
944
404
638
785
880
556
759
551
743
805
432
864
651
669
578
939
597
602
714

845
654

40
32

21

40

28

40

42

28

21

45

31

35

32

25
25

23
17
22
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178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224

210

614835.26
616975.13
604539.24
604544.37
602399.18
602168.24
601439.49
602989.37
603235.71
612645.39
610728.17
610199.22
610370.35
609898.78
609134.13
611017.62
611102.33
607876.18
607899.88
601078.29
600912.3
599037.98
598412.23
598168.88
598058.8
597977.69
590015.32
590097.82
593191.52
592969.72
593297.59
593024.36
592943.87
589034.72
588997.2
597143.85
592535.38
592471.88
592375.61
591746.85
591517.49
587452.62
586798.77
586312.25
591167.26
593713.35

7804533.74
7805089.02
7803782.49
7804177.66
7804023.7

7804598.49
7806204.81
7808206.3

7808350

7811158.84
7816544.95
7817322.8

7818236.81
7820123.92
7822911.56
7825235.09
7826265.75
7827177.76
7827966.68
7815385.22
7816145.27
7821470.81
7822925.1

7823689.91
7824170.81

7824559

7802323.53
7802637.06
7803597.06
7804513.16
7805397.13
7805512.85
7806907.45
7806866.75
7807562.9

7808252.65
7808576.31
7808832.37
7809211.33
7811419.37
7812290.92
7812624.78
7814598.37
7815583.84
7814458.08
7815728.9

338
446
256
274
165
110
160
169
239
139
295
213
323
480
301
145
202
191
310
198
544
530
370
235
278
187
163
316
231
199
214
340
369
432
487
347
231
266
215
241
194
182
336
298
298
473

445
486
417
225
225
130
248
181
292
235
558
382
372
601
383
220
242
233
339
201
645
1028
609
301
279
278
172
409
241
417
286
398
451
466
660
455
272
272
265
320
267
334
401
372
325
561

418
433
437
205
181
196
198
180
383
432
203
205
220
320
346
194
230
152
234
248
388
549
433
449
493
341
183
456
332
313
304
381
410
412
503
211
387
365
202
349
361
306
362
230
427
441

846
756
721
830
260
258
400
285
544
612
598

469

589
349
842

378
760
889
890
733
889
1069
1083
410
627
483
544
531
368
841
436
617

807
824
738
656
702
884
791
767
854
590

32

32

24

58

80

58

19

54

24

33
55

27
42
36
35
33
28
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225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
275
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269

211

590837.29
590709.63
590709.63
585820.41
585297.01
595744.07
595649.07
589819.63
589485.2
590995.82
594293.75
596577.88
596945.81
587570.5
587174.01
583013.3
582856.27
582294.59
582415.38
582463.7
583670.04
575635
573564.63
572828.34
577003.45
576407.3
573580.44
570438.21
561279.3
569318.74
567167.76
563803.67
556399.05
566097.87
555866.14
561131.51
559283.11
559077
558555.38
555747
556007.67
555203.55
554981
556091.54
609499.77
609503.59

7814846.01
7816750.23
7816750.23
7817756.95
7819635.97
7818406.77
7819429.87
7819440.57
7819475.51
7821212.36
7824672.3
7824937.63
7826267.07
7826137.34
7828003.89
7824588.76
7824667.28
7826328.16
7825983.91
7825802
7823236.85
7812993.55
7807660.89
7806039.38
7796922
7796098.93
7791301.67
7786846.79
7772828.88
7785401.5
7796062.28
7805009.47
7789364.64
7789027.14
7788539.64
7784639.66
7781876.1
7781557
7780865.11
7776904.18
7776202.19
7769412.18
7769827
7762102.24
7766340.86
7766354.41

102
202
430
250
275
173
295
130

450
255
339
435
289

97

266
103
197
297
260
129

138
302
640
219
356
251
182
146
155
131
334
200

236

320

401

359

185

165

126
264
661
393
336
298
311
228

452
297
357
663
307

143

301
140
202
581
342
180

144
338
636
296
273
308
280
203
158
181
535
209

329

444

446

445

266

230

205
396
226
229
388
217
218
363

449
357
330
353
205

243

229
180
205
398
415
218

176
185
291
352
271
282
192
217
200
344
266
249

195

310

296

315

275

278

574
739
772
526
632
367
431
861

695
574
984
818

590

332
326
697

911
506

554
770

390
261
591
366
204
454
489

404

447

667

599

534

776

24
25
31
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270 617565.17 7759364.75 265 303 246 584

271 617618.9 7759815.83 269 329 351 642
272 617488.7 7760714.74 107 119 141 596
273 591593.95 7811994.67 181 189 251 674
274 591589.54 7811978.79 194 202 353 634
275 582461.06 7825807.12 140 151 160 309

Dimensions and spatial measurements of lo-Jansz 3D Paleo-
pockmarks (Chapter 3)

Pockmark

Pockmark Width Pockmark  Pipe height  Pipe height
Number (m) Length (m) (twt) (m)

1 150 180 166 282.2
2 400 800 370 629
3 307 490 298 506.6
4 312 314 258 438.6
5 133 140 234 397.8
6 356 390 247 419.9
7 125 180 142 2414
8 156 214 250 425
9 208 335 134 227.8
10 590 644 378 642.6
11 376 480 220 374
12 260 327 60 102
13 251 454 210 357
14 357 387 158 268.6
15 205 318 187 317.9
16 331 463 260 442
17 288 431 102 173.4
18 155 179 126 214.2
19 378 395 315 535.5
20 189 236 175 297.5
21 367 431 255 433.5
22 171 179 194 329.8
23 150 160 161 273.7

212



Dimensions and spatial measurements of Thebe 3D Paleo-pockmarks

(Chapter 3)
. . Pipe
Pockmark Type Po_ckmark Pockmark Length  Pipe height height
Number Width (m) (m) (twt) (m)
1 D 238 404 135  168.75
2 A 184 280 80 100
3 A 230 300 107  133.75
4 A 213 230 122 152.5
5 A 376 455 182 2275
6 D 143 150 126 157.5
7 D 472 616 328 410
8 B 456 463 347  433.75
9 B 297 351 86 107.5
10 B 186 214 51 63.75
11 B 146 148 47 58.75
12 D 290 350 189  236.25
13 D 125 274 262 327.5
14 B 182 217 97 121.25
15 A 323 383 95 118.75
16 D 115 154 93 116.25
17 D 152 197 81 101.25
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Appendix 2

Throw measurements of conjugate fault pairs from the Labatt
3D, Bass Basin (Chapter 5)
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215

Conjugate
Fault
1.1

Conjugate Fault Throw Measurement (Chapter 5)

Seismic

Crossline

4202

4140

4074

3952

3890

TWT depth
(ms)
680
725
914
950
1030
1216
617
693
891
918
961
1012
1209
604
684
864
893
921
951
1001
1198
590
629
679
694
790
821
852
881
902
924
953
974
556
579
611
659
670
807
829
843

Fault throw
(ms)
10
10.2
23.4
19.6
14
4.7
11.9
16.8
24
16.3
14
12.4

14.4
22.6
7.3
141
13.18
17.6
13.8

8.6
12.5
17.8
14.2
28.3
29.2
23.5
211
17.2
14.8
134
13.4

4.3

12
14.4
21.5
21.5
30.6

28

31

Period(ms)

26
22
18
22
24
22
23
26.5
24.7
19.7
29
22.9
25
22
25
20.6
17
22.9
17.9
22.4
22.9
21
19
24
27
19
18.7
24.2
23.8
26.7
16.5
21.6
23.8
25.7
23.8
19.7
27
26.6
22.4
25.2
22.4

Normalized
throw

0.384615385
0.463636364
1.3
0.890909091
0.583333333
0.213636364
0.517391304
0.633962264
0.971659919
0.827411168
0.482758621
0.541484716
0.16
0.654545455
0.904
0.354368932
0.829411765
0.575545852
0.983240223
0.616071429
0.174672489
0.40952381
0.657894737
0.741666667
0.525925926
1.489473684
1.561497326
0.97107438
0.886554622
0.644194757
0.896969697
0.62037037
0.56302521
0.167315175
0.504201681
0.730964467
0.796296296
0.808270677
1.366071429
1.111111111
1.383928571



216

3840

3770

3668

864
906
928
947
959
1153
534
570
592
622
660
672
771
794
815
847
872
909
942
1135
537
560
580
613
643
656
758
791
812
841
881
893
912
923
1117
511
533
571
593
616
640
766
776
818
861
870

23.4
20.5
16.2
15.3
14.8
3.5
5.7
12.2
111
14.8
19.6
19.1
30.1
29.9
28.7
26.8
22.6
18
14.9
4.5
4.4
9.4
12

134
12.5
22.7
211
23.2
18.7
11.3
13.1
11.3
13.8

7.3
12.3
17.7
16.2
19.6
18.7
16.5
18.1
16.4
12.5
12.5

16.6
16
19.7
20
22
22
24.9
234
20.9
23.2
27
27
20.5
20.5
22
23
27
27
22
23
22
20
19.3
26
28.7
255
19
19
27
28.4
20.8
20.2
18.4
22
24
21
23.4
19.3
24
23
26
22
22
215
19
22.6

1.409638554
1.28125
0.822335025
0.765
0.672727273
0.159090909
0.228915663
0.521367521
0.531100478
0.637931034
0.725925926
0.707407407
1.468292683
1.458536585
1.304545455
1.165217391
0.837037037
0.666666667
0.677272727
0.195652174
0.2
0.47
0.621761658
0.346153846
0.466898955
0.490196078
1.194736842
1.110526316
0.859259259
0.658450704
0.543269231
0.648514851
0.614130435
0.627272727
0.166666667
0.347619048
0.525641026
0.917098446
0.675
0.852173913
0.719230769
0.75
0.822727273
0.762790698
0.657894737
0.553097345
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1.2

3594

4202

4140

4074

3952

888
912
1092
505
537
557
589
627
655
745
765
810
839
870
893
1090
608
878
959
1003
1201
600
666
702
834
872
937
986
1193
594
633
675
795
840
867
935
982
1201
668
789
823
866
910
946
959
1175

12.7

11.05

5.2
6.7
10.1
12
12.9
14.9
10.4
18
17.7
12.9
11.9
13.4
10
5.2
9.3
22
20
21
9.2
6.2
13.7
18.8
17.5
27
221
18.4

8.4

14.6
26.4
28.7
37.2
22.9
20.7
5.5
7.2
11.5
41.7
21.5
151
15.3
12.9
4.6

22
24
24
22.3
20.5
19.9
25.2
255
28
26.7
20.2
27.9
225
21.3
23.4
22.3
20.6
18
27
21
21
22
27.5
26
19.2
18.3
30.7
23.8
24
21
20.6
24
17.9
19.4
17
27
24.7
26.1
27
21
22
24.2
31
21.3
22
22

0.577272727
0.460416667
0.216666667
0.30044843
0.492682927
0.603015075
0.511904762
0.584313725
0.371428571
0.674157303
0.876237624
0.462365591
0.528888889
0.629107981
0.427350427
0.233183857
0.451456311
1.222222222
0.740740741
1
0.438095238
0.281818182
0.498181818
0.723076923
0.911458333
1.475409836
0.719869707
0.773109244
0.208333333
0.4
0.388349515
0.608333333
1.474860335
1.479381443
2.188235294
0.848148148
0.83805668
0.210727969
0.266666667
0.547619048
1.895454545
0.888429752
0.487096774
0.718309859
0.586363636
0.209090909



218

3890

3840

3770

3668

3594

662
674
811
847
874
910
929
943
1158
541
577
599
660
831
877
909
930
598
625
649
662
745
773
792
811
866
880
899
911
1120
533
556
574
607
621
633
657
716
730
755
77
810
859
891
1094
521

5.7
7.2
25.9
23.4
22.54
211
22
17.2
5.9
4.2
7.3
7.3

20.24
14.8
16.26
15
13
14.7
18.9
15.7
17.2
18.1
16.9
19.6
19.2
16.4
155
14.3
10.7
5.2
7.9
11.06
12.3
12.6
14.12
13.2
16.57
221
16.9
15.3
15.1
14.84
12.8
4.5
53

224
25.7
20
29.2
33.3
22
22
22.3
23.1
24.9
22
20.5
245
24.2
28
20.5
23
22.6
28
24
28.4
19
19
18
23
27
22.3
215
215
23
22.9
20.6
20.2
27
24
23
25.2
19.7
20
27
18
27
24
22.9
22
26.9

0.254464286
0.280155642
1.295
0.801369863
0.676876877
0.959090909
1
0.771300448
0.255411255
0.168674699
0.331818182
0.356097561
0.12244898
0.836363636
0.528571429
0.793170732
0.652173913
0.575221239
0.525
0.7875
0.552816901
0.905263158
0.952631579
0.938888889
0.852173913
0.711111111
0.735426009
0.720930233
0.665116279
0.465217391
0.227074236
0.383495146
0.547524752
0.455555556
0.525
0.613913043
0.523809524
0.841116751
1.105
0.625925926
0.85
0.559259259
0.618333333
0.558951965
0.204545455
0.197026022



219

2.1

3768

3644

3588

553
576
596
607
630
641
748
769
792
823
856
877
888
530
575
585
596
629
648
691
826
846
862
881
901
496
529
538
576
595
609
639
759
789
804
824
847
875
893
915
1117
469
512
522
555
578

6.5
5.3

13
14.9
8.8
9.5
10.3
8.8
8.8
6.1
5.7
10.7
19.7
17.8
17.3
16.1
26.3
33.6
32.3
32.9
30.5
26.3
22.8
13.8
18.5
20.3
18.5
28.1
28.1
28.7
17.9
22.2
21.5
17.9
13.7
12
17.3
18.2
5.9
14.2
18.7
18.7
26.9
26.9

19.9
20.5
21.7
24
24.9
24.6
23
20
27.8
28.7
24
21.4
24
15
20.6
20.6
20
234
24.4
30
21.5
22.08
21.6
19
23.45
19.7
20.9
18.7
21.3
22.7
29.1
33.59
204
16.9
195
21.4
24.2
36.6
20.9
23
22.5
234
20.2
19.9
24.9
25.2

0.40201005
0.317073171
0.244239631
0.333333333
0.522088353
0.605691057
0.382608696

0.475
0.370503597
0.306620209
0.366666667
0.285046729

0.2375
0.713333333

0.95631068

0.86407767

0.865
0.688034188
1.077868852

1.12
1.502325581
1.490036232
1.412037037
1.384210526

0.97228145
0.700507614
0.885167464
1.085561497
0.868544601
1.237885463
0.965635739
0.854420959

0.87745098
1.313609467
1.102564103
0.836448598
0.566115702
0.327868852
0.827751196
0.791304348
0.262222222
0.606837607
0.925742574
0.939698492
1.080321285
1.067460317



220

2.2

3524

3768

3644

603
621
726
748
773
793
815
846
866
876
899
1089
1208
455
477
493
503
538
560
572
604
717
727
770
826
849
872
1068
1173
558
588
607
633
647
790
808
848
867
890
922
941
966
979
1184
515
536

30.7
32.2
30.5
27.5
25.7
23.9
22.2
24.4
22.1
21.6
19.1
9.5
53
14.3
18.5
23.4
23.3
29.3
32.3
31.7
30.5
17.9
18.5
114
21.3
21.5
19.7
7.1
4.1
13.1
114
19.7
21.9
18.6
12.5
15.6
28.7
26.9
24
24.9
251
20.3
17.9
6.5
9.1
11

34
34
21.2
20.5
18
20.8
22
26.7
30
22.9
24
22.6
22.2
19.9
20.6
20.4
20.1
24.9
26.3
21.7
38
18.3
22.3
20.1
16
225
21
21
22.5
20.1
18.3
24
27
26.7
18.1
20.2
18.7
17.4
23.7
27
27
24.4
24
20.9
20.1
18.8

0.902941176
0.947058824
1.438679245
1.341463415
1.427777778
1.149038462
1.009090909
0.913857678
0.736666667
0.943231441
0.795833333
0.420353982
0.238738739
0.718592965
0.898058252
1.147058824
1.15920398
1.176706827
1.228136882
1.144404332
0.802631579
0.978142077
0.829596413
0.567164179
1.33125
0.955555556
0.938095238
0.338095238
0.182222222
0.651741294
0.62295082
0.820833333
0.811111111
0.696629213
0.690607735
0.772277228
1.534759358
1.545977011
1.012658228
0.922222222
0.92962963
0.831967213
0.745833333
0.311004785
0.452736318
0.585106383



221

3.1

3599

3501

3423

575
598
612
646
795
830
854
880
902
915
1113
1233
460
483
517
534
580
592
621
742
760
777
798
819
830
897
1095
454
484
502
539
557
571
708
728
752
770
794
827
858
883
949
1063
1185
1238
381

11
12.9
115
16.7

29.75

31
25.8

23

23
20.6
115

9.1

8.3
14.3

18
19.1
26.9
26.3
31.1
18.6
16.7
17.3
15.2

15
13.7

4.1

6.6
10.2
21.6

25.19
22.7
25.7
251
34.7
34.1
32.9
32.9
29.3
25.4
19.7
16.1
18.2
19.6
13.9

6.2
11.2

22.3
24.9
28
26
18
26
16.9
24.6
214
21.3
214
19
20.7
25.7
19.7
18.7
26.5
29.3
30
19.4
20.5
19.4
18.7
24.4
24.2
20.2
19.2
22
20
19.7
23.8
24.3
29
20.6
19.3
18.4
20.8
23.6
23.4
22.2
23.1
26.3
22.9
23.1
28
21.4

0.493273543
0.518072289
0.410714286
0.642307692
1.652777778
1.192307692
1.526627219
0.93495935
1.074766355
0.96713615
0.537383178
0.478947368
0.400966184
0.556420233
0.913705584
1.021390374
1.01509434
0.897610922
1.036666667
0.958762887
0.814634146
0.891752577
0.812834225
0.614754098
0.566115702
0.202970297
0.34375
0.463636364
1.08
1.278680203
0.953781513
1.057613169
0.865517241
1.684466019
1.766839378
1.788043478
1.581730769
1.241525424
1.085470085
0.887387387
0.696969697
0.692015209
0.855895197
0.601731602
0.221428571
0.523364486



222

3293

3217

403
412
443
462
480
530
554
582
679
710
727
751
788
826
847
1024
1149
1213
379
411
436
510
525
549
660
682
716
726
747
780
795
829
1013
1131
1193
383
427
440
475
511
532
554
578
659
678
709

12.7
16.4
27.7
34.4
37.4
50.2
57.7
50.9
54.7
59.2
61.4
57.7
54.1
47.9
50.2
35.9
34.4

30.51

7.4
10.2
19.6
311
29.9
34.7
37.1
35.9
40.1
40.1
41.3
40.9
39.4
37.1
245
32.9
32.9

8.4

7.2
20.3
28.7
26.3
32.3
38.9

43
35.9
39.5
48.5

19.9
21.9
18.9
18.4
18
23.8
28.2
24.1
20.3
18.6
20
23.9
18.8
22.2
19.23
225
22.4
31.7
21.4
24.2
22.5
22.9
24.2
29.3
24.4
22.7
16.7
19.7
22.7
24.4
26.5
24.9
20.2
22.35
20.4
21.3
22.5
23
17.4
18.6
20.8
29.9
25.9
21
20
16.7

0.638190955
0.748858447
1.465608466
1.869565217
2077777778
2.109243697
2.046099291
2.112033195
2.694581281
3.182795699
3.07
2414225941
2.877659574
2.157657658
2.61050442
1.595555556
1.535714286
0.962460568
0.345794393
0.421487603
0.871111111
1.358078603
1.23553719
1.184300341
1.520491803
1.581497797
2.401197605
2.035532995
1.81938326
1.676229508
1.486792453
1.489959839
1.212871287
1.472035794
1.612745098
0.394366197
0.32
0.882608696
1.649425287
1.413978495
1.552884615
1.301003344
1.66023166
1.70952381
1.975
2.904191617



223

3133

3003

2903

2859

729
749
776
797
819
1016
1143
401
421
443
502
526
549
573
667
687
708
732
77
802
824
1022
426
447
483
518
551
583
658
686
715
791
812
1048
440
499
532
557
651
681
711
783
809
830
1044
448

49.75
49.1
44.6
44.3
40.7

30
24

8.9
21.6
31.7
36.5
37.1
43.7
42.5
43.1
56.3
515
43.9
41.9
38.9
16.7

12
13.5
23.2
21.7
29.9

27
314
33.7
42.7
36.7
37.4
20.3

9.6
25.7
31.7
29.9
29.3
36.5
41.3
36.4
32.9
30.5
17.9

8.6

225
21.1
21.8
20.8
23.9
22.3
234
23.3
19.3
24
19.5
251
24.6
25
20.3
225
26.7
25.6
27
22.3
22.3
22.6
21.3
23.2
16.4
20.4
30.2
28
22
23.2
24.8
225
22.7
23.8
19.9
18.4
25.7
29.8
21.3
19.6
26
17.5
23
22.6
24.4
18.4

2.211111111
2.327014218
2.04587156
2.129807692
1.70292887
1.34529148
1.025641026
0.25751073
0.461139896
0.9
1.625641026
1.454183267
1.508130081
1.748
2.093596059
1.915555556
2.108614232
2.01171875
1.625925926
1.878923767
1.744394619
0.738938053
0.563380282
0.581896552
1.414634146
1.357843137
0.990066225
0.964285714
1.427272727
1.452586207
1.721774194
1.631111111
1.647577093
0.852941176
0.48241206
1.39673913
1.233463035
1.003355705
1.375586854
1.862244898
1.588461538
2.08
1.430434783
1.349557522
0.733606557
0.467391304



224

4.1

3729

3701

3667

508
532
553
661
695
747
791
828
849
1062
503
526
569
590
640
664
815
834
863
892
939
963
987
1314
496
517
567
589
632
660
773
815
842
859
878
899
924
957
984
1177
483
510
545
562
589
612

17.2
17.9
18.7
17.9
22.4
26.2
21.9
17.2
17.9
12
8.9
14.9
23.9
22.8
30.5
29.9
37.7
38.9
34.1
32.3
30.7
29.9
25.19

8.1
12.4
16.2

12
28.2
24.9
41.2
311
30.6
325

34
321
29.4
27.8
21.5

8.1

7.8
13.8
20.3
21.6
245
32.9

19.5
21.9
26.1
23.1
26.3
26.6
20.3
21.8
225
255
20.7
16.1
214
22
26.6
344
24.3
21.1
21.2
24.3
21.3
19.5
26
21
20.2
16.7
22.5
19.9
27.5
28.2
18.7
23
17.4
16.6
23.4
20.75
19.8
234
24.5
215
24.9
26
18.4
18.8
26.6
24.2

0.882051282
0.817351598
0.716475096
0.774891775
0.851711027
0.984962406
1.078817734
0.788990826
0.795555556
0.470588235
0.429951691
0.925465839
1.11682243
1.036363636
1.146616541
0.869186047
1.551440329
1.843601896
1.608490566
1.329218107
1.441314554
1.533333333
0.968846154
0.142857143
0.400990099
0.74251497
0.72
0.603015075
1.025454545
0.882978723
2.203208556
1.352173913
1.75862069
1.957831325
1.452991453
1.546987952
1.484848485
1.188034188
0.87755102
0.376744186
0.313253012
0.530769231
1.10326087
1.14893617
0.921052632
1.359504132



225

5.1

3719

3617

3249

638
755
784
804
829
849
887
904
928
950
1166
486
507
541
562
588
615
642
740
780
817
834
854
871
905
927
1118
460
477
517
526
568
591
615
750
787
824
841
899
470
510
527
547
570
594
629

28.7
35
33.58
29.7
27.3
23.9
23.9
24.1
24.4
21.3

45
8.2
13.9
13.9
18.2
24.2
21.6
34.9
24.7
19.1
19.6
20.6
23.7
15.8
12
4.7
8.5
115
19.5
19.9
18.3
23.5
20.9
22.4
15
18.5
22.3
19.6
5.08
15.8
16.7
17.2
20.6
20.6
22.03

33.08
17.7
23
18
19.2
19.6
15.3
20.7
19.3
24.9
23.3
20.7
23.3
20.6
19.3
17.6
27.6
22.7
19.3
23.1
18.4
20.8
17.8
20.8
204
23.1
31
17
17.6
20.5
19.9
25.2
23.4
28.5
23.6
19.84
19.2
18.4
26.6
23.2
19.2
17.1
21.8
23.9
26.7
29.3

0.867593712
1.97740113
1.46
1.65
1.421875
1.219387755
1.562091503
1.164251208
1.264248705
0.855421687
0.25751073
0.217391304
0.35193133
0.674757282
0.720207254
1.034090909
0.876811594
0.95154185
1.808290155
1.069264069
1.038043478
0.942307692
1.157303371
1.139423077
0.774509804
0.519480519
0.151612903
0.5
0.653409091
0.951219512
1
0.726190476
1.004273504
0.733333333
0.949152542
0.756048387
0.963541667
1.211956522
0.736842105
0.218965517
0.822916667
0.976608187
0.788990826
0.861924686
0.771535581
0.751877133



226

8.1

3553

3507

3461

721
743
764
795
837
863
895
1100
500
549
612
639
792
837
855
903
920
946
977
988
1192
1315
542
551
591
618
654
789
824
844
865
889
914
940
957
979
1052
1179
480
526
568
593
628
751
799
817

18.6
18.2
22.5
22
21.1
22.5
20

10.2
20.4
31.7
28.1
48.5
47.9
50.3
43.1
43.4
35.4
31.7
31.7
14.3
14
10.1
114
19.1
18
19.7
24.6
29.3
35.9
32.3
25.7
23.5
17.9
22.2
20.9
17.9
7.2
7.2
15.5
22.7
22.2
23.3
39.5
44.3
46.1

28
18
20.8
21.9
28.4
24.4
22.7
223
16.2
18
26.5
29.3
25.8
21.3
21.8
17.2
227
222
22.1
24.5
20.4
21.3
17.9
19
26.4
32.6
35.6
24.2
25.3
20.4
227
21.8
23.2
223
19.9
213
24.4
217
26.4
19.4
23.7
28.7
30.7
19.9
21.3
21.8

0.664285714
1.011111111
1.081730769
1.00456621
0.742957746
0.922131148
0.881057269
0.358744395
0.62962963
1.133333333
1.196226415
0.959044369
1.879844961
2.248826291
2.30733945
2.505813953
1.911894273
1.594594595
1.43438914
1.293877551
0.700980392
0.657276995
0.56424581
0.6
0.723484848
0.552147239
0.553370787
1.016528926
1.158102767
1.759803922
1.422907489
1.178899083
1.012931034
0.802690583
1.115577889
0.981220657
0.733606557
0.331797235
0.272727273
0.798969072
0.957805907
0.773519164
0.758957655
1.984924623
2.079812207
2.114678899



227

3405

3379

3317

843
861
879
905
936
948
461
494
549
571
602
727
770
790
814
848
873
903
927
1127
447
497
527
560
591
718
763
783
804
839
865
902
1107
437
472
522
541.9
581
692
733
751
774
811
832
854
874

35.3
34.7
34.3
35.1
28.7
25.8
10.4
21.7
19.4
24.7
29.2
37.4
38.9
35.1
32.9
30.7
28.5
26.2
22.4
15
8.3
16.7
16.1
24.5
31.1
37.1
34.1
311
335
30.7
28.7
25.7
135
6.5
7.8
13.7
21.6
28.7
31.7
34.7
35.9
34.8
34.5
37.1
32.3
30.5

24.18
16.4
24.2
21.8

23
25.3
24.6
17.1
23.3

27
29.5
20.3
21.2
20.7
25.2
225
21.9

21
19.9

18
21.7
20.8
29.1

27

30
21.8
21.9
20.5
215
22.4
22.1
23.9
19.6
19.2
18.3
234
21.3
30.2
21.2
19.9
21.2
23.3
21.7
225
18.9
22.3

1.459884202
2.115853659
1.417355372
1.610091743
1.247826087
1.019762846
0.422764228
1.269005848
0.832618026
0.914814815
0.989830508
1.842364532
1.83490566
1.695652174
1.305555556
1.364444444
1.301369863
1.247619048
1.125628141
0.833333333
0.382488479
0.802884615
0.553264605
0.907407407
1.036666667
1.701834862
1.557077626
1.517073171
1.558139535
1.370535714
1.298642534
1.075313808
0.68877551
0.338541667
0.426229508
0.585470085
1.014084507
0.950331126
1.495283019
1.743718593
1.693396226
1.493562232
1.589861751
1.648888889
1.708994709
1.367713004



228

8.2

3223

3163

3553

3507

1069
423
446
504
527
553
669
707
723
758
s
809
828
849

1031

1154
437
474
515
539
567
610
659
698
734
764
785
812
839

1020
524
563
600
620
644
813
852
871
894
913
927
955
976
997

1197
501

24.5
12.5
16.1
18.5
21.5
27.5
28.7
29.3
28.1
25.19
32.15
28.1
26.3
25.1
17.3
15
11.2
20.3
22.7
23.9
30.5
29.3
39.5
41.3
37.1
32.3
335
30.2
27.8
11.48
14.4
23.4
221
341
30.5
35.3
34.7
32.9
335
34.1
35.5
311
26.3
25.8
13.2
17.3

211
27.6
16.7
23.7
22.6
29.6
19.9
17.3
214
17
23.1
19
20.8
24
23.4
23.2
23.6
17.9
22
28.6
28.9
17.9
19.1
19
23.48
18.4
18.16
24
27
20
17.2
15.7
20.7
21.8
31.2
23.1
17.3
20.9
23.8
16.9
22.9
22.7
194
23.2
19.3
16.6

1.161137441
0.452898551
0.964071856
0.780590717
0.951327434
0.929054054
1.442211055
1.693641618
1.313084112
1.481764706
1.391774892
1.478947368
1.264423077
1.045833333
0.739316239
0.646551724
0.474576271
1.134078212
1.031818182
0.835664336
1.055363322
1.636871508
2.068062827
2.173684211
1.580068143
1.755434783
1.844713656
1.258333333
1.02962963
0.574
0.837209302
1.49044586
1.06763285
1.564220183
0.977564103
1.528138528
2.005780347
1.574162679
1.407563025
2.017751479
1.550218341
1.370044053
1.355670103
1.112068966
0.683937824
1.042168675
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555
579
605
617
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828
845
869
890
905
934
954
976
1175
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532
551
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769
815
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877
908
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534
582
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810
830
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28.1
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35.9
35.3
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38.3
40.1
38.9
38.3
38
32.9
29.9
27.5
11.9
16.6
29.9
33.5
40.1
39.5
455
32.3
37.7
33.5
37.1
31.7
28.7
25.7
19.7
11.2
12
20.9
24.7
28.5
29.9
27.7
27
25.4
27.4
28.45
24.7
22.4

7.8
11.9
20.4
25.7

16.6
25.3
23.9
25.6
20.4
20.6
20.2
23.7
17.1
23.02
18.6
194
21.9
19.1
24.5
18.9
25.9
22.1
25.9
23.1
21.9
21
24
21.8
28.3
19.5
22.3
20.6
25.9
20.1
24.5
315
18.7
20.8
20.1
23.3
19.3
22.3
24.6
22.9
27.8
20.2
23.26
27.6
17.9
22.6

1.692771084
1.181818182
1.50209205
1.37890625
1.789215686
1.859223301
1.985148515
1.641350211
2.239766082
1.650738488
1.768817204
1.541237113
1.255707763
0.623036649
0.67755102
1.582010582
1.293436293
1.814479638
1.525096525
1.96969697
1.474885845
1.795238095
1.395833333
1.701834862
1.120141343
1.471794872
1.152466368
0.95631068
0.432432432
0.597014925
0.853061224
0.784126984
1.524064171
1.4375
1.378109453
1.158798283
1.316062176
1.228699552
1.156504065
1.07860262
0.805755396
0.297029703
0.335339639
0.43115942
1.139664804
1.137168142
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593
743
779
794
816
837
866
893
922
1238
421
442
465
505
550
587
722
759
776
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861
895
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474
490
520
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685
726
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871
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473
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558
659
692
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26.2
30.7
31.4
34.4
32.9
30.6
28.45
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23.2
6.7
3.6
45
8.4
17.3
22.7
34.7
36.5
26.3
26.9
26.3
27.4
22.7
20.3
7.8
10.5
18.7
20.9
27
26.2
26.9
39.7
43.4
41.9
38.9
37.5
31.4
22.5
12.7
12.5
23.9
33.6
335
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56.9
61.75
56.3

32.3
20.4
17.8
19.2
24.9
19.9
29.5
20.2
25.3
22.7
19.6
21.9
22.2
20.8
24.9
325
19.7
19.3
21.1
22.3
21.8
23.7
21.2
251
17.7
17.6
16.7
20.5
21.1
24.9
195
18
20.9
25.8
211
23.9
21.8
21.1
19.8
17.6
19.8
24.9
24.2
22.3
195
25.8

0.811145511
1.504901961
1.764044944
1.791666667
1.321285141
1.537688442
0.96440678

1.336633663
0.916996047
0.295154185
0.183673469
0.205479452
0.378378378
0.831730769
0.911646586
1.067692308
1.852791878
1.362694301
1.274881517
1.179372197
1.256880734
0.957805907
0.95754717

0.310756972
0.593220339

1.0625

1.251497006
1.317073171
1.241706161
1.080321285
2.035897436
2411111111
2.004784689
1.507751938
1.777251185
1.313807531
1.032110092
0.601895735
0.631313131
1.357954545
1.696969697
1.345381526
1.830578512
2.551569507
3.166666667
2.182170543
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9.1

3063

2265

2248

748
771
795
839
1021
1147
399
495
533
645
678
703
747
774
812
1002
478
522
544
573
677
727
748
766
808
864
480
523
558
589
686
720
761
792
825
873
1066

54.5
56.6
55.1
44.9
36.5
38.4
9.7
27.7
41.9
42
38.9
41.9
36
23.9
17.9
14.2
7.4
12.7
14.9
12.7
194
18.7
20.9
15.7
18.5
14.2
7.6
14.6
11.3

17.5
20.18
14.6
15.7
16.8
10.2
2.3

225
21.8
25.3
21.8
24.9
23.9
22.7
18.3
28.6
22.3
17.6
235
20.4
23.9
24.6
22
20.9
234
23.5
31.9
26.5
21.6
20.9
19.9
24.4
24.6
22
22
28.6
235
20.5
17.9
21.2
21.2
28.5
28.6
23.7

2422222222
2.596330275
2.177865613
2.059633028
1.465863454
1.606694561
0.427312775
1.513661202
1.465034965
1.883408072
2.210227273
1.782978723
1.764705882
1
0.727642276
0.645454545
0.354066986
0.542735043
0.634042553
0.398119122
0.732075472
0.865740741
1
0.788944724
0.758196721
0.577235772
0.345454545
0.663636364
0.395104895
0.340425532
0.853658537
1.127374302
0.688679245
0.740566038
0.589473684
0.356643357
0.097046414



Appendix 3

Dimensions and categorization surficial depressions and their
infilling seismic reflectors from the Labatt 3D in the Bass
Basin (Chapter 5)
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Dimensions and categorization of surficial depressions in Labatt 3D
(Chapter 5)

Crater-like or  Parallel, Convex

Depression o . . . Depression  Depression  Pipe height Pipe base

N?meer D?Sfe-sl,lsli(gn OIGZI(SCQ?)?E Inline Xline Wipdth (m) Ler?gth (m) p(ms)g Forr)mation
1 C C 1774 1516 357 753 434 EVCM
2 C C 1808 1352 314 367 483 Uncertain
3 P C 1774 1357 292 320 480 Uncertain
4 P Pa 1406 1658 84 101 363 EVCM
5 P Unclassified 1362 1716 90 121 771 EVCM
6 Unclassified C 1392 1730 149 152 485 Uncertain
7 C C 1482 1772 204 522 765 EVCM
8 C C 1536 1772 536 581 665 EVCM
9 C Pin 1503 1750 236 348 700 EVCM
10 Unclassified C 1407 1799 320 351 665 EVCM
11 Unclassified C 1575 1815 349 1281 702 EVCM
12 Unclassified Pin 1506 1857 272 330 627 Uncertain
13 P c 1485 1899 274 284 659 D;’IE‘]ZPS
14 Unclassified C 1296 1963 184 447 639 EVCM
15 Unclassified Pa 1450 1923 375 615 554 EVCM
16 C Pa 1361 1983 165 175 278 Uncertain
17 C C 1369 2015 361 386 647 EVCM
18 P Pa 1484 2043 235 261 657 EVCM
19 Unclassified C 1449 2071 128 248 540 EVCM
20 Unclassified Pin 1445 2095 137 175 724 EVCM
21 P Pa 1347 2135 163 174 742 EVCM
22 P Pa 1369 2135 310 370 751 EVCM
23 P C 1346 2169 97 125 613 EVCM
24 P Pa 1346 2229 194 202 692 EVCM
25 Unclassified Pa 1593 2291 1122 1361 676 EVCM
26 C Pa 1144 2355 778 1053 525 EVCM
27 C Pa 1082 2427 447 1089 548 EVCM
28 P Pa 1129 2461 667 780 635 EVCM
29 Unclassified Pa 1083 2483 185 173 420 Uncertain
30 P Pa 1529 2417 291 309 651 EVCM
31 Unclassified C 1523 2455 503 577 665 Uncertain
32 Unclassified C 1624 2527 550 384 722 EVCM
33 Unclassified Unclassified 1527 2531 74 127 412 EVCM
34 Unclassified Pa 1098 2643 92 117 736 EVCM
35 C Pa 1398 2665 1057 1357 735 EVCM
36 C C 1442 2747 199 244 676 EVCM
37 C Pa 1429 2787 457 489 832 EVCM
38 P Pa 1423 2843 249 302 758 EVCM
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P
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C
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1524
1541
1549
1564
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1628
1531
1617
1467
1509
1496
1496
1481
1217
1217
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1189
1180
1625
1463
1471
1227
1611
1756
1801
1347
1427
1416
1399
1645
1580
1582
1556
1529
1529
1529
1517
1511
1503
1492
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2765
2801
2781
2807
2787
2861
2881
2899
2915
2923
2971
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3017
3055
3064
3095
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3064
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3141
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3367
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3482
3384
3384
3465
3465
3482
3527
3456
3584
3483
3466
3487

71
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179
222
237
152
249

84
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321
247
352
246
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143
122
130
171
101
211
107
177
124
120
649
140
114
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166
730
403
397
490
269

58
948
482
183
161
356
272
130
113
248
220
191

106
322
220
316
243
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365
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96
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244
185
111
339
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216
262
939
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120
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427
575
808
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76
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459
457
188
218
302
302
246
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538
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629
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702
373
314
477
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402
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555
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596
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514
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3633-
3661

3455
3513
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3745
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117
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537

718
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466
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