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Abstract

Automated data extraction and analysis techniques were
applied to open-file 3D seismic volumes from the North
West Shelf creating visual databases of virtually all peak and
trough surfaces. Examples from the Gorgon, Glencoe and
Bonaventure 3D seismic datasets reveal compelling evidence
of upward fluid flow from the Triassic through the shallow
subsurface to the seafloor. Further analysis of surfaces using
new differential geometry techniques, provides quantitative
object detection and insights into fluid flow related
geomorphological processes.

A variety of fluid flow features are shown throughout
the subsurface, including conical-shaped depressions (e.g.
pockmarks), polygonal faulting and sediment remobilization
features (e.g. injectite/intrusions), which form along fluid
migration pathways. The creation of a model for fluid flow
allows informed assessments of whether potential prospects
received charge and if later stages of upward fluid flow are
evidence of charge breach and/or present potential geohazards
for drilling and field operations. However, modeling the
process is an extremely complex problem requiring many
simplifying assumptions with respect to variations in fluid
density, temperatures, and pressures all of which dramatically
impact upon the properties of the rock and the behaviour
of the fluids within them. The complexity of this process in
turn complicates estimations of velocities and directions of
fluid movement. Therefore, any insights or guidance gleaned
from morphometric features observed in the seismic data

volume undoubtedly help validate or improve existing fluid
flow models. The use of global algorithms to automatically
and simultaneously examine entire 3D data volumes in a
timely and objective manner provides an effective platform for
mining objects embedded in extracted surfaces for inclusion in
the model of the subsurface.

Introduction

As oil and gas exploration expands on the North West
Shelf (NWS) of Australia, there is an increasing amount of
3D seismic data being acquired, adding to the 550,000 km?
already collected in Australia. Examples of fluid' flow features
taken from a selection of open-file 3D seismic surveys
(Gorgon, Glencoe & Bonaventure) from the NWS are
presented (Fig.1). The three surveys together provide about
10,000 km? of coverage across the Northern Carnarvon Basin.
The surveys were designed to target play types that include
tilted Triassic fault blocks and associated drape structures,
intra-formational stratigraphic or cross-fault structures, as well
as Lower Cretaceous basin floor fans and Oxfordian shoreface
sandstone stratigraphic traps (DRET, 2013). The post-stack
versions of the 3D surveys were processed using an automated
genetic algorithm inspired by the Human Genome Project
(Seisnetics™), which delivers an objective pre-interpretation
database containing virtually all surfaces within the 3D
seismic volumes (Dirstein & Fallon, 2011). The extracted
surfaces and their associated attribute maps provide evidence

1 TotalDepth, Pty Ltd, 21 Churchill Ave, Subiaco, WA, 6008, Australia
Email: jim@td.iinet.net.au

2 Centre for Offshore Foundation Systems, The University of Western
Australia, M053, 35 Stirling Highway, Crawley, WA, Australia 6009

1 The term “fluid” includes gas, water, oil and molten rock
that migrate under the influence of a pressure gradient
(Djunin & Korzun, 2005).
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SEAFLOOR AND SUBSURFACE FLUID FLOW: PROSPECT AND GEOHAZARDS
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Figure 2. Regional geological sections showing major stratigraphic and structural relations across the Exmouth Plateau modified from
AGSO North West Shelf Study Group (1994). Locations of sections are shown on Figure 1.

of upward fluid flow throughout the NWS and inspire new
ideas and insights into the driving mechanisms, controls and
consequences of these processes.

Researching morphologic features that are related to fluid
expulsion and the dynamics of upward fluid flow provide evidence
to help explain and understand the role of fluid flow in sediment
remobilisation (Huuse et al., 2010), the genesis of polygonal
faulting (Cartwright & Lonergan, 1996; Cartwright et al., 2003),
the role of polygonal faults as fluid conduits (Gay et al., 2007),
and the potential risks and geohazards for drilling operations and
field developments (Hovland et al., 2002; Hengesh et al., 2012).
Understanding the nature and characteristics of fluid flow features
also may help to define indicators for the location and distribution
of hydrocarbon reservoirs and the potential economic significance
of the underlying reservoirs.

While much of the early work on pockmarks (King
& Maclean, 1970) used side-scan sonar data targeting the
seafloor, the examples shown here are based entirely on extracts
from open-file 3D seismic data acquired by the petroleum
industry. The 3D coverage provides continuous imaging from
the seafloor down to well below the reservoir across some of
the Northern Carnarvon Basin. Consequently, the fluid flow
features are not only observed at the seafloor, but also at many
different stratigraphic intervals. The examples also provide
evidence for fluid flow playing a significant role in sediment
remobilisation, changes in velocity structure, and surface
geomorphic processes. Fluid flow features analysed during

this study demonstrate the efficacy of automatic detection of
objects and their geometrically quantifiable parameters.

Geological and Regional Setting

The fluid flow features documented are examples from the
Exmouth Plateau portion of the offshore Northern Carnarvon
Basin (Fig. 1). This region of the Australian continental margin
is located south of the tectonically active boundary between
the Australian and Eurasian plates. The features observed
are occurring on a unique fragment of continental crust that
was stranded during the Jurassic to Cretaceous rifting event
(AGSO North West Shelf Study Group, 1994). As such,
although the surveys are located in deepwater environments,
the underlying stratigraphy is similar to continental margin
and continental shelf deposits. The continental margin is a
recognised oceanographic environment for seabed fluid flow
features (Hovland & Judd, 2007). Sediments within the
Carnarvon Basin (onshore and offshore) range in age from
Silurian to Holocene age and comprise 12 primary sedimentary
sequences that reflect major depositional episodes (Hocking,
1990). Figure 2 shows two regional scale geological sections
that illustrate the stratigraphic and structural relationships
across the Exmouth Plateau (modified from AGSO North
West Shelf Study Group, 1994). The sedimentary sequences

are each bound by erosional unconformities. There are
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SEAFLOOR AND SUBSURFACE FLUID FLOW: PROSPECT AND GEOHAZARDS

three Palacozoic sequences that formed during the Silurian,
Devonian to early Carboniferous, and Late Carboniferous
to Permian (Hocking, 1990). These deposits accumulated
in a series of intra-continental rift basins that form the
southern part of the late Palacozoic-early Mesozoic Westralian
Superbasin (Yeates et al., 1987).

The Late Triassic to earliest Cretaceous and Cretaceous
sequences of the Northern Carnarvon Basin (Fig. 1) reflect
development of the rift system related to fragmentation of
Gondwanaland and separation of Greater India from the
western margin of the Australian craton. The sedimentary
sequences formed in a variety of settings including a pre-
rift trough during Triassic time, a rift valley in Jurassic time,
and post-breakup troughs and trailing margin shelves during
Cretaceous time (Hocking, 1990; Exon & Buffler, 1992; Exon
et al.,, 1992; Baillie et al., 1994). The Late Cretaceous and
Cenozoic sequences are dominated by carbonate sediments
that formed through progradation of the continental shelf
(Hocking, 1990) and carbonate-dominated hemipelagic
sedimentation (Von Rad & Hagq, 1992; Boyd et al., 1992).

Many continental slopes define the transition from
continental crust to oceanic crust. However, the Carnarvon
Basin deposits that form the Exmouth Plateau represent a
fragment of continental material that was stranded during
the rifting process (AGSO North West Shelf Study Group,
1994). As such the continental slope on the Exmouth Plateau
represents the transition from the continental shelf (proper)
to a stranded continental fragment that stalled during the
rifting process. Geological evidence of syn-rifting lava flows
at the ocean-continent boundary (Fig. 1), fluvial/subaerial
depositional environments for pre-rift sedimentary sequences,
as well as subsidence modelling (Kaiko & Tait, 2001)
indicate that 1 to 4 km of syn and post-rift subsidence has
occurred (from east to west) across the Exmouth continental
margin. Total subsidence is suggested to be a combination of
tectonic subsidence and thermal sagging during rifting and
cooling of the Late Jurassic to Early Cretaceous seafloor. It
is this tectonic subsidence and thermal sagging that has led
to the depressed elevation (i.e., deeper water depths) of the
continental fragment that forms the Exmouth Plateau part of
the Northern Carnarvon Basin (DRET, 2013). The Exmouth
Plateau sedimentary sequence is dominated by up to 15,000 m
of Triassic succession with the Jurassic section either thin or
absent (DRET, 2013).

Former rift-related extensional structures have undergone
Neogene to Holocene transpression leading to both transform
and contractional reactivation and structural inversion of basin
sequences (Boyd et al., 1992; Cathro & Karner, 2006; Keep &
Moss, 2000; Kaiko & Tait, 2001; Keep et al., 2007) (Fig. 3).
Some of these inversion structures underlie the continental
slope and are targets for exploration activity. These inversion
structures also are sources of upward fluid flow, gas and fluid
venting, as well as potential earthquake sources. Thus, slopes
above inversion structures are susceptible to failure from several
different triggering mechanisms (Hengesh et al., 2012).

Methodology

While the objective of acquiring seismic data is to help
build a more reliable geological model, the practice of 3D
seismic interpretation is often highly focused on a primary
zone of interest and perhaps a primary area of interest, as both
time and economic constraints prohibit the interpreter from
examining an entire seismic 3D volume (with equal focus). To
analyse and investigate multiple 3D volumes from the NWS
in a timely manner the datasets were processed using a global
patented pre-interpretation method, Seisnetics, which delivers
‘an unbiased extraction of virtually all surfaces from 3D seismic
volumes” (Dirstein & Fallon, 2011). The analysis system uses
an evolutionary process in the form of genetic algorithms that
have been inspired by the Human Genome Project. The genetic
analogy considers a seismic trace similar to a chromosome and
a waveform segment of the seismic trace a gene. Therefore, a
seismic volume consists of a great many chromosomes and an
even greater number of genes. The pre-interpretation process
searches objectively both locally and globally for waveforms
which evolve into populations (surfaces) of genetically related
shapes. As the populations continue to evolve, the common
waveform associated with each population of waveforms
(genotype) also evolves until all (trough and peak) surfaces
have been identified and catalogued into a visual database.
The automatically extracted peak and trough surfaces and
associated high quality attributes (e.g. amplitude, two-way-
time [TWT] and fitness) maps were accessible from a 3D
visual database. We are not advocating the use of all surfaces
in the geological model; however, it is important the geomodel
captures sufficient information which describes the variability
in the data volume. Having all the surfaces available provides
an opportunity to manually or automatically mine this visual
database to ensure this variability is captured. Moreover, the
interpreter needs to become visually aware of anomalous
aspects of the data before they can consider their significance.

While the TWT and amplitudes attributes are well known
instantaneous attributes, the fitness attribute for each surface
provides an indication of genetic similarity for each individual
trace in the population compared with the common waveform
of that population (genotype). Since the genotype for each
surface has evolved as the population of waveforms grows
and merges with other sub populations, the fitness map also
provides an indication of waveform stability associated with
the TWT surface. A high degree of genetic similarity between
a trace in a population and that population’s genotype is
indicated by the colour green on the fitness maps. The fitness
colours blue and red indicate that the genetic relationship is
weaker (e.g. 1* or 2™ cousin). By reviewing the database of
surfaces and their attributes, fluid flow features were identified
in the seismic volumes. These selected horizons were used to
demonstrate these fluid flow features over several stratal levels
from the Triassic to the seafloor.

Further automated analyses of these selected surfaces
were undertaken by applying differential geometry to create a
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SEAFLOOR AND SUBSURFACE FLUID FLOW: PROSPECT AND GEOHAZARDS

complete set of morphometric parameters to accurately describe
the detail associated with each of the surfaces. Object detection
can be considered the result of first the detection and then
classification of features. By applying queries using either single
or multiple criteria to the database of morphometric parameters,
features were quantified as objects or vectorised lineaments.
The method applied here uses a recently developed analytical
technique for surface analysis which addresses the fact that
digital data is not a smooth continuous function. Unfortunately,
most types of conventional mathematical analysis techniques
which are commonly applied to digital surface analysis are not,
strictly speaking, applicable in the digital world. Consequently,
the application of conventional mathematics to digital surface
analysis introduces both coherent noise and instability of
results. For useable results these conventional methods applied
to digital surfaces often require considerable surface pre-
conditioning and parameterisation which often results in the
loss of useable information and problems with the introduction
of high frequency artefacts (Roberts, 2001; Wood, 1996). By
implementing methods better suited for the analysis of non-
continuous functions, the results become stable and without the
introduction of high frequency artefacts. Moreover, by addressing
these fundamental challenges associated with digital surface
analysis means surface preconditioning or prior knowledge
about the surface is not required such that the application of
the technique can be fully automated (Dirstein et al., 2013).
In the following section we document the application of this
technique applied to the two-way-time surface of the seafloor
from the Gorgon Gas Field to quantify seafloor pockmarks.

Key Results: Fluid Flow Features

Seafloor Pockmarks observed on the Gorgon 3D
Seismic Survey

While pockmarks and slumps are observed on the seafloor
of 3D seismic surveys associated with many fields located on
the NWS, examples are presented from the Gorgon Gas Field
located in the Exmouth Sub-Basin. Several attributes from the
seafloor TWT reflector across the Gorgon 3D seismic survey
(~1,000 km?) are shown in Figure 4. Each attribute has been
displayed with a false colour palette and the TWT map has also
been rendered. At the displayed map scale, apart from the large
submarine canyons located on the shelf break (Fig. 4), many of
the other features are less noticeable or lost in the gradational
colour of the applied palette. For example, within an area
marked by slumping (labeled “Zone of Slumping” in Fig. 4b),
a large number of pockmarks are less noticeable. With the
application of surface rendering and shading, the TWT map
reveals many cone-shaped depressions or pockmarks within
the slumping zone. The pockmarks on the seafloor are near the
shelf break and are spatially associated with slides and slumps,
a phenomenon similarly observed in many other hydrocarbon
producing basins of the world (Hovland & Judd, 2007).

In the Gorgon 3D area, pockmarks are observed
individually and in clusters. The pockmarks are in high
densities within and adjacent to larger collapse features. A
correlation between the high density pockmarks and slump
features on the seafloor and the presence of underlying gas fields
is evident by the highlighted Gorgon well locations and the
field outline (Fig. 4). In the past, the detailed examination of
pockmarks requires the examination of small areas and manual
measurements from a rendered surface. After automartically
calculating a complete set of morphometric parameters for the
surface a query designed to highlight “pockmarks” targeted
the local extremes in concave curvature (Fig. 4d) reveals the
shape and locations of all the pockmarks (Fig. 5a).

Since calculations are made at every point of the surface,
morphometric features associated with the seafloor surface
are useable at a range of scales enabling extraction of both
regional and localised scales. While the pockmarks are
predominately located in the area of the slumping, many
other pockmarks are noted along the shelf break and on the
ridges near the submarine canyons (Fig. 5a). Without focused
examination possibly using different colour palettes and
rendering/shading parameters many of these features may
have been difficult to identify or perhaps even overlooked.
The pockmark shapes have a range of morphologies which
include circular, asymmetric, merged and chains (Fig. 5b). By
creating a pockmark density probability map from a query of
the database of morphometric features, pockmark distribution
can be depicted at a more regional scale. In this example the
highest density of pockmarks coincides with the area of seafloor
slumping suggesting a relationship between seafloor pockmark
density and surface stability. What is the relationship between
these seafloor expressions of fluid flow and the deeper section
and what insights will their relationship provide with respect
to hazard assessment and charge history? To address these
questions requires the examination of additional surfaces in
the seismic volume.

Fluid Flow Features in Glencoe and
Bonaventure 3D Seismic Surveys

With extensive high quality 3D seismic datasets imaging
the seafloor down to well below the reservoir, fluid flow
features can be observed and often linked between a number
of subsurface horizons highlighting areas which have been a
focus for several stages of fluid flow.

Pockmarks and Polygonal Faulting In
Subsurface

Pockmarks or conical depressions are identified in the
seismic from the seafloor down to and within the Triassic
fluvio-deltaic sandstones of the Mungaroo Formation in
both the Glencoe and Bonaventure 3D seismic surveys.
The recognition of pockmarks on these surfaces could have
considerable economic significance, as they could be important
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with respect to charge history, seal integrity, reservoir quality
and re-mobilisation of coarse clastics (i.e. injectites).

The pockmarks observed at the Triassic-Jurassic stratal
levels in the Glencoe 3D seismic survey (Figs 6a & b) appear as
isolated, individual depressions or as linear or circular clusters.
They often are located in the hanging-wall of faults and have
vertical and horizontal expressions over hundreds of metres.
While these pockmarks appear to occur at a lower density
than those observed on the seafloor, the vertical resolution of
the seismic decreases with depth and the smaller pockmarks
observed on the seafloor may not be detectable at these
deeper depths. Typically, pockmarks were characterised by a
decrease in instantaneous amplitude (surface localised) and an
anomalous seismic waveform (i.e. low fitness).

A number of automatically extracted populations of
genetically similar waveforms (surfaces) are highlighted in
Figure 6a. The deepest surface highlighted (green) is located
near the Top of the Triassic Mungaroo Formation. Conical
depressions or pockmarks appear to penetrate this surface
extending hundreds of meters above and below this surface
(Figs 6a & b). Often located in the hanging-wall of a normal
fault, these features become narrower with depth appearing
to extend down to the fault plane. Above the Near Top
Mungaroo surface these features broaden until they terminate
at the Top Barrow Group unconformity (Fig. 6a, red horizon).
Above this unconformity polygonal faulting develops (zone
highlighted with the vertical arrow (purple) in Fig. 6a over
several hundred meters of predominately claystone section.
Horizons contained in this unit are Top Windalia (green),
Top Muderong (purple) and Intra Muderong Hiatus (IMH)
(light green). The intensity of the polygonal faulting appears
strongest at the Top Muderong horizon (Fig.6c¢).

Above the polygonal fracturing an interval (highlighted by
a red vertical arrow Fig. 6a) contains claystones and marls with
the upper horizon (blue) corresponding to the high resistivity
log break (Top Toolonga) at Glencoe 1 (HESS Glencoe WCR,
2009). The surface at the lower boundary of this interval is
shown in Figure 6a (dark blue horizon) and as a fitness attribute
map in Figure 6d (Gearle). While Figure 6d provides some
visual evidence of pockmarking, the detail of polygonal features
and pockmarks associated with this surface are shown in Figure
7. The upper interval highlighted by the green vertical arrow
(Figs 6a & e) highlights a zone which is deformed by slumping
and mass movement, but still retains some internal reflector
geometry. In other data sets this interval is characterised by
Mass Transport Complexes (MTC) (e.g. the Willem 3D seismic
survey, Hengesh et al, (2012)). Across the Glencoe 3D these
ridges extend over more than 600 km?* (Fig. 6e) forming en-
echelon curvilinear features that change in trend coincident
with piercement points from deeper faulting.

Figure 7 reveals more detail about the basal portion
of the calcareous, marly claystone interval between the
Toolonga and Gearle surfaces (Figure 6d). The instantaneous
amplitude displays from this surface exhibit a very high degree
of heterogeneity in both frequency and shape of features,

particularly in the south western portion of the Glencoe 3D
survey (Figs 7a & b). Here, the areas of small polygonal
features transition into areas dominated by larger polygonal
structures, often linked, that have centrally located pockmarks.
A detailed view of the seismic traces in the vicinity of one of
the pockmarks, shows how both the amplitude and waveform
change characterise the objects with respect to both surface
and vertical variability (Fig. 7¢). The conical band of distorted
seismic extends above and below the surface and these changes
in acoustic impedance are interpreted to be the result of fluids
propagating though and above the surfaces.

Intrusive Sedimentary Features in the

Subsurface

Both the Glencoe and Bonaventure 3D volumes contain
examples where fluid flow has resulted in sedimentary intrusion
which is also referred to as injection or extrusion. A concave
circular depression observed in the Bonaventure 3D volume
is located on the hanging-wall of a fault and broadens as it
extends into the younger section (Figs 8a & 8b). However, in
this case a dome-shaped feature of high-amplitude reflectivity
forms a structurally closed anticlinal cap over and adjacent to
the pockmark. This suggests intrusive bypass with sediment
remobilisation (Cartwright et al., 2007). In this example the
upward fluid flow composition is either different from other
similar pockmarks at this stratigraphic level, and/or conditions
at this location are more favourable for sediment accumulation
and preservation. In the Glencoe 3D volume, a number of fluid
flow sediment remobilisation features are observed (Fig. 8c).
Vertically extensive conical depressions are observed within
hanging-walls adjacent to a footwall that show a localised high
amplitude event which is assumed to be associated with gas (white
rectangle in Fig. 8c). Another interesting feature (indicated by
the red arrow in Fig. 8¢) is morphology similar to the “large-
scale sand injectites” described as significant reservoirs in the
North Sea (Huuse et al., 2007). These similarities include the
discordant “wings” and “jack-up” of concordant surfaces within
the feature (Fig. 8d). Huuse et al. (2007) document several
North Sea examples of sandstone injectites that are associated
with hydrocarbon charged reservoirs (e.g. Balder Field).

Discussion

The observational evidence from seismic surface attribute
maps demonstrates that large areas of the Exmouth Plateau
have been the focal point for upward fluid flow. However,
their morphological signatures vary within and across different
stratal packages. Examination of the details of these features
may highlight those structures that have been most likely to
have received charge during the migration of thermogenic
fluids. The fluid escape features from this portion of
the N'WS have, over geological time, created a dynamic
environment contributing to variability in sub-surface and
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Figure 7. The instantaneous amplitude (grayscale) of the seismic surface (Gearle Siltstone) from the Glencoe 3D seismic survey shown
in Figure 6d. a) and b) show the varibility and the extensive nature of these pockmarks; c) details of the seismic response across one
pockmark demonstrates the effect on the seismic waveform; d) polygonal convection cells formed as a result of heating a mixture of
silicon oil and aluminum oxide (image modified from Brown University website, 2013); e) The center of the convection cell shows fluid

discharge with downflow at the edges of the polygonal features.

seafloor geomorphology, stratigraphy, diagenesis, charge
and tectonics. There clearly is a complex interrelationship
between these processes and the observational data which can
be automatically extracted from the volumes presents new
opportunities to refine and validate existing geomodels.
Hovland et al. (2010) noted that “the underground
plumbing system has yet to be established” for pockmarks
and seafloor fluid expulsion features, as early analysis of these
features (King & Maclean, 1970) was limited, by the data,
to small near seafloor datasets. With extensive 3D coverage
the automated methodology presented demonstrates that
these conical depressions in the seafloor can be efficiently

extracted from TWT surface attributes. Using the pockmark
density probability maps created from multi-level queries
to the morphometric database for the seafloor, a better
understanding of the spatial distribution and perhaps volumes
could be estimated.

While vertical fluid flow has a significant role in the
formation, preservation and destruction of hydrocarbon
accumulations, modelling the process is extremely complex
requiring many simplifying assumptions with respect
to variations in fluid density which in turn complicates
estimations of velocities and directions of fluid movement.
Moreover, phase transitions in the fluid rock system with
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respect to temperature and pressure can dramatically impact
upon the properties of the rock and the behaviour of the fluids
within them. Consequently, without detailed consideration
and integration of the history of geological development,
geodynamics,  geochemistry,  mineralogy, lithology,
thermodynamics, etc., a meaningful solution is practically
impossible (Djunin & Korzun, 2010). Many of the questions
that need to be addressed include understanding the driving
mechanisms for the migration of deep fluids, the spatial
positioning of areas of discharge, recharge and migration
pathways, the role of host rocks in fluid formation, the
interaction between the geological sequence and undoubtedly
more. Therefore, any insights obtained directly from the
seismic data, if only about the discharge areas, would go a long
way towards building a better model of fluid flow. From the
examples presented, seafloor pockmarks represent only part
of what appears to be a multi-phased and dynamic history of
fluid flow that is providing charge at some stages, dewatering
and remobilisation of unconsolidated material, and hydraulic
fracturing of more rigid formations. Within the hydrodynamic
system, the equalisation of pressure, temperature, and PH/EH
gradients results in the circulation of fluids at both large and
small scales and highlights that many features on the Northern

Carnarvon Basin have had along history of charge and venting.
Seafloor Pockmarks across the Gorgon field

After creating a complete set of morphometric parameters
describing the TWT surface of the seafloor, a multi-level query
to the database revealed objects which all had a particular set
of features. The results quickly and quantitatively identified
the pockmarks associated with the area of seafloor slumping,
as well as those located on canyon, ridges and elsewhere on the
surface. Many of the pockmark features appear asymmetric,
clustered along lineaments. Future slumping at the seafloor
would likely exploit these lineaments (Fig. 5b). Since the
technique applied has been developed to deal specifically with
the non-continuous (digital) data, the approach is well suited
for automation and the application to large and multiple
datasets. Maps created over large areas of the seafloor using the
approach demonstrated develops a more regional perspective
about seafloor fluid flow. Extending the analysis to include
additional surfaces from deeper in the section provides a three
dimensional understanding of the extent and the changing
morphology of the objects, timing and distribution of fluid
flow events.

Fluid flow features from the Glencoe and

Bonaventure 3Ds

The fluid flow features observed across the Glencoe
3D show different morphologies. The Jurassic and Triassic
reservoir section both show features that have hundreds of
metres of vertical extent, are located near fault planes and
demonstrate a relatively focused remobilisation of fluids and

sediments (Figs 7a, b & 8c). The types of features observed
are conical depressions (Fig. 8c), mounding (Fig. 8a) and
wing-like intrusions (Fig. 8c). To enable significant volumes of
sediment remobilisation through upward fluid flow requires a
source of mobile material (e.g. unconsolidated sand bodies),
an overlying seal, regional overpressure and a triggering event
(Huuse et al., 2007). These factors would also dictate the
timing and duration of the fluid movement. Since the fluid
flow is crossing bedding boundaries, the lateral permeability
of the host material is implied to be, locally, relatively low
compared to the sealing capacity of the sedimentary succession.

Throughout the claystone dominated section (IMH,
Muderong Shale and Windalia Radiolarite) the polygonal
faulting provides evidence of more laterally extensive fluid
flow (Figs 6a & c). Whether the formation of these features
occurred early during shallow dewatering (Gay et al., 2007)
or as a result of over pressure driven fracturing (Cartwright, et
al, 2007) or develop into polygonal fault networks primarily
because of low coefficients of friction along fault planes
responding to increasing overburden stress (Goulty, 2008),
these fault systems are of interest for a number of reasons.
They may exhibit higher pore pressures, can act, at times,
as conduits for fluid flow and usually indicate a high quality
seal as polygonal faulting usually occurs in low permeability
sediments (Cartwright et al., 2007).

The fluid flow features that characterise the claystones and
marls found in the Toolonga Calcilutite & Gearle Silstone
interval are characterised by highly variable and, in places
quite complex polygonal features (Figs 7a & b) without the
faulting observed in the deeper section. The patterns are
observed to affect both instantaneous and waveform attributes
(Fig. 7¢) and appears quite similar to self organising Rayleigh-
Benard natural convection patterns developed when fluids are
heated from below (Fig. 7d) (Brown University, 2013). The
convection cells created by heating a pan containing a mixture
of silicon oil and aluminium powder (Fig. 7d) shows a striking
resemblance to features observed on the seismic surface (Fig. 7a
& b). As the silicon oil at the base becomes much hotter than
the surface, convection cells form which carry the hot fluids up
from the deeper section to the cooler upper surface. When the
hot fluid reaches the upper surface it cools and spreads outward
descending along the edges of the cell (Fig. 7¢). The high
variability observed in the polygonal and pockmark features
observed in the seismic amplitude and waveform would be in
response to changing conditions affecting fluid flow. Using
the patterns observed on the heated pan as a template, the
seismic surface that shows the smaller polygons maybe near
the “edge of the pan” where the temperature differential is not
as large. Alternatively, the effectiveness of vertical fluid could
also impact upon the patterns observed on the seismic data.
Regardless of the source of these hydrothermal fluids, they
are known to contribute to authigenic diagenesis (Hovland
& Judd, 2007), sediment mobilisation (Hengesh et al., 2012;
Huuse et al., 2007), hydro-fracturing (Chi et al., 2011) and
the migration of hydrocarbons. Given the Glencoe 1 well
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reported loss of circulation in this section (Hess, 2009), the
density and variability of the features in this interval is of
interest with respect to drilling plans.

At the base tertiary level long curvilinear ridges are
observed of a large portion of the Glencoe 3D survey (Figs
6a & e). Below this surface, the reflectors are distorted and
broken up but still retain some internal seismic character. The
fitness volume created from the large surfaces shows seismic
waveform changes along the ridge crestal axes (Fig.11f) for a
number of adjacent surfaces. The observation of these subtle
waveform changes on multiple surfaces has been interpreted as
fluid flow features.

A Geological/Fluid Flow Model in Bonaventure
3D Seismic Survey

Fluid flow features are observed at the Triassic stratal level,
various stratal levels through the Tertiary, and younger sections
that extend up to the seafloor in the Bonaventure 3D.

The near top Brigadier TWT surface (rendered) (Fig.
9a) reveals the structure and faults automatically identified
during the segmentation process as well as numerous circular
collapse features with diameters measuring several hundred
meters to more than one thousand meters (white circles in
Fig. 9a). Generally, these features are located in the hanging-
walls of the rift-related normal faults. The fitness map shown
(Fig. 9b) shows a large circular area of low fitness (along
Z-7’) in a younger surface (Gearle Siltstone) that indicates
a significant variability compared to the common waveform
associated with this surface. Polygonal faulting dominates
a progressively younger surface with sets of interconnecting
horsts and grabens (Fig. 9c). However, within areas of low
fitness (red in Fig. 9¢), the polygonal fault patterns are absent.
It is speculated that fluid flow has played a significant role in
the alteration of this interval’s properties.

Lastly, the fitness map of the seafloor TWT surface
(Fig. 9d) shows a number of collapse scarps. The southern
circular collapse feature is a submarine landslide with a

Here, the
landslide is clearly associated with a zone of expulsion, fluid

diameter of approximately eleven kilometres.

ventingand discharge flowing onto the seafloor and off towards
the northwest. Numerous small pockmarks are present along
the edges of the flow path and near other submarine slope
failures. Figure 10 presents 3D perspective of one of the
maps of the Figure 9 surfaces showing the location of seismic
line (Z to Z’) that highlights the seismic response across these
features. While the TWT geomorphology and structure at
the seafloor and Brigadier Formation levels are prominent, by
comparison, the seismic TWT variability along the other two
surfaces is much more subtle; highlighting the benefit, in this
case, of using the waveform variability to identify anomalous
features. The coincidence of the Triassic structure, along
with the overlying circular features and the seafloor circular
slumping suggests that the fluid flow pathways have been
active through these strata.

Four simple diagrams in Figure 11 indicate ways upward
fluid flow may impact upon different units as it progresses
from higher pressures to the surface. The focused point source
of fluid flow propagating through lower units (Fig. 11a), could
just as easily be a fault plane or a surface beneath a sealing
unit. If the units are sufficiently competent layers, sills may
form that exploit the existing bedding planes or fractures. As
the fluids continue upward, some units may develop hydro
fractures or vent if the resistance to lateral movement is greater
(e.g. low permeability authigenic sediments) compared to over
lying material (Fig. 11b). In highly permeable layers or fault
blocks, pressure may build up under a regional unit that may
flow or fracture depending on rock properties and pressures
(Figs 11c & d). Examination of all surfaces associated with
the larger surfaces of genetically similar waveforms (without
the seismic) draws attention to anomalous geometry changes
and zones of low or complex reflectivity (Fig. 11e). Moreover,
the fitness associated with all of these larger surfaces (Fig.
11f) shows areas where lower genetic likeness highlights
local changes in waveform and reveals vertical connectivity
of changing stratigraphy, fluid flow, structure and pore fluid
features throughout the section.

Polygonal patterns are observed as a morphometric
feature in many different materials and environments.
While many are examples of convective forces, the scale
and magnitude of the driving process can range from
molecular to stellar (Folk, 1976). The polygonal features
observed in the Exmouth Plateau are also associated with
convective processes. The role and net effect of the fluid
flow along its path depends upon the media through
which it propagates. For example, some polygonal patterns
are vertically quite localised and fit into the concept of
shallow burial dewatering of sediments with relatively low
lateral permeability (Gay & Berndt, 2007). However, in
some cases, the forces required to provide high density
fracturing over large areas of competent section, several
hundreds of metres thick, are occurring at very different
scales. Irrespective of the detail regarding their formation,
polygonal faults can act as fluid conduits providing laterally
extensive or in particular cases, a focused pathway for the
migration of fluids (Gay & Berndt, 2007). Focused fluid
flow is a much more efficient process for fluid migration
than diffusive flux (Abrams, 1992; Brown, 2000) with
many of the large areas of polygonal faulting acting as a
“heat sink” for convective processes. Current and paleo-
stress regimes and periodic fault reactivation would also
play a role as to whether these faults behave as conduits
or seals.

Geohazards: Knowing hazards and reducing risk

Traditional and deepwater hydrocarbon developments
face a range of geological hazards that can affect the pressure
integrity of the system, vulnerability of structures, and safety
of operators and other personnel associated with a project.
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Geohazards on the seafloor and in the subsurface can include
submarine landsliding, shallow gas and excess pore pressure
(Vanneste, et al.,, 2012). On the North West Shelf, the
unusual geotechnical characteristics of the shallow sediments
are in their own right a hazard due to their exceedingly low
strength (Von Rad & Hagq, 1992). The presence of shallow
gas, gas conduits and vents, excess pore pressures, and
pockets of trapped gas can substantially increase these hazards
particularly with the weak soils.

The scale of the potential geohazard features identified
in the 3D seismic survey varies from small (metres) to very
large (10s of km). Pockmarks range from 10s to 1,000s of
metres across at the seafloor and can be associated with
conduits and trapped gas at depth. The vertical fluid flow
features observed through the Bonaventure 3D seismic survey
illustrates how conduits at depth may be up to 1 km across
while forming surface expressions of many kilometres across.
The Bonaventure 3D seismic survey features also illustrates
the direct relationship between fluid expulsion features at
depth and seafloor instability and landsliding. These seafloor
landslides are just over 10 km across with runouts of many 10s
of kilometres. One of the major considerations in assessing
the hazard of submarine landslides is in determining the
triggering mechanism. Landslides are often attributed to
seismic events, however, the clear associations seen between
the seafloor fluid expulsion features, slumps/landslides in the
Gorgon, Glencoe (Hengesh et al., 2012) and Bonaventure 3D
seismic surveys demonstrates that fluid expulsion on its own
may be a triggering factor.

The Glencoe 1 WCR (Hess, 2009)) documents loss of
returns in the interval characterised by the highly variable
pockmarks and polygonal features (Figs 6 & 7). While the
problem was remedied by reducing the mud weight, how
pervasive or significant might this be at other locations?
Identification of these fluid flow features is important
because their presence is not accounted for in conventional
stratigraphic models. Consequently, their detection, frequency
of occurrence and distribution needs to be derived from
observational based data from the seismic data.

Theautomated pre-interpretation techniques demonstrated
show the value of reviewing more of the 3D data volumes.
This approach allows for a far more complete assessment of
features which need to be incorporated into the geological
model along with processes that affect the area and lead to a
better perception of risk and exploration potential.

Prospectivity

One of the aspects of prospect ranking is the assessment
of risk associated with charge and location on a favourable
migration pathway. Modelling thermogenic maturation
history and fluid flow in the subsurface requires a great many
assumptions from sparse amounts of data (Djunin & Korzun,
2005) resulting in models that have high uncertainty and low

resolution. Using observational based data from the seismic

data to highlight areas demonstrating multiple stages of
upward fluid flow from beneath, within and well above the
reservoir helps validate regional models by establishing the
presence and more detail about a local migration pathway.

Conclusions

The seafloor fluid expulsion features observed in openfile
3D seismic data from the Northern Carnarvon Basin are
present as single pockmarks or as clusters. High densities of
pockmarks in the Gorgon 3D seismic survey are associated with
large-scale slump features. Pockmarks, polygonal faulting, and
other features observed at the seafloor and in the subsurface
are evidence of the dynamic processes of fluid flow that creates
“the underground plumbing system” (Hovland et al., 2007)
linking deep sourced fluids to the surface. Moreover, focused
upward fluid flow is likely to have played an important role in
the formation of shelf margins, sediment remobilisation (e.g.
mass transport complexes and injectites), hydro-fracturing and
migration of hydrocarbons. These observational data provides
insights and or validation of interpreted migration pathways,
charge history and prospect ranking.

Since there is such a paucity of the data necessary to
develop models of the complex problem of fluid flow, the
simplifying assumptions applied to modelling can potentially
trivialise the solution. Consequently, there is a need to extract
as much observation data from the large amounts of high
quality 3D seismic data found across the Exmouth Plateau and
use this information as a framework for model refinement and
validation. Unfortunately, for all this information to become
part of the cognitive experience features and objects need to be
identified. One way to locate all the observation evidence for
upward fluid flow requires a review of many surfaces within
the 3D seismic volume by visual or data mining processes.
Ten years ago, a task such as this was virtually impossible
given the interpretation tools available. Fortunately, with
the recent development and implementation of automated
3D segmentation technology, even the very large 3D seismic
volumes can be processed to extract virtually all surfaces.
Moreover, review and examination of large numbers of pre-
interpretation surfaces can also be automated by searching for
objects of interest based on mining morphometric features for
quantifiable objects. From the resulting seismic-based model,
a better understanding of the seafloor, drilling path, target and
exploration fairway can be developed.
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