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Abstract

Seismic surveys over the North West Shelf (NWS) of 
Australia have generated one of the largest 3D seismic data 
libraries worldwide with a coverage of ~325,000 km2 of medium- 
to high-quality data. A major challenge now is using the best 
tools and techniques to interpret these data in a cost-effective 
timeframe. In this context, a major breakthrough in recent years 
has been the introduction of full-volume and semi-automatic 
seismic interpretation tools that geologists can use to create 
3D relative geological time models from which an unlimited 
number of horizons may be extracted. These workflows have 
been applied to improve stratigraphic understanding and to 
interpret past depositional environments in sedimentary basins 
of the NWS. Four case studies are presented in this paper: (1) 
Mungaroo Formation (Thebe Gas Field area); (2) Lower Barrow 
Group (Scarborough Gas Field area); (3) Puffin Formation; and 
(4) Cenozoic carbonate margin. These illustrate key lessons 
regarding best practice interpretation of 3D seismic data on 
the NWS: (1) application of quantitative analysis tools to 
seismic stratigraphy to better predict shallow- and deep-water 
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reservoir distribution at various temporal and spatial scales (i.e., 
quantitative seismic stratigraphy); (2) application of quantitative 
analysis techniques to seismic geomorphology in combination 
with modern analogues to better predict reservoir architecture 
and heterogeneity, and create modelling scenarios with various 
scales of uncertainty (i.e., quantitative seismic geomorphology); 
(3) integration and interpretation of regional 3D seismic data in 
the vicinity of an area of interest to better understand the broader 
depositional system and its regional context, which ultimately 
may improve reservoir modelling and fluid flow prediction; 
and (4) integration and interpretation of local 3D seismic data 
in combination with regional 2D seismic data to obtain a first-
order understanding of the controls on shallow- and/or deep-
water reservoir architecture and better predict their distribution. 
These techniques and workflows, applied to 3D seismic data of 
ever-increasing quality, offer new and exciting opportunities for 
geologists to reinterpret existing paradigms or enhance their 
understanding of the past depositional environments of the 
NWS. Although the NWS has been explored for more than 50 
years, these approaches, using vintage or new 3D seismic data, 
can help reinvigorate exploration in basins that are considered 
mature and unlock potential of underexplored areas.

Introduction

Continental margins are archives of Earth history. 
Stratigraphic analysis of these margins helps understanding 
the processes of erosion, transport and deposition of sediments 
from land to sea, and the parameters governing them at various 
timescales. Thus, the sedimentary record in these areas results 
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from the complex interaction between Earth-surface processes 
(mainly modulated by tectonics and climate) and changes in 
base level (mainly controlled by subsidence and eustasy), in 
addition to autogenic sedimentary processes (Nittrouer et al., 
2007). Reading these complex stratigraphic signals remains a 
crucial challenge for stratigraphers to gain insights into the 
sedimentary processes shaping continental margins. In order 
to achieve these goals, researchers have focused over the 
last few decades on developing: (1) deep-drilling techniques 
to access more geological information; (2) remote-sensing 
techniques to image the subsurface (i.e., seismic imaging); (3) 
new technologies to improve resolution and quality of what 
is imaged and/or recovered; (4) multiple paleoenvironmental 
proxies relying on more precise biostratigraphy and advanced 
geochemistry; and (5) constraints on feedback-response 
mechanisms of sediment routing systems and what is actually 
preserved in the strata (i.e., environmental signals; Romans et al., 
2016). This multidisciplinary approach may ultimately provide 
detailed information on the geodynamic evolution of a basin 
and dominant paleoenvironmental conditions.

The petroleum industry is pushing further the boundaries 
of offshore oil and gas exploration. A step change occurred in 
the 1980s with the introduction of 3D seismic data allowing 
geologists to visualise past depositional environments and study 
their evolution through time and space (i.e., seismic stratigraphy 
and geomorphology) at unprecedented resolution. Nowadays, 
technologies allow the acquisition of high-quality and extensive 
3D seismic surveys, sometimes referred to as “megasurveys”, 
potentially covering entire basins. Therefore, 3D seismic data 
provide an invaluable tool for geologists and actively promote 
our understanding of continental margins and their evolution 
through time and space.

The North West Shelf (NWS) of Australia has been a region 
of successful petroleum exploration for the last 70 years, since 
the first hydrocarbon discovery in 1953 with the well Cape 
Range-1 (Purcell & Purcell, 1988; Parry & Smith, 1988; Stagg 
et al., 2004). The NWS is a large physiographic feature that 
extends from Melville Island (northeast) to the Exmouth Gulf 
(southwest) and includes the continental shelf, outer-shelf and 
marginal plateaux (Fig. 1) (Bradshaw et al., 1988; Purcell & 
Purcell, 1988, 1994). It can be subdivided into four sedimentary 
basins, namely the Northern Carnarvon Basin, Offshore Canning 
Basin (or Roebuck Basin), Browse Basin and Bonaparte Basin 
(Fig. 1) (Longley et al., 2002).

During the last 40 years, more than 250 3D seismic surveys 
have been acquired on the NWS (Fig. 1). In total, more than 
435,000 km2 of 3D seismic data have been acquired, for a total 
surveyed area of ~325,000 km2, equivalent to approximately half 
the area of France (Fig. 1, Table 1). These surveys were acquired 
either to explore new areas (e.g., the Roebuck Basin) or to obtain 
higher-quality data in mature geological provinces to replace 
vintage 3D seismic datasets (e.g., the Northern Carnarvon 
Basin). For instance, the Northern Carnarvon Basin constitutes 
the most mature basin of the NWS and has ~170,000 km2 of 
surveyed area by 3D seismic data, representing almost half of 
the basin area (i.e., 44.2%; Fig. 1, Table 1). However, with ~31% of 
coverage over the entire NWS, more than two-thirds of the NWS 
are not covered by 3D seismic data (Fig. 1, Table 1). Although this 
includes proprietary multiclient 3D seismic surveys, most will 
become open file after a few years, which offers an important 
opportunity to both the industry and academia to conduct 
regional integrated studies (e.g., Marshall & Lang, 2013).

In this paper, we present a historical review of the ways 
in which seismic data have shaped basin analysis over recent 
decades and how technologies have evolved to enhance 
interpretation workflows. Case studies from the NWS are 
presented with an emphasis on how seismic data and advanced 
interpretation tools helped further the understanding of specific 
Mesozoic and Cenozoic depositional systems.

Historical perspective

Exploration in sedimentary basins relies on improved 
comprehension of sedimentary transport, accumulation and 
preservation processes from “source” to “sink” (Bhattacharya et 
al., 2016; Romans et al., 2016). Thus, an advanced understanding 
of how sediments are transported and partitioned across the 
continental shelf is required to better predict the formation of 
hydrocarbon reservoirs (i.e., play and prospect evaluation). 
In this context, efforts have focused on improving knowledge 
of sediment routing processes along and across continental 
margins at various spatial and temporal scales between 
terrestrial and marine systems (e.g., Milliman & Syvitski, 1992; 
Nittrouer, 1999; Nittrouer et al., 2007; Sømme et al., 2009; Walsh 
& Nittrouer, 2009; Covault et al., 2011; Carvajal & Steel, 2012; 
Batthacharya et al., 2016; Helland-Hansen et al., 2016; Romans 
et al., 2016). Obtaining such insights predominantly relies on 

Table 1. total areal extent of each basin of the north West Shelf (nWS) and cumulative areal extent of surveyed area by 3d seismic 
data within each sedimentary basin (see location on Fig. 1).

 Basin Basin area (km2) Surveyed area (km2) Area of the basin  Area of the NWS
    surveyed (%) surveyed (%)

 northern 386,412 170,764 44.2 16.4 
 Carnarvon

 roebuck 92,724 19,573 21.1 1.8 

 Browse 220,145 80,705 36.7 7.7 

 Bonaparte 341,920 53,011 15.5 5 



IMAGING PAST DEPOSITIONAL ENVIRONMENTS

Perth, WA, 2–5 September 2019 West Australian Basins Symposium 2019 3

Figure 1. map of the north West Shelf (nWS) of Australia with outlines of major sedimentary basins. Shaded areas within basins represent 
areas covered by by 3d seismic data (~325,000 km2). the basemap shows bathymetry (m below modern sea-level; 250 m resolution) 
obtained from the geoscience Australia database. the nWS is composed of four sedimentary basins: northern Carnarvon Basin; offshore 
Canning Basin (or roebuck Basin); Browse Basin; and Bonaparte Basin (Longley et al., 2002). during the last 40 years, ~435,000 km2 of 
3d seismic surveys have been acquired over the nWS. details for each basin are presented in table 1. note that this database may be 
incomplete because some proprietary datasets are not included. the red dots and numbers are referring to the case studies being treated 
in this paper, namely the: Mungaroo Formation (#1); Lower Barrow Group (#2); Puffin Formation (#3); and Cenozoic carbonate margin (#4).

extensive seismic data to provide high-quality imaging of the 
subsurface (Cartwright & Huuse, 2005).

Seismic reflection surveying was introduced in the 1920s and 
evolved until the 1960s-1970s, when common mid-point stacking 
methods, digital acquisition and processing technologies were 
developed. With increasing quality and resolution of 2D seismic 
data, reflection seismology became the most fundamental tool 
for both academia and the petroleum industry (Sheriff & Geldart, 
1995; Cartwright & Huuse, 2005). Another breakthrough was 
the introduction in the 1980s and 1990s of 3D seismic surveys, 
with improvement in acquisition techniques and advances in 
computational performance (Sheriff & Geldart, 1995; Nestvold, 
1996; Weimer & Davis, 1996; Dorn, 1998). Indeed, 2D seismic 
grids are limited by line spacing, generally a few kilometres, 
so that subtle details of the subsurface may be below horizonal 
seismic resolution, preventing exploration geologists from 
targeting small-scale and/or complex reservoirs (Sheriff & 

Geldart, 1995; Cartwright & Huuse, 2005). This limitation in 
spatial resolution has been the main problem overcome by the 
introduction of 3D seismic data. Indeed, seismic grids having 
a bin spacing of 25 m or less are needed for visualisation of 
detailed geological features in the subsurface (Nestvold, 1996; 
Cartwright & Huuse, 2005; Brown, 2011). Figure 2 illustrates 
this resolution improvement using a satellite photograph of the 
Swan River (Perth, Australia) as an example. If only a widely 
spaced 2D seismic grid covers the area, mapping the river 
channel constitutes a difficult exercise and the result has high 
uncertainty (Figs 2a, b). In contrast, if low- to medium-resolution 
3D seismic data are available, the extent of the river channel 
can be mapped with a medium degree of uncertainty (Figs 
2c, d). In ideal cases, high-resolution 3D seismic can decrease 
uncertainty even further and allow imaging of fine details of 
the river channel (Figs 2e, f).
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Figure 2. Comparison of maps of the Swan river (Perth, Australia) using simulated 2d and 3d data based on satellite imagery. maps of 
the river channel using a, b) simulated 2d seismic data, c, d) low-resolution 3d seismic data, and e, f) high-resolution 3d seismic data. 
the successive maps illustrate the increases in resolution and reduced associated degrees of uncertainty in interpretation, from a widely 
spaced 2d seismic grid allowing a gross mapping of the river channel (i.e., high level of uncertainty) to high-quality 3d seismic data allowing 
a detailed mapping of the river channel (i.e., low level of uncertainty). Source of satellite photo: google earth.
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Although the introduction of 3D seismic data represented 
a step change, geoscientists were initially limited by the: (1) 
resolution and quality of 3D seismic surveys; and (2) absence 
of workstation-based interpretation software. Thus, the earliest 
3D seismic surveys were interpreted on paper (e.g., Weimer 
& Davis, 1996). Since then, technological innovation (e.g., 
acquisition tools, computational power, interpretation software 
packages) has enabled geoscientists to acquire and interpret 
extensive and high-quality 3D seismic surveys, leading to 
a revolution in Earth Sciences in the 1990s and 2000s with 
respect to better visualisation of the stratigraphy and structural 
geology in the subsurface at an unprecedented resolution (e.g., 
Hart, 1999; Davies et al., 2004; Cartwright & Huuse, 2005; 
Chopra & Herron, 2010; Brown, 2011). These data now enable 
continuous visualisation over large areas (e.g., an entire basin), 
which opens new perspectives in terms of understanding of 
past depositional environments along continental margins 
and their evolution.

Implications for basin analysis

With the increasing quality of 2D seismic data during the 
1970s, new disciplines emerged, such as seismic stratigraphy 
(Payton, 1977), which led in the 1980s to the fundamentals of 
the sequence stratigraphy paradigm (Posamentier et al., 1988; 
Posamentier & Vail, 1988; Van Wagoner et al., 1988). With the 
introduction of 3D seismic data, these concepts developed on 2D 
seismic data shifted to the 3D paradigm where the interpretation 
of depositional architecture in a chronostratigraphic framework 
led to a new era in sedimentary basin analysis and petroleum 
geology (e.g., Nestvold, 1996; Weimer & Davis, 1996; Dorn, 1998; 
Davies et al., 2004; Posamentier, 2004; Brown, 2011). In parallel, 
enhanced spatial resolution of 3D seismic surveys and new 
processing techniques opened-up the possibility of generating 
attribute-based maps across 3D seismic volumes for visualising 
past landscapes and seascapes at high resolution (Cartwright 
& Huuse, 2005; Chopra & Marfurt, 2007). For example, by 
recognising specific patterns and comparing them with modern 
depositional features, it is possible to visualise and interpret 
architectural elements within larger depositional systems (e.g., 
drainage networks, deep-water channel-levee systems; Kolla et 
al., 2001; Posamentier, 2003, 2004; Posamentier & Kolla, 2003; 
Morgan, 2004). This new geological discipline became known 
as “seismic geomorphology” (Posamentier, 2004; Posamentier 
et al., 2007). Thus, seismic stratigraphy was no longer limited to 
the analysis of 2D seismic cross-sections (e.g., interpretation of 
seismic unconformities and seismic facies) but included high-
resolution imaging of depositional geomorphology in 3D (e.g., 
Zeng, 2018). These concepts and techniques are now widely 
applied on the NWS.

The availability of large/semi-regional open-file 3D seismic 
data has also contributed significantly to a better understanding 
of the structural architecture and evolution of fault systems and 
their impact on petroleum systems on the NWS. These data 
have been central to studies on: (1) fault growth and linkage 

histories (e.g., Frankowicz & McClay, 2010; Deng & McClay, 
2019); (2) basin evolution (e.g., Jitmahantakul & McClay, 2013; 
McCormack & McClay, 2013; Saqab et al., 2017); and (3) fault 
reactivation, fault seal and trap leakage assessments (e.g., O’ 
Brien et al., 1998; Cooper et al., 1998; Castillo et al., 2000; Cowley 
and O’Brien; 2000; Gartrell et al., 2002; Langhi et al., 2010). From 
an exploration perspective, the results of these studies may be 
critical for defining trap geometries and estimating sealing/
leakage properties of trap bounding faults for volume and risk 
assessments, or for assessing possible hydrocarbon migration 
pathways and timing. In the development or production context, 
internal fault and fracture systems may act as either baffles or 
conduits to fluid flow, and hence, high-resolution definition of 
these systems and prediction of their properties may be critical 
for reservoir fluid flow modelling.

Structural architecture and evolution also exert a primary 
control on the stratigraphic architecture of a basin by changing 
accommodation, depositional profiles, drainage systems 
and sediment supply. Although often handled separately, 
structural geology and sequence stratigraphy have an intimate 
complementary relationship where observations from each 
discipline can be combined to improve the understanding of 
the other to reconstruct the geological evolution of a region 
(Labutis, 1994). For example, combination of well and 3D 
seismic data enable integration of structural and stratigraphic 
observations, which can help refine geological models and 
tectono-stratigraphic evolution of basins (e.g., Gartrell et al., 
2016). Ultimately, a better understanding of the systematic 
interplay between structure and stratigraphy may lead to better 
prediction of petroleum system elements away from well control 
and/or where seismic data coverage or quality is limited.

Methods of interpretation

The main challenge associated with these high-resolution 
and extensive 3D seismic datasets is to interpret them in a cost-
effective timeframe using the most appropriate tools (Cartwright 
& Huuse, 2005). Traditionally, seismic interpreters picked key 
seismic horizons every few inlines and crosslines. Developing 
new interpretation tools to reduce picking time has been a 
critical objective since the 2000s so that seismic interpreters can 
spend more time analysing and interpreting key stratigraphic 
and sedimentological information.

Eventually, a new generation of full-volume seismic 
interpretation software packages emerged for simultaneous 
semi-automatic interpretation of multiple seismic horizons 
within 3D seismic data (e.g., Fomel, 2010; Labrunye & Carn, 
2015; Wu & Hale, 2015). The main outcome of this workflow 
is a 3D relative geological age model, where the entire seismic 
volume is interpreted within a chronostratigraphic framework, 
and from which an unlimited number of 3D seismic horizons 
can be generated (e.g., Stark, 2004; De Groot et al., 2010; Hoyes 
& Cheret, 2011; Stark et al., 2013). Thus, geological analysis and 
interpretation of 3D seismic data can be undertaken at very high 
resolution within a continuous lateral and vertical stratigraphic 
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framework (e.g., De Groot et al., 2010; Van Hoek et al., 2010; 
Qayyum et al., 2018; Paumard et al., 2019a). Such full-volume 
interpretation tools represent the future of seismic interpretation 
and the key to unlocking the full potential of 3D seismic data.

The case studies presented in this paper were interpreted 
using the software PaleoScanTM. The detailed seismic 
interpretation workflow of this software has been described 
by Paumard et al. (2019a). In summary, the seismic analysis 
workflow is threefold. Firstly, a Model-Grid is calculated by 
establishing links between seismic samples of neighboring 
traces (i.e., nodes) throughout the 3D volume (e.g., Hoyes & 
Cheret, 2011). The grid can be constrained by the user with 
different parameters (e.g., correlation threshold, resolution, 
patch size). The similarity between adjacent wavelets and 
their relative distance is calculated, which enables the creation 
of auto-tracked horizons that can be checked and modified 
within the Model-Grid. Secondly, a 3D Relative Geological 
Time (RGT) model (or 3D Geomodel) is computed, where the 
seismic horizons from the Model-Grid are propagated and 
interpolated in 3D. By assigning a relative geological age to 
each horizon, the entire 3D seismic volume is fully interpreted 
within a chronostratigraphic framework at this stage. Finally, 
an unlimited number of horizons can be extracted from the 3D 
Geomodel within sets of horizons referred to as Horizon Stacks. 
Along these horizons, a full range of seismic attributes can be 
calculated (e.g., coherency, envelope, RMS amplitude, spectral 
decomposition) to further geological interpretation. This full-
volume interpretation approach, and the shift from seismic 
time to a chronostratigraphic paradigm, means that geological 
interpretations can be conducted within a 3D environment at 
high resolution (e.g., seismic stratigraphy and geomorphology; 
Paumard et al., 2019a).

In summary, this approach presents three key advantages: 
(1) interpretation time is significantly reduced against traditional 
methods; (2) a first-order reconnaissance of the information 
contained within a seismic volume can be obtained rapidly; 
and (3) a high-resolution interpretation based on extraction 
of an infinite number of seismic horizons within an interval of 
interest (e.g., seismic geomorphology) that would potentially 
have been missed if only a few horizons were picked and little 
attention paid to information contained between. This latter 
point is particularly relevant to the interpretation of vintage 
and/or recent 3D seismic data and highlights the opportunity 
to obtain new insights into the depositional systems of the NWS 
as presented in the case studies below.

Case study 1: Mungaroo Formation 
(Thebe Gas Field area)

Geological setting

The Northern Carnarvon Basin (NCB) includes several 
inboard Mesozoic depocentres and one extensive outboard 
plateau (Fig. 1) (Barber, 1988; Parry & Smith, 1988; Woodside 
Offshore Petroleum, 1988; Stagg & Colwell, 1994). The NCB 
has a complex tectono-stratigraphic evolution with several 

episodes of rifting and structural inversion during the break-
up of Gondwana (Audley-Charles et al., 1988; Metcalfe, 2013). 
Mesozoic rifting initiated during the Late Triassic, before 
culminating in the Middle Jurassic, and ended during the 
Valanginian with the final break-up between Australia and 
Greater India (Bradshaw et al., 1998; Longley et al., 2002; 
Marshall & Lang, 2013; Gartrell et al., 2016; Paumard et al., 
2018). Before the onset of Mesozoic rifting, a period of tectonic 
quiescence with thermal sag led to the accumulation of the 
Mungaroo Formation (Adamson et al., 2013; Payenberg et al., 
2013; Martin et al., 2018) or the play interval TR20-TR10 (sensu 
Marshall & Lang, 2013).

The Mungaroo Formation represents a vast fluvio-deltaic 
system (>500 km long) extending from the onshore Canning 
Basin to the Exmouth Plateau, which accumulated a total 
thickness of ~6 km over a period of ~30 Myr (Longley et al., 
2002). Primarily sourced from the eastern and southern margins 
of Gondwana, this system developed under a warm and humid 
climate affected by monsoon episodes (Adamson et al., 2013; 
Lewis & Sircombe, 2013). Due to its economic importance 
(Longley et al., 2002; Marshall & Lang, 2013), particularly in the 
NCB, the Mungaroo Formation has been extensively studied in 
recent years, with new insights provided by integration of high-
resolution biostratigraphy and sedimentology (e.g., Adamson 
et al., 2013; Payenberg et al., 2013) and advanced seismic 
interpretation techniques using the widespread 3D seismic data 
available in the region (e.g., Marsh et al., 2018; Martin et al., 
2018). These studies have shown that the Mungaroo Formation 
developed from east to west and includes a wide spectrum of 
fluvial and paralic sedimentological facies deposited during 
several progradational and retrogradational trends of shoreline 
migration.

Data and results

This study focused on the Thebe Gas Field area, located 
just north of the Scarborough Gas Field, where one 3D seismic 
survey (i.e., Thebe 3D) was interpreted (Fig. 1). This mostly 
corresponds to the northwestern (outboard) part of the 
Mungaroo depositional system (Adamson et al., 2013; Martin 
et al., 2018). Thebe 3D covers an area of ~1,380 km2 with a bin 
size of 25 x 12.5 m and a vertical sampling interval of 3 ms. One 
horizon was interpreted across the entire survey (i.e., Horizon 
1) within the uppermost part of the play interval TR20 (sensu 
Marshall and Lang, 2013) to highlight the main depositional 
features using the calculation of a spectral decomposition 
attribute, which decomposes the seismic signal into different 
frequencies that can be blended into a color-blending (RGB) 
viewer (Figs 3, 4). The color-blended map presented in Figure 4 
was generated using the frequency maps of 20 Hz (R channel), 
40 Hz (G channel) and 60 Hz (B channel) that were calculated 
over a time window of ~15 ms (TWT).

On Figure 5, three main types of seismic geomorphological 
features are identified: (1) extending across the entire survey is 
a SW-NE oriented, ~40 km long, ~300–1000 m wide and sinuous 
channel belt, which becomes wider towards the north, possible 
indicating the presence of tide processes (Dalrymple & Choi, 
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Figure 3. a) Un-interpreted and b) interpreted regional 2D seismic profile (A-A’; see location on Fig. 4) showing Horizon 1 interpreted across 
thebe 3d within the mungaroo Formation. note that the ro unconformity (i.e., rift-onset unconformity; sensu Franke, 2013) corresponds 
to the start of Mesozoic rifting within the Northern Carnarvon Basin.

2007; Bourget et al., 2014) (Figs 5a, 5e); (2) several ~7 to 10 km-
long curvilinear features are identified in the northwestern part 
of the study area and interpreted as beach ridges (Figs 5a–c), 
while shorter beach ridges (i.e., 3–4 km long) are also observed 
at the northern end of the previously described channel; and (3) 
~4–5 km long and narrow (width <200 m) individual channels 
are also observed (Fig. 5d). It is important to note that the beach 
ridges cannot be confused with acquisition footprint because 
these features are not parallel to either the inline or crossline 
directions and are not straight parallel (i.e., they present a 
curved shape). Therefore, the ‘pattern recognition’ of these 
beach ridges as curvilinear features is critical to rule out the 
acquisition footprint as a possible interpretation. Similarly, 
these features cannot be mistaken for faults because no faults 
are visible in cross-section view and amplitude variations, 
representative of lithological variations, are contained in a 
reflector (Paumard et al., in press). The width of the channel 
belt presents a characteristic thick-thin-thick pattern, as 
well as a “V” feature where the width is minimum (Fig. 5e). 
These observations suggest that this channel belt was single 
threaded with downstream meander bend migration (i.e., 
“sweep”) towards the northeast, which suggests a paleo-flow 
direction from southwest to northeast. This is consistent with 

the presence of beach ridges in the northern part of the study 
area indicating the location of the paleoshoreline. A major river 
system (i.e., developing a wide channel belt over time) likely 
fed a paleoshoreline located in the north where it was under the 
influence of wave processes (i.e., formation of beach ridges) and 
possibly affected by tidal processes (i.e., presence of a tapering 
channel-mouth).

One way to better characterise this depositional system, 
and understand the processes controlling it, is to define key 
morphometric parameters that can be measured and readily 
compared to modern analogues. Here, we use the WAVE 
knowledgebase (Vakarelov & Ainsworth, 2013) that has the 
unique advantage of combining both a database of modern 
paralic systems (>70 systems mapped and classified) and fluvial 
feeder systems (>40,000 measurements). Another key advantage 
of this database is that it integrates the hierarchical WAVE 
process-based classification (Ainsworth et al., 2011; Vakarelov 
& Ainsworth, 2013) using depositional elements (fluvial, wave 
and tide) to classify shorelines (i.e., parent depositional system). 
This classification can be applied using satellite, outcrop, core 
and seismic data (e.g., Nanson et al., 2013; Bourget et al., 2014; 
Ainsworth et al., 2015; Paumard et al., in press).
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Figure 4. Color-blended (rgB) spectral decomposition attribute in map view of Horizon 1 (see Fig. 3). this map was generated using 
frequencies of 20 Hz (R channel), 40 Hz (G channel) and 60 Hz (B channel) that were calculated over a time window of ~15 ms (TWT). 
Interpretation of seismic geomorphological features identified on this map are provided in Figure 5.
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Figure 5. a) interpreted color-blended (rgB) spectral decomposition attribute map of Horizon 1 (see Figs 3, 4). three main types of seismic 
geomorphological features are identified: b, c) stack of beach ridges in the NW; d) small individual channels; and e) a SW-NE oriented 
channel belt. Note that these observations suggest the presence of a paleoshoreline in the northwestern part of the study area and a flow 
direction towards the north.

Quantitative analysis of the channel belt identified on seismic 
data can be conducted by measuring several parameters such 
as the sinuosity, width and direct distance between observed 
inflection points (Fig. 5e). A comparison of the minimum 
and maximum values of these parameters with the database 
provides ~2,700 possible channel analogues found in more than 
35 depositional systems worldwide. According to the database, 
it appears that over 30% of the modern analogues are located 
within 30 km of their parent shoreline, which corresponds to the 
distance measured on seismic data between the shoreline and 
southern extent of the channel belt (Figs 5a, e). The analogue 
query also shows that such channels tend to be shallow, with 
a median depth of ~5 m (range between 1.7 and 26 m), which 
suggests that this channel was part of a shallow distributary 
system, rather than a confined, deeper fluvial system. Finally, 
the modern analogues database show that this type of channel 
belt is likely associated with tide- or wave-dominated shorelines: 
over the total number of possible analogues provided by the 
database, about 40 are linked with wave-dominated shorelines, 

40 with tide-dominated shorelines, and less than 10 with fluvial-
dominated shorelines.

New insights from 3D seismic data

This workflow provides a wide range of modern 
depositional analogues based on the quantitative analysis of 
the fluvial element scale. The database also provides larger 
scale paleogeographical solutions that help predict which 
additional depositional elements, unresolved via seismic data, 
may be present around the channel and give insight into the 
broader depositional context of the system. Most importantly, 
this approach forces the interpreter to consider a range of 
hypotheses and possible scenarios, because the quantitative 
analysis shows that fluvial channels of the same geometry can 
feed fluvial- (F), wave- (W) or tide- (T) dominated coastlines. 
The ultimate goal of this workflow is to find the best analogue 
using geomorphological indicators identified on seismic data 
or, when available, core data. For instance, in this study, the 
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interpretation of curvi-linear features interpreted as beach ridges 
suggests that wave processes contributed to the redistribution of 
sediments along a nearby paleoshoreline. As suggested by the 
database, the most likely interpretation for this system would be 
a wave-dominated, fluvial influenced and possibly tide-affected 
shoreline (Wft). The Frontera deltaic system, located in Mexico, 
could constitute a reasonable analogue (Fig. 6). The choice 
of this modern analogue is consistent with the preliminary 
interpretations of a sinuous river system, located ~30 km from 
the shoreline, feeding a wave-dominated deltaic system.

Seismic geomorphological interpretation of the Mungaroo 
Formation is challenging for two main reasons: (1) rifting 
episodes during the Mesozoic have structured the Mungaroo 
strata within a series of grabens and horsts across the entire 
basin (Fig. 3); and (2) calculation of seismic attribute maps to 
highlight depositional geometries are often conducted over a 
specific window, resulting in a display along one horizon of 
several features (e.g., channel belts) potentially developed at 
different stratigraphic levels. Therefore, quantitative analysis of 
seismic geomorphologies using 3D seismic data, in combination 
with a modern analogue database, may be better for predicting 
reservoir architecture and heterogeneity by obtaining several 
modelling scenarios with associated uncertainty ranges. 
Additionally, by using modern analogues, it is possible to gain 
knowledge about the broader depositional system and better 
predict what other types of depositional elements could be 
found in its vicinity.

Case study 2: Lower Barrow Group 
(Scarborough Gas Field area)
Geological setting

The Scarborough Gas Field represents one of the major 
discoveries of the NWS and contains approximately 7.3 Tcf of 
dry gas (Woodside, 2019). Located in the Northern Carnarvon 
Basin (Fig. 1), and discovered in 1979 by ExxonMobil, this field 
has not been developed due its remote location. However, 
Woodside became operator in 2018 and proposed development 
of this field by transporting the gas via an ~430 km-long pipeline 
to existing Pluto LNG facilities, with production planned to start 
in 2023 (Woodside, 2019).

The reservoir of the Scarborough Gas Field is located within 
the deep-water strata of the Lower Barrow Group (LBG), an 
Early Cretaceous prograding shelf-margin depositional system 
(sensu Patruno & Helland-Hansen, 2018) developed during the 
latest phase of rifting in the NCB (Fig. 7) (Paumard et al., 2018). 
Due to active tectonics, progradation and aggradation of the 
LBG shelf margin was affected by various pulses of subsidence 
outboard (i.e., abrupt changes in rates of accommodation 
creation) and tectonic uplift inboard (i.e., abrupt changes in 
rates of sediment supply). Thus, the LBG shelf margin records 
architectural variability both in time and space, which impacted 
sediment distribution between the shelf (i.e., topset domain) 
and the basin (i.e., bottomset domain; Paumard et al., 2018). 

Figure 6. Satellite view of the Frontera river system (Frontera, mexico) and interpretation of main depositional features (i.e., channels, 
point bars, ponds and beach ridges). After quantitative analysis of the channel belt identified along Horizon 1 (see Fig. 5e), the WAve 
knowledgebase provides the Frontera deltaic system as a potential analogue for the mungaroo Formation at this time interval. Source of 
satellite photo: google earth.
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Figure 8. Color-blended (rgB) spectral decomposition attribute in map view of Horizon 2 (see Fig. 7). this map was generated using 
frequencies of 20 Hz (R channel), 40 Hz (G channel) and 60 Hz (B channel) that were calculated over a time window of ~12 ms (TWT). 
Interpretation of seismic geomorphological features identified on this map are provided in Figure 9. Data courtesy of TGS.
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Figure 9. interpreted color-blended (rgB) spectral decomposition attribute map of Horizon 2 (see Figs 7, 8). note that the presence of 
gas (i.e., bright area) hinders imaging of seismic features in this area. note the presence of channel complexes and a terminal lobe nW 
of the Scarborough Gas Field, indicating that it is located at the transition between the weakly confined (i.e., main sediment fairway) and 
unconfined (i.e., distal area) parts of the deep-water depositional system. Data courtesy of TGS.
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Historically, the Scarborough Gas Field has been interpreted as 
sitting within a deep-water fan associated with the LBG shelf 
margin (e.g., Barber, 1988; Bradshaw et al., 1998). Thus, this 
field is often referred to as the “Scarborough Fan”. Available 
biostratigraphic data from well completion reports constrain 
the age of deposition of the Scarborough deep-water reservoir 
across the D. lobispinosum (142.3-140.9 Ma) and B. reticulatum 
(140.9-139.4 Ma) dinocyst zones (Paumard et al., 2018).

Data and results

Four 3D seismic surveys were interpreted in the study area. 
From south to north, they are the: Sovereign 3D, Honeycombs 
3D, Scarborough 3D and Bonaventure 3D. Honeycombs 3D was 
provided by TGS, whereas other seismic surveys were provided 
by Geoscience Australia. These data cover the Scarborough Gas 
Field as well as adjacent areas, from the staging area in the south 
(i.e., LBG shelf margin) to the distal part of the basin in the north 
(i.e., deep water area; Fig. 7). One horizon was interpreted across 
all 3D seismic surveys from the interval of interest (i.e., Horizon 
2; Fig. 7). Computation of spectral decomposition attributes 
along this horizon, within a time window of ~12 ms TWT, allows 
visualisation of seismic geomorphologies from shelf to basin and 
interpretation of key depositional features (Figs 8, 9). However, 
within the Scarborough reservoir, seismic imaging is poor due 
to the presence of gas and only a bright area is visible on the 
spectral decomposition map (Figs 8, 9).

In the south, the LBG features a near-straight shelf edge 
oriented east-west (Figs 8, 9). In the west, the associated shelf-
margin clinoform is ~190 ms TWT high (~290 m) with a relatively 
low inclination (~3.8°). Along strike towards the east, this 
clinoform presents a consistent relief with a height of ~145 ms 
TWT (~225 m) but with a steeper inclination (~7.5°). On seismic 
attribute maps, ~5 km long curvilinear features that extend ~2 
km in the dip-direction are observed landward (south) of the 
paleo-shelf edge towards the west, whereas more channelised 
features are recognised to the east (Figs 8, 9). Paumard et al. 
(in press) interpreted these features as beach ridges and fluvial 
channels, respectively. In some cases, west of this study area 
within the same time interval, beach ridges in the LBG may 
stack laterally and form extensive strandplains that are over 10 
km-wide (e.g., Paumard et al., 2019b). Using the WAVE process-
based classification of Ainsworth et al. (2011), these observations 
suggest that the western part of the margin was wave-dominated 
(W), whereas the eastern part was fluvial-dominated (F). This 
interpretation is consistent with the steeper slope gradients 
measured in the east, because fluvial-dominated shorelines are 
commonly associated with higher clinoform slope gradients in 
the LBG (Paumard et al., in press).

In the bottomset domain located just in front of the wave-
dominated shorelines, no deep-water system is observed (Figs 
8, 9). In contrast, directly downdip of the fluvial-dominated 
shorelines, a >30 km wide, north-south oriented sediment 
fairway is interpreted, and northward, this fairway curves to 
the NW (Figs 8, 9). Inside the sediment fairway, several 700-
1200 m-wide deep-water channel complexes with a relativity 
low sinuosity can be identified (Figs 8, 9). Inside the channel 

complexes, individual channels ~100 to 300 m wide are rarely 
visible. Due to poor seismic imaging within the reservoir, 
channel complexes are difficult to track, however, a few channel 
complexes, associated with ~5 km wide and ~12 km long 
terminal lobes, can be seen northwest of this gas area (Figs 8, 
9). These observations suggest that, from the shelf margin to 
the terminal lobes, the turbidite systems passing through the 
Scarborough area have a minimum run-out distance of ~80 km 
(Figs 8, 9).

New insights from 3D seismic data

This study implies that the Scarborough reservoir is not 
located within an extensive and homogenous terminal lobe 
(i.e., deep-water fan) as suggested in the earliest literature (e.g., 
Barber, 1988; Bradshaw et al., 1998). In contrast, the reservoir 
is likely located at the transition between weakly confined and 
unconfined parts of the deep-water system (i.e., the transition 
between the main fairway and isolated channel complexes to 
terminal lobes; Fig. 9). In this case, the level of confinement is 
expressed at the scale of the sediment fairway and not at the 
scale of individual channels or channel complexes. Indeed, 
southeast of the Scarborough reservoir, observed channel 
complexes are relatively confined within the sediment fairway 
(Figs 8, 9). Moving towards the northwest, the fairway starts to 
progressively widen as the channel complexes are spreading 
out and become less confined (Figs 8, 9). Individual channel 
complexes associated to terminal lobes can even be observed 
beyond the Scarborough area towards the northwest (Figs 8, 9). 
The location of the field in this transition area is explained by 
post-depositional tectonics that has inverted the Investigator 
depocentre and formed the Exmouth Plateau Arch during the 
Miocene (Fig. 7) (Tindale et al., 1998), and hence generating the 
regional structural trap of the Scarborough Gas Field (Fig. 7). 
Therefore, the extent of the gas effect visible on seismic data 
does not correspond to the extent of an extensive deep-water fan.

Figure 8 represents one snapshot at a specific time during 
the depositional history. It is likely that the main sediment 
fairway has evolved through time and space (e.g., by avulsion 
of internal channel complexes and migration of the transition 
point between weakly confined and unconfined areas). Due to 
the complexity of seismic imaging in the area, only advanced 
seismic data processing in combination with high-resolution 
biostratigraphic data can help answer these questions. Moreover, 
although they are not particularly well imaged, debris-flows and 
other mass-transport deposits are likely to be present.

The interpretation of regional 3D seismic data in the 
Scarborough area provides new understanding of this 
depositional system. By analysing the 3D seismic data, located 
not only within the field but in surrounding areas, a more 
regional overview provides critical information on the: (1) 
staging area (i.e., types of sediments delivered, controls on 
deep-water system); (2) depositional grain (i.e., orientation 
of main features); and (3) character of depositional elements 
within the Scarborough reservoir. This information could 
become essential during the reservoir modeling stage with the 
integration of critical parameters for permeability and fluid flow 
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prediction. Also, by measuring clinoform geometries (e.g., slope 
gradient) and identifying paralic seismic geomorphologies at 
the shelf edge (e.g., coastal processes), these results confirm 
that quantitative seismic stratigraphy represents a key tool for 
predicting the location and development of deep-water systems, 
where the steeper clinoform slope gradients, associated with 
fluvial processes at the shelf edge, are likely to have produced 
extensive turbidite systems (Paumard, 2018).

Case study 3: Puffin Formation

Geological setting

The Puffin Formation is a Late Cretaceous (Campanian to 
Maastrichtian) depositional system developed across the NE 
Browse Basin and NW Bonaparte Basin during the post-rift 
phase of basin evolution (Fig. 1) (Mory, 1991; Longley et al., 2002; 
Marshall & Lang, 2013; Wilson, 2015). Previously interpreted as a 
submarine fan complex (Mory, 1991; Ormerod et al., 1995; Chen 
et al., 2002), this formation has proven hydrocarbon potential 
with numerous discoveries, particularly in the Vulcan Sub-basin 
(e.g., Puffin Field), and constitutes a primary exploration target 
in the region (O’Brien et al., 1996).

The Bonaparte Basin is structurally complex, comprising a 
number of Paleozoic and Mesozoic sub-basins and structural 
features that developed during a multiphase tectonic history 
(Mory, 1991; Longley et al., 2002; Marshall & Lang, 2013). The 
Vulcan Sub-basin is a 220 km-long and 60 km-wide NE trending 
Mesozoic depocentre, with a total areal extent of ~15,300 km2 
located in the NW Bonaparte Basin, immediately adjacent to 
the incipient Australia-Timor collisional arc (Figs, 1, 10). The 
Vulcan Sub-basin formed in response to Late Carboniferous 
extension that orthogonally overprinted the earlier structural 
grain (O’Brien et al., 1993, 1996; Baillie et al., 1994; Longley et 
al., 2002). Early Jurassic extension and the onset of seafloor 
spreading in the Argo Abyssal Plain continued to shape the 
structural landscape of the Vulcan Sub-basin and surrounding 
areas (e.g., Londonderry High and Ashmore Platform) (Pattillo 
& Nicholls, 1990; Chen et al., 2002). After final break-up during 
the Valanginian, the basin evolved as a passive margin during 
northward migration of the Australian continent (Mory, 1991; 
Longley et al., 2002). These conditions lasted until the Miocene 
when the Australian plate collided with Southeast Asian 
microplates (Etheridge et al., 1991; Keep et al., 2007). Neogene 
to recent collisional tectonics have led to structural reactivation 
throughout the Bonaparte Basin, mainly driven by flexure-
induced extensional processes due to arc-continent collision 

Figure 10. Overview map of the NE Browse and NW Bonaparte Basins showing the study area for the Puffin Formation case study and 
displaying the areal extent of the horizons mapped using both regional 2D seismic data and local 3D seismic data (i.e., Onnia 3D). The 
background map corresponds to bathymetry (m below modern sea-level; 250 m resolution) obtained from the geoscience Australia database.
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Figure 11. a) Un-interpreted and b) interpreted regional 2D seismic profile (YST-16516; see location on Fig. 10). Six seismic unconformities 
(P1-P6) and five seismic sequences (SP1-SP5) were identified using a standard seismic stratigraphy approach (Mitchum et al., 1977a, b).

Figure 12. Summary map showing the shelf-edge locations interpreted at the top of each seismic sequences between P2 and P6 seismic 
unconformities (see Fig. 11). Note that the shelf margin has prograded over a distance of ~30-40 km with a relatively flat shelf-edge trajectory 
(see Fig. 11).



IMAGING PAST DEPOSITIONAL ENVIRONMENTS

Perth, WA, 2–5 September 2019 West Australian Basins Symposium 2019 17

Figure 13. a) interpretation of seismic unconformities and sequences along the seismic line vtt-06 (see location on Fig. 10). b) Color-
blended (rgB) spectral decomposition attribute in map view of Horizon P4 (i.e., Base of Puffin Formation; see cross-section on A). This 
map was generated using frequencies of 16 Hz (R channel), 25 Hz (G channel) and 50 Hz (B channel) that were calculated over a time 
window of ~20 ms (tWt). c) interpretation of the main seismic geomorphological features imaged on B, which suggests the presence of 
a wide e-W trending channel complex in the central section of onnia 3d. d) Seismic line showing in cross section this channel complex.

between the Banda Arc and Australian continental crust (e.g., 
Saqab & Bourget, 2015; Saqab et al., 2017).

Data and results

For this study, a seismic stratigraphic framework was 
developed using publicly available 2D and 3D seismic surveys 
obtained from Geoscience Australia. The extensive 2D seismic 
data covers ~40,000 km2 with travel time ranges between 0 and 
7 s (TWT). In contrast, there is one 3D seismic survey (Onnia 

3D) with limited areal extent (i.e., ~9,000 km2). The Onnia 3D 
survey has a 12.5 x 12.5 m grid with a sampling interval of 4 
ms and a frequency range from 10 to 60 Hz with a dominant 
frequency of approximately 20 Hz.

From the 2D seismic data, six seismic unconformities 
(P1-P6) encompassing five seismic sequences (SP1-SP5) were 
identified and mapped regionally (Figs 11, 12). Shelf edges were 
mapped using the uppermost clinoform within each seismic 
sequence (Fig. 12). P1 represents the regional Valanginian 
break-up unconformity (i.e., KV unconformity, equivalent to 
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K20.0 SB; sensu Marshall & Lang, 2013). The successive seismic 
sequences were deposited during rapid thermal subsidence. 
The uppermost P6 seismic unconformity corresponds to the 
base of the Cenozoic and the top of the Puffin Formation (Fig. 
11). Toward the southeast, each seismic sequence displays 
~200-300 ms (TWT) high, gently to steeply dipping shelf-margin 
clinoforms (sensu Patruno & Helland-Hansen, 2018). Both in map 
and cross-section, it appears that the shelf margin is strongly 
progradational (i.e., flat shelf-edge trajectory) over a distance 
of ~30 to 40 km in a N/NW direction (Figs 11, 12).

Spatial distribution, geomorphology and paleo-
environmental setting of the Puffin Formation was interpreted 
from seismic attribute mapping with Onnia 3D (Fig. 13). Within 
this 3D seismic survey, two prominent salt structures (i.e., 
Pacqualin and Swan) have generated complex fault patterns 
related to post-depositional salt tectonics, which affected seismic 
quality and imaging. Nonetheless, this analysis outlined the 
development of a number of deep-water architectural elements, 
including: (1) ~0.5 to 2 km-wide, ~15 to 50 km-long, low to 
medium sinuosity channel complexes (Fig. 13); and (2) ~10 km-
long and narrow (<500 m) slope gullies. It is interpreted that 
these architectural elements developed as part of a turbidite 
system, where the gullies constituted the tributive feeder part of 
the system and the channel complexes represent the distributive 
part of the system in the basin (Stow & Mayall, 2000; Mulder, 
2011). Overall, these turbidite systems have a short run-out 
distance (<50 km), which suggests the presence of low-efficiency 
turbidity currents based on high sand:mud ratios in the Puffin 
Formation and low shelf-to-basin relief (<400 m), both of which 
inhibit flow acceleration (i.e., shorter distance are needed by the 
turbidity current to dissipate) (Normark & Piper, 1991; Mulder 
& Alexander, 2001; Piper & Normark, 2009).

New insights from 3D seismic data

In the Puffin system, it is inferred that deep-water sand 
delivery is promoted by the flat shelf-edge trajectory of the 
shelf margin during its development, as commonly observed 
in shelf-margin depositional systems (e.g., Porebski & Steel, 
2003; Carvajal & Steel, 2006). However, the processes that re-
distribute sediments at the shelf edge (i.e., fluvial, wave, tide) 
may also control deep-water sand delivery beyond the shelf 
edge (e.g., Dixon et al., 2012; Bourget et al., 2014; Gong et al., 
2016; Cosgrove et al., 2018). In the case of the Puffin Formation, 
although seismic data does not allow identification of paralic 
seismic geomorphological features on the shelf, the influence 
of shelf-edge processes on deep-water sand delivery should not 
be underestimated (e.g., Dixon et al., 2012).

Although there is an extensive 3D seismic library over the 
NWS, some areas only have a limited 3D seismic coverage and/
or proprietary datasets that remain inaccessible. In this study, 
the regional 2D seismic data helped constrain the stratigraphic 
evolution of the Puffin Formation (Figs 10, 11). For example, 
progradation of the system is well defined from 2D seismic 
stratigraphy (Figs 11, 12), whereas the 3D seismic data mostly 
outline the mechanisms of deep-water sediment transport (Fig. 

13). This study, therefore, provides an excellent example of how 
local 3D seismic data can be integrated with regional 2D seismic 
data to constrain the stratigraphic evolution of a depositional 
system and determine processes of sediment transport from 
shelf to basin.

With more 3D seismic data becoming available on the NWS, 
in combination with new 3D seismic interpretation tools, this 
approach can help unlock the potential of a basin and revitalise 
a region for petroleum exploration. In the case of the Puffin 
Formation, available 3D seismic data highlight the presence of 
short run-out turbidite systems associated with the flat shelf-
edge trajectory of the margin in the eastern part of the study 
area (Figs 11–13). Since the 2D data show that the shelf margin 
presents the same strong progradational pattern along strike, 
it is likely that similar turbidite systems are developed in the 
western part of the study area (Figs 11, 12). Therefore, this 
workflow can constitute a tool for rapidly obtaining a first-order 
understanding of a depositional system and identify potential 
areas of sediment bypass, thereby providing an opportunity 
to better predict the location and development of deep-water 
reservoirs along shelf margins.

Case study 4: Cenozoic carbonate margin

Geological setting

During the Cenozoic, the passive tectonic regime and 
carbonate-dominated sedimentation favored development of 
a thick prograding carbonate margin across the entire NWS 
(Fig. 1) (Apthorpe, 1988; Longley et al., 2002; Keep et al., 2007). 
As the Australian continent migrated northward, changing 
climatic and eustatic conditions triggered a transition from an 
unrimmed carbonate ramp during the Oligocene to a rimmed 
carbonate platform during the Early-Middle Miocene, as 
highlighted in the Browse Basin (Fig. 1) (e.g., Rosleff-Soerensen 
et al., 2012, 2016; Belde et al., 2017; Rankey, 2017). Progradation 
and aggradation of this carbonate margin was associated with 
extensive development of submarine canyons and gullies along 
the slope (Rinke-Hardekopf et al., 2018; Tesch et al., 2018). 
Therefore, the extensive 3D seismic data available on the NWS 
offers a unique opportunity to study the controls on margin 
progradation/aggradation and coeval development of deep-
water systems.

In the NCB area (Fig. 1), Oligocene to Early-Middle Miocene 
strata are represented by distally steepened carbonate ramps 
referred to, in stratigraphic order, as: (1) Mandu Calcarenite; 
(2) Tulki Limestone; and (3) Trealla Limestone (Apthorpe, 1988; 
Cathro et al., 2003). Carbonate deposition is then interrupted 
by a siliciclastic episode associated with deposition of deltaic 
sandstones during the Middle to Late Miocene, referred to as the 
Bare Formation or Pilgramunna Formation (e.g., Sanchez et al., 
2012; Tagliaro et al., 2018). The influx of siliciclastic sediments is 
also associated with intense development of slope incisions and 
coeval deep-water system development (Sanchez et al., 2012).
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Data and results

Five 3D seismic surveys provided by Geoscience Australia 
were interpreted in the study area, namely the: Carnarvon 3D, 
HCA2000A 3D, Vincent 3D, Indian 3D and West Gorgon 3D. 
These 3D data cover a total area of ~9,000 km2 in the inboard part 
of the NCB. Two horizons were regionally interpreted across 
the five seismic surveys within both the Early-Middle Miocene 
carbonate strata (i.e., Horizon 3, time-equivalent to the Trealla 
Limestone) (Figs 14, 15) and Middle-Late Miocene siliciclastic 
strata (i.e., Horizon 4, time-equivalent to the Pilgramunna 
Formation) (Figs 14, 16). Relative geological age of each horizon 
was determined using publicly available micropaleontological 
reports from offshore wells. Along each horizon, the envelope 
seismic attribute (i.e., obtained from the trace of the seismic 
data independently of its polarity) was calculated to highlight 
seismic geomorphological features (Figs 15, 16).

Along the margin of the carbonate interval (i.e., Horizon 3), 
slope systems are characterised by the presence of subparallel, 
~150–500 m wide and highly sinuous channels with run-out 
distances between 30 and 70 km (Figs 14, 15). Individual 
channels are regularly spaced along the upper slope (from 800 

to 2500 m), which indicates the presence of multiple sediment 
sources (i.e., line source) along the margin (Fig. 15). These 
laterally and vertically stacked slope channels do not possess 
terminal lobes within the extent of the 3D volume (Fig. 15).

Deep-water channels associated with the siliciclastic interval 
(i.e., Horizon 4) present a different architecture (Figs 14, 16). 
Seismic data suggest the presence of a main point source in 
the middle of the study area within a ~10 km wide sediment 
fairway starting from the shelf margin (Fig. 16). Within the 
fairway, weakly confined channel complexes are laterally and 
vertically stacked (Fig. 16). The sediment fairway becomes wider 
downdip, with a maximum width of ~30 km, and individual 
channel complexes are imaged, particularly in the northwestern 
part of the fairway (Fig. 16). These channel complexes are 
relatively wide (up to 2 km) with a low sinuosity. Internal swing 
and sweep features (~500-1000 m wide) are also observed, 
indicating lateral and downstream meander loop migration, 
respectively, of single-threaded channels (i.e., paleo-flow 
direction towards the northwest) (Figs 16c, d). In the western 
part of the study area, one of these channel complexes becomes 
unconfined outside the main fairway, where it is associated with 
a ~4 km wide and ~7 km long terminal lobe (Fig. 16). Overall, this 

Figure 14. a) Un-interpreted and b) interpreted regional 2D seismic profile (C-C’; see location on Figs 15, 16) showing Horizons 3 and 4 
interpreted across Carnarvon 3d, HCA2000A 3d, vincent 3d, indian 3d and West gorgon 3d. note that the kv unconformity or k20.0 SB 
(sensu marshall and Lang, 2013) or break-up unconformity (sensu Franke, 2013) corresponds to the final break-up between Australia and 
Greater India at the end of the Mesozoic rifting within the Northern Carnarvon Basin.
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Figure 15. a) un-interpreted and b) interpreted envelope attribute map of Horizon 3 (see Fig. 14), which is time-equivalent to the trealla 
Limestone. Slope systems are characterised by the presence of relatively parallel, wide and highly sinuous channels with run-out distances 
between 30 and 70 km. they appear to be fed by multiple, regularly spaced point sources (i.e., line source). c) un-interpreted and d) 
interpreted close-up of individual channels showing their relatively high sinuosity, which suggest the presence of a high mud content.
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Figure 16. a) un-interpreted and b) interpreted envelope attribute map of Horizon 4 (see Fig. 14), which is time-equivalent to the Pilgramunna 
Formation. downdip of the shelf margin, a single main sediment fairway, composed of laterally and vertically stacked channel complexes, 
is observed on the slope. the sediment fairway appears to be fed by a point source. c) un-interpreted and d) interpreted close-up of a 
channel complex showing its relatively low sinuosity and the presence of individual channels with their associated swing and sweep features.
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architecturally mature turbidite system has a run-out distance 
of ~70 km (Fig. 16). In the eastern part of the sediment fairway, 
strong amplitudes are observed at the edge of a ~30 km wide 
slump scar (Fig. 16). These strong amplitudes are interpreted as 
a relic of a terminal lobe from a turbidite system that has been 
truncated by an extensive post-depositional mass-transport 
deposit.

New insights from 3D seismic data

Seismic attribute analysis suggests that the carbonate and 
siliciclastic intervals represent two distinct types of deep-
water systems that differ in their architectures and patterns of 
sediment distribution. The carbonate slope systems appear to be 
fed by multiple, regularly spaced point sources, or a line source, 
forming a linear ramp system (Fig. 15). The high sinuosity of 
the individual channels suggests the presence of a relatively 
high mud content (i.e., low sand/mud ratio) (Figs 15c, 15d). This 
suggests that a high quantity of carbonate mud was produced 
over the extensive inner platform at that time and delivered into 
the deep-water areas. In contrast, the siliciclastic deep-water 
system appears to be fed by a single, major point source richer in 
coarse-grained sediments because the associated slope channels 
have relatively low sinuosity (i.e., high sand/mud ratio) (Figs 
16c, d). This observation suggests the presence of a major feeder 
river system reaching the shelf margin, likely during a period 
of relative sea-level fall (Fig. 16).

Precise interpretation of the controls on the development of 
deep-water systems in both carbonate and siliciclastic systems 
is beyond the scope of this study and requires advanced 
quantitative and sequence stratigraphic interpretation to 
evaluate all the parameters (e.g., Sanchez et al., 2012; Tesch et al., 
2018). However, this study shows that the integration of several 
3D seismic surveys across an entire region (here the inboard 
part of the NCB) can offer a first order appreciation of: (1) types 
of deep-water systems developed; (2) vertical variability of 
these systems between carbonate- and siliciclastic-dominated 
intervals; and (3) their lateral variability along the margin. In this 
case, regional integration of these data becomes crucial because 
using a single 3D seismic survey, instead of merging several 3D 
seismic surveys, would not provide a complete picture of the 
depositional system (Figs 15, 16). For instance, interpretation 
of a single 3D seismic survey in the western part of the study 
area would have led to recognition of the deep-water systems 
associated with the carbonate interval, but not to the main deep-
water system from the overlying siliciclastic interval, which is 
located eastward along-strike. Use of regional 3D megasurveys 
should be encouraged to provide more accurate and integrated 
interpretations.

Conclusion

With more than ~325,000 km2 of surveyed area, the North 
West Shelf (NWS) represents one of the largest 3D seismic 
data libraries worldwide. Since oil and gas exploration began 
on the NWS in the 1950s, subsurface imaging technologies 
have continuously improved, from regional 2D seismic data in 

the 1960s to the introduction of 3D seismic data in the 1980s. 
Progressive improvements in coverage and quality of these 3D 
seismic surveys have given geologists access to extensive, high-
quality 3D seismic data covering large parts of the sedimentary 
basins of the NWS. Thus, the challenge is to use the best tools and 
techniques to interpret these data in a cost-effective timeframe.

A step change occurred recently with the introduction of 
full-volume and semi-automatic seismic interpretation tools 
for undertaking seismic stratigraphy, seismic geomorphology 
and structural analysis at unprecedented resolution. These 
tools allow the creation of a 3D relative geological age model 
from which an unlimited number of seismic horizons can be 
extracted, enabling geological analysis of 3D seismic data at very 
high resolution within a chronostratigraphic framework. The 
degree of manual refinement needed by the seismic interpreter 
in this workflow will be dependent of both the data quality and 
geological complexity (e.g., presence of numerous faults). The 
four case studies (i.e., Mungaroo Formation, Lower Barrow 
Group, Puffin Formation and Cenozoic carbonate margin), 
based on NWS 3D seismic surveys, were presented to highlight 
how these seismic data, in combination with advanced seismic 
interpretation tools, can lead to greater understanding of basin 
evolution and depositional systems.

Several lessons can be learnt concerning improved imaging 
and interpretation of past depositional environments of the 
NWS using 3D seismic data:
• Quantitative seismic stratigraphy constitutes a predictive 

tool for shallow- and deep-water reservoir distribution 
at various spatial and temporal scales by linking deep-
water systems to their parent clinoform architecture and 
geometries;

• Quantitative seismic geomorphology, in combination with 
modern analogue databases (e.g., WAVE knowledgebase), 
can help to better predict reservoir architecture and 
heterogeneity in order to generate several modelling 
scenarios with various ranges of uncertainty;

• Integration and interpretation of regional 3D seismic data 
located in the vicinity of an area of interest (e.g., gas or oil 
field) is critical for better understanding of the broader 
depositional system and its regional context (e.g., transport 
direction) with potential major impacts on reservoir 
modelling and fluid flow prediction;

• Integration and interpretation of local 3D seismic data with 
regional 2D seismic data can help to obtain a first-order 
understanding of the controls on shallow- and/or deep-
water reservoir architecture locally while also better helping 
delineate their regional extent.
These techniques and workflows, applied to 3D seismic data 

of ever-increasing quality, offer new and exciting opportunities 
for geologists to conduct basin- to reservoir-scale analysis across 
the entire NWS. The availability of an extensive 3D seismic 
data library and new full-volume interpretation tools allow a 
reinterpretation of existing paradigms in our understanding of 
the past depositional environments of the NWS. Although the 
NWS has been explored for more than 50 years, this approach, 
using vintage or new 3D seismic data, can help reinvigorate 
exploration in basins that are considered mature and unlock 
potential of underexplored areas.
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