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Abstract 

The stratigraphic evolution of the Cretaceous Puffin Formation was investigated through the 

interpretation of 2D and 3D seismic surveys, integrated with wireline, biostratigraphic and 

sedimentological (core) data. The study outlines the development of a prograding delta 

succession and linked turbidite system during the Late Cretaceous (Aptian – Maastrichtian). 

Clastic influx was driven by tectonic uplift of the hinterland, and sediments were transported 

by fluvial systems to a shelf-edge delta complex. Basinward sediment transport was achieved 

by an extensive network of submarine channels, transporting sediments approximately 50 km 

downslope. The depositional system is broadly interpreted as a multi-source sand-rich turbidite 

ramp directly fed by the delta complex. Channel belts form initially W trending narrow linear 

morphologies, before the development of an extensive W-NW trending vertically stacked 

channel belt complex in the Late Cretaceous. Basinward sediment gravity flow processes are 

dominated by coarse-grained turbidity currents characterised by relatively short (~50km) run 

out distances. Waning of sediment supply in the latest Cretaceous (interpreted as the result of a 

return to low tectonic activity and passive margin conditions) resulted in basin-wide 

transgression and shutting off of the Puffin delta-turbidite system.  

This work presents new insight on the evolution of the Puffin Formation, and highlights the 

development of a significant delta-turbidite system in the Vulcan Sub-basin during the Late 

Cretaceous. The stratigraphic architecture and mapping of depositional elements provided in 

this study can be useful for future exploration in this hydrocarbon bearing formation. 

Additionally, this study suggests that a phase of renewed tectonic activity occurred along 

northern Western Australia in the Late Cretaceous, hence providing the source for the Puffin 

sands accumulated in the Browse and Bonaparte basins. This brings new insights into the 

understanding of post-rift tectonics along the margins of the North-West Shelf. Lastly, this 

study provides an additional analogue for the Cretaceous turbidite reservoirs of the North-West 

Shelf.  
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1 Introduction 

Deep-sea gravity systems often represent the ultimate depositional processes for source-to-sink 

sediment transport on continental margins, making their deposits important records for 

paleoclimatic, tectonic, and eustatic changes in basins (Reeder et al., 2000; Sømme et al., 2009; 

Bourget et al., 2010). Sedimentary deposits from submarine gravity processes (such as 

turbidites) are economically important, and host significant petroleum accumulations 

worldwide (Weimer & Link, 1991; Pettingill, 1998). Understanding the stratigraphic 

architecture and evolution of these systems is critical for exploration targeting and reservoir 

assessment. 

Deep-marine clastic depositional systems show a high degree of sensitivity to both allocyclic 

controls (e.g. tectonics, eustasy, climate) and autocyclic controls (e.g. channel avulsion, lobe 

migration and compensation), as well as having intrinsic links to the continental shelf (e.g. 

hinterland morphology, shelf geometry, sediment entry point distribution, Richards & 

Bowman, 1998). Seismic stratigraphy, including seismic depositional patterns and geometries, 

are heavily influenced by these key environmental factors (Mitchum et al., 1977a; Vail et al., 

1977; Vail, 1987; Schlager, 1993; Posamentier & Allen, 1999).  

The North-West shelf (NWS) of Australia is a world-class hydrocarbon province, with >5 

billion bbls of oil and 152 Tcf of gas discovered since the 1950s (Longley et al., 2002). The 

four major basins of the NWS (the Browse, Bonaparte, Carnarvon and Canning Basins) 

developed in response to Paleozoic to Mesozoic rifting during the progressive breakup of 

Gondwana (Yeates et al., 1987; Bradshaw et al., 1988; Longley et al., 2002). Hydrocarbon 

plays in the region are largely restricted to pre and syn rift strata, with few prospective intervals 

in the overlying post-rift sequences. Deep-marine fan sandstones of the Puffin Formation are 

one of the few prospective post-rift plays, and form a primary exploration target in the Vulcan 

Sub-basin (Bonaparte Basin).  

The Puffin Formation is a Late-Cretaceous stratigraphic unit deposited across the NE Browse 

and NW Bonaparte Basins during the post-rift phase of basin evolution (Fig. 2) (Mory, 1991; 

O'Brien et al., 1996). The formation has proven hydrocarbon potential, with numerous 

discoveries, particularly within the Vulcan Sub-basin, where it is associated with a significant 

field (e.g. the Puffin Field, currently suspended). The Puffin Formation remains one of the few 

targets with oil potential in this gas dominated province (O'Brien et al., 1996; Longley et al., 
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2002). Despite its economic importance, relatively few studies have focused on the Puffin 

Formation, and its stratigraphic architecture and evolution remain poorly understood (e.g. 

Ormerod et al., 1995; De Boer, 2003). Through an integrated seismic stratigraphic analysis, this 

study seeks to determine the major controls on timing, architecture and stratigraphic evolution 

of the Puffin Formation, utilising two and three dimensional seismic data, well data (lithological 

data, gamma ray logs, biostratigraphy) and sedimentological data (conventional core). 

The primary objective of this study is to outline the broad stratigraphic architecture of the Puffin 

Formation throughout the Late Cretaceous in the Vulcan Sub-basin (Fig. 1). Initially, basin 

wide transects were created by integrating open file regional 2D seismic with formation top and 

biostratigraphic data from wells across the study area. Key seismic stratigraphic horizons were 

then mapped regionally along 2D inlines and crosslines to generate regional surfaces for 

interpretation. These surfaces were later combined with 3D seismic data in order to map the 

depositional architecture and identify architectural elements of the Puffin Formation system. 

Finally, conventional core from two wells within the study area were described and interpreted 

in order to constrain the reservoir scale depositional processes and environments. Through this 

integration of data sources, a conceptual model for the evolution of the Puffin Formation was 

developed. 

This process seeks to provide new insights on the depositional history and stratigraphic 

evolution of the Puffin Formation, and determine the impact of autocyclic and allocyclic 

controls on the observed sedimentary architecture through time. The knowledge gained from a 

detailed study of this submarine-fan system has the potential to help understand other clastic 

reservoirs, particularly analogue Cretaceous turbidite reservoirs along the NWS. Additionally, 

the development of coarse grained clastic submarine fan complexes along the margins of the 

NWS during the Cretaceous raises questions about the timing of rifting and subsequent post-

rift tectonics along the NWS. 

 

 

 

 

 



8 
 

1.1 Study Area 

The Vulcan Sub-basin (VSB) is a north-east trending Mesozoic depocentre located in the north-

west Bonaparte Basin (North-West Shelf, Australia), immediately adjacent to the incipient 

Australia-Timor collisional arc (Fig. 1). The VSB reaches 220 km in length and around 60 km 

in width, with an areal extent of 15,300 km2.  

 

Figure 1 : Bonaparte Basin overview with bathymetry and major Mesozoic structural trends . 

Shaded area corresponds to the study area for this research. Bathymetry data from the Geoscience 

Australia database (Whiteway, 2009).  

1.2 Tectonic History 

The North-West Shelf (NWS) of Australia formed during the progressive breakup of the 

Gondwana continent (Longley et al., 2002). The NWS is comprised of four major sedimentary 

basins which flank the NW Australian continental margin; the Canning, Browse, Carnarvon 

and Bonaparte Basins (Westralian Superbasin) (Yeates et al., 1987; Longley et al., 2002). The 

Bonaparte Basin is the most northerly situated of these, lying between the Australian continent 

and the isle of Timor (Fig. 1). The Bonaparte Basin is structurally complex, comprising a 

number of Paleozoic and Mesozoic sub-basins and structural features which have developed 

over its multiphase tectonic history (Fig. 2).  
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The initial Vulcan Sub-Basin (VSB) structure formed in response to Late Carboniferous north-

west oriented extension which orthogonally overprinted the earlier structural grain (Fig. 2) 

(O’Brien, 1993; Baillie et al., 1994; O'Brien et al., 1996; Longley et al., 2002; Cadman & 

Temple, 2004).  Early Jurassic NW/SE extension and the onset of seafloor spreading in the 

Argo Abyssal Plain shaped the present day NWS architecture, as well as establishing the VSB, 

Londonderry High and Ashmore Platforms as major entities (Fig. 1) (Pattillo & Nicholls, 1990; 

Chen et al., 2002). The end of continental fractionation is marked across the NWS by the 

Valanginian Unconformity (Fig. 2) (Longley et al., 2002). Post rift thermal subsidence saw 

major regional flooding over the NW Australian continent during the Early Cretaceous, as the 

NWS transitioned into a passive margin (Mory, 1991; Longley et al., 2002; Cadman & Temple, 

2004). The continued northward movement of the Australian continent allowed carbonate 

production to initiate by the onset of the Cenozoic (Fig. 2) (Bradshaw et al., 1988). Passive 

margin conditions lasted until the Miocene with the convergence of the Australian Plate and 

the Southeast Asian microplate (Etheridge et al., 1991; Keep et al., 2007). Neogene-recent 

collisional tectonics have led to structural reactivation throughout the Bonaparte Basin, mainly 

driven by flexure-induced extensional processes (O'brien et al., 1999; Harrowfield et al., 2003; 

Langhi et al., 2011).  

1.3 Vulcan-Sub-basin Sedimentary History 

The VSB contains a 10 km succession of Phanerozoic mixed carbonate and siliciclastic 

sediments (Pattillo & Nicholls, 1990). Sedimentation within the VSB can be divided into 

several distinct phases (Pre, Syn, and Post-rift) (Fig. 2). Pre and early rift Permo-Triassic 

sedimentation was dominated by intra-cratonic siliciclastics (e.g. shales of the Mt Goodwin 

Formation, and the Sahul Group fluvio-deltaics) (Fig. 2) (O'Brien et al., 1996). Late Jurassic – 

Early Cretaceous subsidence formed local VSB depocentres including the Swan and Paqualin 

Grabens, and allowed thick accumulations (over 1000m) of oil-prone shales to be deposited 

(Lower Vulcan Formation) (O'Brien et al., 1996). The Early Cretaceous post-rift transgression 

saw the deposition of marine shales of the Echuca Shoals Formation, followed by a thick 

sequence of argillaceous shelf/slope sediments (Bathurst Island Group) (Fig. 2). Late-

Cretaceous sedimentation saw a gradual transition towards carbonate dominance, and is 

punctuated by several cycles of clastic input including the Puffin Formation (Fig. 2) (O'Brien 

et al., 1996). Cenozoic to recent sedimentation is predominantly carbonates (Woodbine Group) 

(Fig. 2).  
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Figure 2: Stratigraphic chart for the north-western Bonaparte Basin and Vulcan Sub-basin 

(Adapted from Saqab & Bourget. , 2015). 
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1.4 The Puffin Formation 

The Puffin Formation is a Late Cretaceous (Campanian to Maastrichtian) to Early Paleocene 

stratigraphic unit, which has previously been interpreted as a submarine fan formation (Mory, 

1991; Ormerod et al., 1995; Chen et al., 2002). The Puffin Formation is found across the north-

west Bonaparte and north-east Browse Basins, and forms a primary exploration target through 

the Late-Cretaceous passive margin sequence (O'Brien et al., 1996) (K60 Interval of Marshall 

& Lang, 2013). The Puffin Formation reaches a maximum 570 m thickness in the southern VSB 

(Grebe-2 well), and generally thins to the north-east (Mory, 1991).  The Puffin Formation has 

been an attractive exploration target for many years due to its lithological characteristics (clean, 

high porosity sandstones), and proven hydrocarbon potential (the Puffin field). Its Late 

Cretaceous age makes it one of the few post-Jurassic plays in the region (Longley et al., 2002). 

2 Research Aims and Objectives 

This research aims to: 

1) Build a general seismic and sequence stratigraphic framework of the Puffin Formation. This 
includes determining the geometries and distribution of the depositional system through time 
and space using the principles of seismic stratigraphy (Mitchum et al., 1977a). 

2) Determine the depositional setting and depositional processes that led to the emplacement of 
the Puffin Formation reservoir sands through sedimentological analysis of core data (core 
description and facies analysis). 

3) Use 3D seismic data to determine the basin scale depositional geomorphology and 3D 
architecture of the Puffin Formation system in order to constrain the type and extent of  
depositional elements (canyons, channel-levee systems), as well as the distribution of potential 
reservoir facies.  

4) Determine how external controlling parameters such as regional tectonic events (Blevin et 
al., 1998; Bradshaw et al., 1998; Tindale et al., 1998; Chen et al., 2002; Keep & Harrowfield, 
2008), and eustasy (Miller et al., 2005), influenced the stratigraphic evolution of the Puffin 
Formation during the Late Cretaceous in the Vulcan Sub-basin. 

5) Build a conceptual model for the formation and evolution of the Puffin Formation through 
the integration of well (wireline, biostratigraphy, lithological), sedimentological, 2D and 3D 
seismic data, outlining the main phases of system evolution and the controlling factors on its 
development.  
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6) Analyse the system from a petroleum exploration standpoint. 

3 Materials and Methods 

The seismic stratigraphic study presented here was conducted using a standard seismic 

stratigraphic approach (Mitchum et al., 1977a; Mitchum et al., 1977b; Vail, 1987). Seismic 

reflection geometries and patterns from a combination of 2D and 3D seismic data were 

integrated with well log data to build a seismic and sequence stratigraphic framework.  The 

stratigraphic analysis was conducted using publicly available data with a focus on the Vulcan 

Sub-basin and adjacent areas (Fig. 3). The initial interpretation was conducted with regional 2D 

sections, and later integrated with 3D seismic data.  

 
Figure 3: North-west Bonaparte Basin study area  (For location see Figure 1) showing the 

location of data sources (2D seismic, 3D seismic, exploration wells) used in  this study. Shaded 

area represents the extent of the Onnia 3D seismic survey.  Also shown are major Mesozoic 

structural trends.  
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3.1 Well Data 

A large amount of open-file petroleum exploration well data was available across the study 

area. Well logs and biostratigraphic data from fourteen exploration wells were used in 

conjunction with seismic data (Fig. 3, Table 1). Correlation between well and seismic data was 

achieved using velocity surveys (check-shot) data for each well. Open-file biostratigraphic data 

provided age control for depositional packages and surfaces, and were compiled from well 

completion reports and the Geoscience Australia database. 

Well I.D Lat. Long. T.D (m) 

Bilyara-1 -12.68327706 124.50714547 2754 

Birch-1 -12.45933 124.49661666 2822 

Conway-1 -12.76739376 124.67033022 2600 

Katers-1 -12.67403704 124.74574126 1962 

Londonderry-1 -13.61339069 124.51309463 1145 

Pascal-1 -12.21119528 124.22259759 2850 

Puffin-1 -12.30695583 124.33486963 2961.1 

Puffin-2 -12.36167829 124.27653689 2560.3 

Puffin-3 -12.28740572 124.35950829 2469.8 

Puffin-5 -12.30016122 124.32783667 2414 

Retina-1 -13.35209397 125.19806509 611 

Saucepan-1 -12.89496243 124.59408971 2600 

Snipe-1 -12.52011465 124.28187244 2360 

Tahbilk-1 -12.73137982 124.50523738 3226 

Table 1: Main petroleum exploration wells utilised in this study . Well locations are shown in 

Figure 3.  
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3.2 Sedimentary Core  

Conventional cores from two petroleum exploration wells (Puffin-2 and Puffin-5) were 

described and interpreted at the Geoscience Australia Core Library in Carlisle, W.A, in June of 

2015 (Table. 2). The two cores underwent sedimentary facies analysis in order to determine 

depositional processes and depositional environments of the Puffin system, and to attempt to 

integrate core data with seismic data. 

Well I.D. Lat. Long. 
Total Well 

Depth (m) 

Core 

Interval (m) 

Core 

Length 

(m) 

Puffin-2 -12.36167829 124.27653689 2560.3 2035.15- 2045.50 10.35 

Puffin-5 -12.30016122 124.32783667 2414.0 2047.30 - 2061.95 14.65 

Table 2: Well ID, location, and depth of the core intervals analysed in this study. Well locations 

are shown in Figure 3.  

3.3 Seismic Data 

A seismic stratigraphic framework for the Late-Cretaceous Puffin Formation was developed 

using publicly available seismic surveys and exploration well data from across the north-

western Bonaparte and north-eastern Browse Basins (Fig. 3) (Table. 1, Table. 3). The 2D 

Surveys were obtained from the Geoscience Australia database in May 2015 and cover some 

40,000 km2, with time ranges between 0 and 7 seconds two-way time (TWT).  

The 3D seismic dataset used in the second half of the stratigraphic interpretation consists of the 

merged Onnia 1 and Onnia 2 surveys (together referred to as the Onnia 3D survey hereafter). 

Both surveys were obtained from Geoscience Australia Acreage Release data packages. The 

Onnia 3D survey covers approximately 9000 km2 in the north-western Bonaparte Basin (Fig. 

3). Onnia 3D consists of a 12.5 x 12.5 m grid with a sampling interval of 4 ms. Frequency 

spectra for the survey range from 10 to 60 Hz, with a dominant value of approximately 20 Hz. 

The initial 2D seismic data interpretation was carried out using IHS Kingdom® software (v. 

9.0). Horizons were picked on the basis of reflection discontinuity across their surfaces (e.g. 

onlaps, toplaps, truncations, downlaps) (Mitchum et al., 1977a; Vail et al., 1977). These 

horizons were mapped along inlines and crosslines across the study area (Fig. 3). Once complete 



15 
 

the 2D horizons were imported into Eliis Paleoscan® software where the 2D picked horizon 

wireframes were then interpolated in 3D in order to generate regional time-depth maps for key 

surfaces. 

Analysis of the 3D seismic dataset was performed in 3 stages using Eliis Paleoscan v.1.5.1 (Fig. 

4).  Firstly, a model grid is generated by sampling points in each seismic trace and linking the 

points based on trace-wavelet similarity (Fig. 4). Cost-function algorithms are then applied to 

the linked trace segments to find the configuration with the lowest cost-function which 

maintains a consistent model. Weighted relationships between every seismic sample in the 

volume are then calculated to form auto-tracked horizons and a continuous Geomodel is 

computed (Fig. 4). The Geomodel assigns each surface a relative geological age throughout the 

entire seismic volume (Fig. 4). Finally, stratigraphic horizons (time-equivalent) can be 

extracted from the Geomodel for further interpretation. A series of continuous horizons can 

then be generated: the horizon stack (Fig. 4), which allows detailed analysis of 3D stratigraphic 

architecture continuously through the seismic volume. 

Lastly, seismic attributes were computed on key horizons. The main attribute used in this study 

is spectral decomposition; a frequency attribute which returns the amplitude spectrum of the 

seismic volume over a time window along an interpreted horizon. Frequencies were then 

overlain by colour-blending (RGB), to allow identification of geological properties (i.e. lateral 

discontinuities, geomorphological features, structures).  

Survey I.D Survey Type Location 

VTT-VTT-03 2D Vulcan Sub-basin 

VTT-VTT-04 2D Vulcan Sub-basin 

VTT-VTT-06 2D Vulcan Sub-basin 

YST-YST-16516 2D Vulcan Sub-basin 

YST-YST-16519 2D Vulcan Sub-basin 

WGS-WGS-156 2D Vulcan Sub-basin 

Onnia 3D 3D Vulcan Sub-basin 

Table 3: Summary of the main seismic sur veys utilised in this study. Seismic lines and survey 

locations are shown in Figure 3.  



16 
 

 

Figure 4: Paleoscan semi-automated horizon tracking workflow. Model-grid elements adapted from Hoyes and 

Cheret (2011). 
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4 Results 

4.1 Seismic Stratigraphic Framework for the Puffin Formation 

Six seismic unconformities (P1 – P6) and five seismic sequences (SP1 – SP5) were defined 

from seismic and well data (Fig. 5). The stratigraphic interval analysed in this study lies above 

the regional Valanginian Unconformity (P1) which marks the top of the syn-rift deposits in the 

Bonaparte Basin (Fig. 2). The overlying Cretaceous sequence was deposited following 

continental breakup during rapid thermal subsidence across the NWS (Post-rift phase 1) (Fig. 

2). The topmost surface picked (P6) corresponds to the base of the Cenozoic (T) and the top of 

the Puffin Formation (Fig. 5). 

Figure 5: Summary for the Puffin Formation seismic stratigraphic framework.  Six seismic 

unconformities (P1 – P6) and five seismic packages (SP1-SP5) were identified.  Where possible, 

seismic unconformities were correlated  with major surfaces defined in Marshall &  Lang, 2013.  

Biostratigraphic ages were gathered from well completion reports  and are based on a combination 

of palynological data including spore -pollen, dinoflagellate and foraminiferal assemblages . T = 

Transgressive, FR = Forced Regressive, NR = Normal Regressive, R = Regressive.  

4.1.1 Seismic Sequence SP1 (Horizon P1 to Horizon P2) 

Depositional sequence SP1 overlies the regional Valanginian Unconformity (P1) which forms 

a high amplitude reflector across the study area (Fig. 6, 7, 8, 9). The Valanginian U/C is a 

composite surface, probably representing a series of flooding surfaces and subaerial 

unconformities (and their correlative conformities) in close succession (O'Brien et al., 1996). 

The Valanginian U/C displays prominent stratigraphic and structural truncations of the 

underlying syn-rift stratigraphy, particularly on structural highs (e.g. Londonderry High) where  
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significant erosion has occurred (Figs. 6, 7, 8 and 9). On such highs, the Valanginian U/C 

merges with several prominent surfaces, including the Aptian U/C, Callovian U/C and the high 

amplitude Permian limestone reflector (Figs. 6 and 7). Horizon P1 is marked by an abrupt 

gamma ray decrease which correlates across multiple wells in the study area (Fig. 10).  

Sequence SP1 forms a thick (up to 300ms TWT) (Figs. 6, 7, 8, 9 and 11) progradational wedge 

which thins basinward (N/W) and landward (S/E), whilst thickening laterally to the south (Fig. 

9). SP1 displays low to medium amplitude semi-continuous reflectors, which downlap onto the 

Valanginian U/C surface (Figs. 6, 7, 8 and 9). Well-developed downstepping sigmoidal 

clinoforms are visible at the upper surface of the sequence, becoming more pronounced to the 

south of the study area (Figs. 9 and 11). These suggest that SP1 was deposited under the 

conditions of forced regression. Biostratigraphic ages for SP1 range from approximately the 

Early Aptian (~125 Ma) to the Cenomanian (~93 Ma) (Fig. 10). Gamma response for seismic 

sequence SP1 is variable, with no consistent trends (Fig. 10). The upper surface of sequence 

SP1 is horizon P2 (Figs. 5, 6, 7, 8 and 9). 

4.1.2 Seismic Sequence SP2 (Horizon P2 to Horizon P3) 

Sequence SP2 forms a thin progradational package which overlies the P2 surface (Figs. 6, 7, 8 

and 9). Reflectors within SP2 are generally low to medium amplitude, semi-continuous, and 

occasionally become chaotic past the offlap break (Figs. 6, 7, 8, 9 and 11). Clinoforms are 

evident within SP2 in seismic line VTT-03, where they form low to medium amplitude 

downstepping geometries suggesting forced regressive conditions (Figs. 6 and 11). Sequence 

SP2 pinches out basinward, where it downlaps onto the P2 surface (Figs. 6, 7, 8 and 9). Gamma 

trends for SP2 show a typical cleaning up trend (e.g. Bilyara-1, Conway-1) (Fig. 10). 

Biostratigraphic data yields an approximate Coniacian (~89 Ma) to Santonian (~85 Ma) age for 

sequence SP2 (Figs. 5 and 10). The upper surface of SP2 is the seismic unconformity P3, which 

forms part of the composite horizon formed by P2, P3, P4 and P5 (Figs. 6, 7, 8 and 9). 

4.1.3 Seismic Sequence SP3 (Horizon P3 to Horizon P4) 

Depositional sequence SP3 forms a notable sigmoidal progradational wedge which clearly 

marks a significant basinward shift of the shelf margin (Figs. 6, 7, 8 and 9). Internally, SP3 

reflectors display low-medium amplitudes, and form gently dipping normally-regressive 

clinoform geometries at the shelf edge (Figs. 6, 7, 8, 9 and 11). Basinward, the reflectors 

become semi- continuous and discordant, and show variable amplitudes and variable continuity 
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(Figs. 6, 7, 8, 9 and 11). Landward, the reflectors are truncated by the overlying composite 

seismic unconformity of P4 and P5 (Figs. 6, 7, 8 and 9). Gamma ray response at the interface 

of horizon P3 shows a negative deflection and remains fairly low throughout SP3 with a minor 

cleaning up trend (Fig. 10). Basinward, blocky, low GR responses are seen which can be 

correlated across the wells (e.g. Puffin-2, Birch-1) (Fig. 10). Sequence SP3 reaches 200 ms at 

its thickest extent, and thins to <50 ms basinward (Figs. 6, 7, 8 and 9). Biostratigraphic data 

gives a tentative Early-Mid Campanian age for this sequence (Figs. 5 and 10).  The upper 

surface of sequence SP3 is formed by horizon P4 (Figs. 5, 6, 7, 8 and 9). 

4.1.4 Seismic Sequence SP4 (Horizon P4 to Horizon P5) 

Horizon P4 corresponds to the base of the Puffin formation based on well formation top data 

across the study area (Fig. 5). Sequence SP4 overlies the P4 seismic unconformity and forms a 

moderately thick (up to 200ms TWT) unit which appears to thicken basinward (Figs. 6, 7, 8 

and 9). SP4 represents an approximate 7 km basinward shift of the offlap break (Figs. 6, 7, 8 

and 9). Seismic sequence SP4 displays gently N/NW dipping clinoform geometries (Figs. 6, 7, 

8, 9 and 11). Thus, SP4 is interpreted as a normal regressive seismic sequence. Basinward 

seismic reflectors are variable, but overall show low to medium amplitudes, and are 

discontinuous to semicontinuous (Figs. 6, 7, 8, 9 and 11). Gamma-ray response for sequence 

SP4 shows an erratic ‘nervous’ signature basinward (e.g. Puffin wells), consisting of thin (5-

10m) packages of shaley response (high GR) interbedded with thin sandy packages (low GR 

response) (Fig. 10). Landward wells show less erratic GR signatures, with a general 

aggradational (static GR) trend (Fig. 10). Based on biostratigraphic control, a Late Campanian 

to Early Maastrichtian age is recognised for sequence SP4 (Figs. 5 and 10). The upper surface 

of sequence SP4 is the seismic unconformity P5 (Figs. 5, 6, 7, 8 and 9). P5 forms a typical 

sequence boundary, and is associated with onlaps and downlaps above it (Fig. 6). Horizon P5 

also forms part of the composite surface comprised of P2, P3, P4 and P5, which marks a 

significant period of erosion across the paleo-shelf edge (Figs. 6, 7, 8 and 9). P5 forms the final 

erosional surface associated with this event, and is followed by largely aggradational 

sedimentation through SP5 (Figs. 6, 7, 8 and 9). 

4.1.5 Seismic Sequence SP5 (Horizon P5 to Horizon P6) 

Depositional sequence SP5 is the youngest and final seismic sequence identified in the seismic 

stratigraphic analysis (Fig. 5). SP5 forms a thick aggradational to progradational unit which 

reaches over 220 ms TWT in thickness (Figs. 6, 7, 8 and 9). Internally, SP5 displays low to  
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medium amplitude, semicontinuous to continuous reflectors, with generally subparallel 

geometries (Figs. 6, 7, 8, 9 and 11). SP5 shows a marked basinward change in seismic facies 

from the underlying SP4, most well observed in seismic line VTT-03 (Fig. 6) where a shift from 

low amplitude, chaotic reflectors in SP4 to subparallel medium amplitude reflectors in SP5 is 

observed within the Swan Graben. SP5 is consistently aggradational across the study area, but 

also shows a minor progradational component, with approximately 3 – 5 km of shelf edge 

basinward progression (Figs. 6, 7, 8 and 9). Gamma response through SP5 shows an overall 

steady (aggradational) trend, consistent across multiple wells in the study area (Fig. 10). In the 

Puffin field, gamma trends show a thick (20 – 80m), blocky, low GR response (Fig. 10). This 

lower blocky package is then overlain by a thick muddy interval toward the upper P6 surface 

(Fig. 10). The upper surface of sequence SP5 is horizon P6, which corresponds to the base of 

the Cenozoic (‘T’ regional pick of Marshall & Lang, 2013) and top of the Puffin formation 

(Figs. 5, 6, 7, 8, 9 and 10).  

 

Figure 9:  Seismic stratigraphic interpretation of the seismic line WGS -156. 
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Figure 11: Seismic facies summary. Main seismic facies identified in the seismic stratigraphic 

study.  
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4.2 Regional Horizon Mapping 

Five seismic unconformities identified in the seismic stratigraphic analysis (P2 – P6) were 

mapped regionally on 2D inline and crosslines across the N/E Browse and N/W Bonaparte 

Basin study area (Fig. 4). The resulting surfaces cover approximately 40,000 km2 (Fig. 12). 

 

Figure 12: Overview of the NE Browse/NW Bonaparte Basin study area displaying the areal 

extent of horizons mapped in this study.  

4.2.1 Horizon P2 

Horizon P2 is the second horizon identified in the seismic stratigraphic analysis and the first 

horizon overlying the Valanginian Unconformity (P1). Horizon P2 forms the top of the forced 

regressive seismic sequence of SP1 (Figs. 5, 6, 7, 8 and 9). Figure 13 shows the TWT depth 

map of the P2 surface in map view. Clearly visible is a broad NE to SW trending low-gradient 

(~0.1 °) topographically high plateau and associated high-gradient (~5°) slope which are 

together interpreted as the paleo continental shelf and slope (Fig. 13).  The shelf  extends 

approximately 50 km from the south-eastern border of the mapped horizon data before steadily 

increasing in gradient towards the north-west at the shelf edge (Fig. 13). Slope gradient then 

tapers off again basinward (NW) (Fig. 13). Three main topographic lows are visible in the P2 

horizon data; 1) a major basinward depression at the  NW edge of the data, 2) a NE/SW trending 
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depression which coincides with the Swan graben, and 3) the topographic low located in the 

northern corner which corresponds to the southern edge of the Cartier Trough (Figs. 1, 12 and 

13). A 10 to 20 km wide depression is also visible on the north east margin of the horizon, 

which may represent a valley or canyon type feature on the continental shelf (Fig. 13).  

4.2.2 Horizon P3 (KSC) 

Horizon P3 forms the top of the forced regressive seismic sequence SP2 and the base of SP3, 

and is equivalent to the KSC regional pick of Marshall & Lang, 2013 (Figs. 5, 6, 7, 8 and 9).  

A 10 to 20 km of basinward shift of the shelf margin is seen, consistent with the overall 

progradational geometries seen in seismic stratigraphic analysis (Figs. 6, 7, 8, and 9). 

Progradation is generally in a north to north-westerly direction (Fig. 14). V-shaped depressions 

are seen in the south of the horizon, forming prominent features on the inferred continental shelf 

(Fig. 14). These are interpreted as possible canyons. 

4.2.3 Horizon P4 (Base Puffin) 

Horizon P4 corresponds to the base of the Puffin Formation in the study area. Further basinward 

movement of the shelf margin is seen, particularly in the north-eastern part of the horizon, 

where around 10 to 15 km of progradation is visible (Figs. 15 and 18).  

4.2.4 Horizon P5 

Horizon P5 forms the second youngest horizon identified in seismic stratigraphic analysis (Figs. 

5, 6, 7, 8 and 9). Horizon P5 forms a composite surface with P2, P3 and P4 in section view (i.e. 

Fig. 6), and is the last horizon before the more aggradational phase seen through SP5 (Figs. 6, 

7, 8 and 9). Further progradation of the system is visible, and infilling of basinal depressions 

can also be seen, particularly in the north-west of the horizon (Fig. 16). The large valley like 

depression is again visible in the north-east of the horizon forming a 10 to 20 km wide, east-

west trending feature on the shelf edge (Fig. 16). 

4.2.5 Horizon P6 (Base Cenozoic) (Top Puffin) (T) 

Horizon P6 is the youngest horizon identified from seismic stratigraphy (Figs. 5, 6, 7, 8 and 9), 

and forms the top of the predominantly aggradational SP5 sequence (Fig. 5). Significant 

infilling of basinal lows is seen, particularly in the north-west of the horizon, where around 300 

to 400 ms TWT of strata has accumulated between P5 to P6 (Figs. 16 and 17). Only minor shelf 

edge progradation is seen, with around 3-5km of basinward migration visible (Fig. 18).  
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4.2.6 Shelf Margin Evolution  

Regional mapping of key seismic stratigraphic surfaces shows the broad scale evolution of the  

paleo-shelf edge in the NE Browse/NW Bonaparte Basin study area, from the Early Cretaceous 

(P2) to the base of the Cenozoic (P6) (Fig. 18). As shown in the seismic stratigraphic 

interpretation, the system is largely progradational (Figs. 6, 7, 8 and 9). In map view, around 

30 to 40 km of shelf edge progression is seen in a N/NW direction from P2 to P6, with the SP2 

and SP3 intervals showing the greatest basinward movement (Fig. 18) 

 

Figure 18: Summary diagram outlining the paleo -shelf edge location between P2 and P6.  Around 

30- 40km of shelf margin basinward progression is seen.  
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4.3 Puffin Fm. Depositional Environments: Insights from Seismic Attribute Analysis 

Insights into the spatial distribution, geomorphology and paleo-environmental setting of the 

Puffin Formation were garnered from attribute analysis of the Onnia 3D survey (Fig. 4). The 

analysis outlined the development of a number of submarine fan architectural elements over the 

Late Cretaceous sequence, namely channel belt systems and gullies.  

A full Onnia 3D horizon (seismic unconformity P4) with the spectral decomposition attribute 

applied is displayed in Figure 19. The following section consists largely of detailed close up 

images of the larger Onnia 3D horizon in order to better highlight morphological features. The 

Onnia 3D survey contains two salt structures (Pacqualin and Swan) which form prominent 

features in the 3D data. Post-depositional salt tectonics have generated complex fault patterns 

and areas of discontinuity through the autotracked horizons (Fig. 19). Two smaller zones of no 

data are also labelled in Figure 19. 

 

Figure 19 : Example of an Onnia 3D horizon (horizon P4) extracted from the Paleoscan horizon 

stack (Fig. 4).  Two large salt structures are labelled (Swan and Pacqualin). As well as two minor 

areas where no data is recorded in the Onnia  3D survey.  
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4.3.1 Channel Belts 

Attribute analysis of the Onnia 3D dataset shows a variety of channel type morphologies, 

ranging in length, width, and sinuosity, from relatively isolated linear channel systems, to 

stacked or braided channel belts. The resolution offered by the Onnia 3D survey gives a lower 

limit on the identification of morphological features of approximately 500m in width. Features 

smaller than this are generally unresolvable in the data shown. For this reason the channel 

morphologies seen are broadly interpreted as channel belt systems, or large sedimentary 

conduits which may themselves be erosionally confined, migrate, or be channelized internally 

by sub-seismic features (Janocko et al., 2013).  

4.3.1.1 SP1 Channel Belts 

Figure 20 shows the oldest channel features recognised in the 3D seismic analysis, located at 

the upper surface of the SP1 seismic sequence (Figs. 6, 7, 8, 9 and 20). This horizon shows the 

development of low to medium sinuosity channel belts, in an approximate NW trend, located 

basinward of the inferred continental shelf interpreted in previous sections (Fig. 18). These 

channels form distinctive morphological features on the horizon surface, and are easily 

recognised amongst the more featureless or poorly resolved data (Fig. 20). The channels range 

from around 500m to 1km in width (Fig. 20) and are continuous for 15 to 30 km across the 

visible seismic data, however determination of their full length is limited by 3D seismic 

coverage (Figs. 5 and 20). Development of sinuous meander loops or point-bar like features are 

visible in many of the channel belts (Fig. 20). In section view, the channels are largely restricted 

to one reflector, and display small v-shaped geometries, with only minor erosion into pre-

existing strata (Fig. 20). These channel systems appear to take a course into the southern Vulcan 

Sub-basin, and potentially drain into the NE Browse basin plain depocentre identified in 

regional horizon mapping in previous sections (e.g. Fig. 13).  

4.3.1.2 P2 Channel Belts 

Figure 21 shows map view detail of the P2 horizon extracted from the Onnia 3D survey (Fig. 

21). The channel belts seen in the previous horizon (Fig. 21) have evolved or receded, however 

some overlap is noted (Figs. 20 and 21). The most distinct feature of Horizon P2 is the 

development of two large NW trending coalescing v-shaped linear channel belts (Fig. 21), 

situated approximately 30 km from the inferred shelf edge (Fig. 18).  The larger of the two 

channel belts reaches nearly 2km in width, and courses for 30km across the visible horizon  

 



36 
 

e

 

Figure 20:  Intra-SP1 horizon displaying numerous low-medium sinuosity channel belts.  
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(Fig. 21). A second smaller channel belt is seen, which is interpreted to be the basal section of 

an overlying channel belt system (Fig. 22). The two belts appear to coalesce around 10km from 

the edge of the seismic data, forming a single system basinward (Fig. 21).  The small 

meandering channel belts seen in the intra-SP1 horizon (Fig. 20 - channels A and B) have 

disappeared and a narrow (<500m wide), linear channel is visible in their approximate location. 

4.3.1.3 P3 Channel Belts 

Figure 22 displays a close up of the P3 horizon in map view (Fig. 22). The same V-shaped 

channel belt system is visible as in the P2 horizon, however the smaller northern channel now 

forms a large (~2km wide) belt of similar morphology to the southern channel belt (Fig. 22).  

Thin (<500 m), linear channel belts are also visible in the southern corner of horizon P3, 

trending west to north-west (Fig. 22). Minor development of narrow (<500 m width) sinuous 

channel belts are also seen, in various orientations (Fig. 22).  

4.3.1.4 SP3 Channel Belts 

Figure 23 is a close up of an intra-SP3 horizon (Fig. 23). The horizon shows two main areas of 

interest. In the south of the horizon, the V-shaped coalescing channel belt system seen 

previously is still resolvable, and now forms part of a larger heavily channelised complex (Fig. 

23). Channel orientations are still largely NW-SE, however a degree of SW trending 

channelisation is visible, at nearly 90 degrees to previous channel courses (Fig. 23). The second 

major area of interest on the intra-SP3 horizon is located in the central-eastern section, where 

the beginnings of a large-scale channel-belt complex is visible (Fig. 23) The channel belts trend 

approximately E-W and form broad (1 - 2 km+), curvy-linear channel belts which stretch 40 – 

50km before becoming unresolvable (Fig. 23). This system appears to be the lower expression 

of a the large channelised system situated at higher stratigraphic levels, which has eroded deeply 

into underlying stratigraphy (Figs. 23 and 24). The exploration well Birch-1 intersects the distal 

end of this channel system, and appears to register a clean (low) GR response for the SP3 

interval (Fig. 23 – Inline 130723). 

4.3.1.5 P4 Channel Belts 

Figure 24 shows detail of the P4 horizon identified in seismic stratigraphic analysis (Figs. 5, 6, 

7, 8 and 9). P4 is coincident with the base of the Puffin Formation as determined from formation 

top data from wells in the study area (Fig. 5). Clearly visible across the horizon is the 

development of widespread channelisation, with a dominant E-W to SE-NW trend, and taking  
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Figure 22: Horizon P3 with the spectral decomposition attribute applied. Channel morp hologies 

are visible across the SE of the horizon in a NE -SW trend.  
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on the appearance of an extensive ‘braided’ channel belt complex (Fig. 24). In reality, and as 

can be seen in seismic cross section (Inline 131091, Fig. 24) the system represents multiple 

generations of channel belt development, each with a similar orientation. These channels are 

vertically stacked but appear interconnected when viewed in plan view with the limited vertical 

resolution of a seismic horizon. Despite this, the sheer number of channel belts visible points 

towards a phase of extensive channelisation. Individual belts range in width from 1 – 3km and 

many are continuous for more than 60 km before becoming unresolvable and tapering out (Fig. 

24). Whether these terminal channel mouths represent the true end of the channel belts, or 

perhaps a fan area of poor seismic quality, is difficult to determine. The majority of the channel 

belts appear to originate from a similar point in the east of the study area, which approximately 

aligns with the wide valley type feature visible from regional 2D horizon mapping (e.g. Figs. 

13 and 24). 

Channel sinuosity for this large channel belt complex is relatively low, with most belts 

displaying low amplitude meanders with wavelengths on the order of 10 km (Fig. 24). In section 

view, the channel system is readily apparent as a series of V shaped reflections truncating 

underlying strata (Fig. 24 – inline 131091). Although visible on this horizon (P4), many 

channels appear to originate at higher stratigraphic levels (Fig. 24 – inline 131091). These 

higher channel belts incise deeply into underlying strata, and are visible throughout SP4 (Fig. 

24). 

4.3.1.6 SP4 Channel Belts 

Figure 25 shows detail of an intra-SP4 horizon displaying the continuation of the previously 

seen channel belt systems (Figs. 23 and 24).  The petroleum-exploration well Birch-1 intersects 

one of these major channel belts as seen in inline 130723 (Fig. 24). In section view, the channel 

wall is visible as a truncating V shaped reflector, typical of channel expressions in seismic (Fig. 

11) (Fig. 24 – inline 130723). The channel fill is visible as a prominent negative amplitude 

reflection (Fig. 24 – inline 130723). Gamma response for the channel appears to show generally 

medium-high GR values, with a minor negative deflection coinciding with the channel fill 

reflector (Fig. 24).  
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Figure 24: Horizon P4 (Base Puffin Fm.) horizon detail.  The development of a large E-W 

trending channel belt complex is visible across the central section of Horizon P4.  

 

  



43 
 

 

Figure 25: Intra-SP4 horizon detail  (spectral decomposition attribute) . Close up on the extensive 

channel complex visible through SP3, SP4 and SP5. Petroleum exploration well Birch -1 

intersects a large NE-SW trending channel belt (inline 130723).  
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4.3.2 Gullies 

Figure 26 shows detail of the P6 horizon identified in seismic stratigraphic analysis (Fig. 5). 

Horizon P6 also coincides with the base of the Cenozoic, and the top of the Puffin Formation 

in the study area (Fig. 5). P6 marks a distinct change in depositional morphology from the 

previous horizons (e.g. Figs. 20, 21, 22, 23, 24 and 25). The extensive channel complex visible 

previously has disappeared, and the basin appears relatively featureless (Fig. 26). However 

narrow (<500m), linear, gully-type morphologies are visible in the east of the horizon (Fig. 26). 

The gullies form ~10 km long features which lie upon or just beyond the inferred shelf as 

mapped in regional horizon mapping (Fig. 18).  

 

Figure 26: Detail of horizon P6 (Base Cenozoic and top Puffin Fm.). A distinct change in 

depositional morphology is noted. Extensive basin channelisation has receded, and gully type 

morphologies are visible in the eastern section of the horizon.  
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4.4 Sedimentology 

Sedimentological description and facies analysis of two cores from the study area (conventional 

cores from the wells Puffin-2 and Puffin-5) (Fig. 3) (Table. 2) are presented here. The two cores 

range in length from 10.35 m (Puffin-2) to 14.65 m (Puffin-5). Core details are summarised in 

Table. 2. Five facies and three facies associations (FA1 – FA3) were identified over the two 

cores (Table. 4) (Figs. 27 and 28). 

4.4.1 Facies Associations 

FA1:  Facies association 1 consists of the vertical succession of facies MSst (massive to poorly 

graded sandstone) and facies Clst (hemipelagite/pelagite) (Fig. 27). FA1 is interpreted as a 

coarse-grained turbidite deposit where the terms Tb to Te of the Bouma sequence (Bouma et 

al., 1962) are missing. The massive to poorly graded characteristics of facies MSst suggest a 

concentrated to hyperconcentrated flow where suspension fallout is inhibited by coarse 

sediment grain size (Mulder, 2011). Instead en masse freezing of the flow occurs when the flow 

resistance exceeds the driving shear force and stops abruptly (Mulder, 2011). Rapid deposition 

largely prevents bedform or sedimentary structure development, therefore inhibiting Bouma Tb 

– Te formation  (Mulder & Alexander, 2001). Additionally, such concentrated (or 

hyperconcentrated) flows, have a large density contrast to the surrounding water, and can attain 

high velocities on high gradient slopes (Mulder & Alexander, 2001). This means concentrated 

flows can be highly erosive (Mulder & Alexander, 2001; Mulder, 2011).  

Where facies Clst is not present in FA1 it is interpreted that erosion by subsequent turbidity 

currents have removed the facies, or turbidite frequency prevented any significant interim 

hemipelagic/pelagic deposition. Individual flow events and basal contacts between FA1 can be 

difficult to identify due to the homogeneity of sand bodies, however where visible seem to range 

in size from approximately 10 to 100 cm. Sub-angular rip-up clasts throughout FA1 are 

interpreted to represent erosion and incorporation of muds from the sea-bed, which are eroded 

by the concentrated flow and become entrained in the turbidity current as it progresses 

basinward (Mulder & Alexander, 2001). The Puffin-5 core shows an  MSst : Clst (massive sand 

: hemi/pelagic mud) ratio of around 120 : 1, whilst the Puffin-2 core has a ratio of approximately 

0.1 : 1 (for FA1) (Fig. 28). Where facies Clst dominates (e.g. Puffin-2 core), turbidity current 

flows are interpreted to be relatively infrequent, allowing thick (metre scale) 

hemipelagic/pelagic deposition. 
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Facies Photograph Summary Description 
Depositional 

Processes 

Occurrence 

in Facies 

Association 

MSst 

 

Massive to poorly normally graded 

yellow-white medium grained 

sandstone, mixed with variable 

proportions of subangular to 

subrounded siltstone-claystone rip-

up clasts (0.1 – 3 cm). Disseminated 

pyrite nodules (1mm – 1cm) occur 

throughout. Basal contact can be 

erosional. No bioturbation visible. 

Deposition from the 

concentrated flow from 

the forerunning 

turbidity current. 

(Bouma Ta division). 

FA1, FA2, 

FA3 

Clst 

 

Fine grained dark grey-brown 

claystone. Minor bioturbation. 

Hemipelagic/pelagic 

background 

sedimentation. 

FA1 

SilClst 

 

Grey-brown siltstone and silty 

claystone showing sub-horizontal 

planar and ripple cross laminations. 

Deposition from a dilute 

turbidity current 

(Bouma Td – Te 

division). 

FA2, FA3 

SstClst 

 

Laminated sandstone-claystone 

facies comprised of Interbedded 

fine to medium grained yellow-

white sandstone and dark-grey 

claystone interbeds. Displays 

lenticular/planar laminations 

Heterolithic deposition 

resulting from 

fluctuating current 

conditions from a 

passing turbidity flow. 

(Bouma Tc division) 

FA2 

SstBrec 

 

Sand supported mudstone breccia. 

Dark grey to light grey fine to 

medium sandstone containing 

numerous subangular to angular 

mudstone clasts (<1 cm to >10 cm). 

Debrite resulting from 

the depositional 

freezing of a cohesive 

debris flow. 

FA3 

Table 4: Facies identified during core analysis of the Puffin -2 and Puffin-5 wells. Five 

sedimentary facies and three facies associations (FA1 – FA3) were identified.  
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FA2: Facies Association 2 comprises the vertical stacking succession of facies MSst (massive 

to poorly graded sand) grading into SilClst (laminated siltstone-claystone) or SstClst (laminated 

sandstone-claystone) (Fig. 27). This association is interpreted to represent thinly bedded (1cm 

– 10cm) sheet-like turbidite deposition from the dilute portion of a turbidity current, such as 

that which may result from spillover deposition over distributary channels (e.g. Gervais et al., 

2006). Lack of preserved hemi/pelagic facies suggests repeated and frequent flows and/or 

erosion of the hemi/pelagics by successive flows. 

FA3: Facies association 3 consists of the vertical succession of MSst (massive to poorly graded 

sandstone) grading into SilClst (laminated siltstone-claystone) and overlain by SstBrec 

(mudstone breccia) (Fig. 27). The presence of gradational contacts between the facies of FA3 

suggests a common genetic link between their deposition. Additionally, the facies appear to 

display less cohesive (flows made of discrete particles) and more cohesive (cohesion between 

fine particles giving the flow a cohesive (matrix) strength) behaviour from the base to top of 

the bed, suggesting some degree of flow transformation or partitioning. It is inferred that this 

facies stacking pattern represents a single genetically related depositional event, and potentially 

represents a composite/co-genetic hybrid bed deposit (hybrid sediment gravity flow deposit)  

from a combined turbidity current – debris flow (Talling, 2013).  

Recent studies have recognised the common occurrence of deposits which appear to show 

components of both turbidity currents and debris flow as part of the same event bed (Amy & 

Talling, 2006; Fugelli & Olsen, 2007; Davis et al., 2009; Hodgson, 2009). These deposits 

commonly display a debrite overlying a basal clean sandstone and separated by a banded 

silt/sand transitional facies (Haughton et al., 2009; Talling, 2013). A number of mechanisms 

have been proposed to explain such deposits, including; 1) the continued runout of a debris flow 

following partial flow transformation and the development of a forerunning turbidity current 2) 

initially heterogeneous (sand/mud) slope failure resulting in dual turbidity current and debris 

flow, and 3) muddy substrate entrainment and incorporation into a non-cohesive flow leading 

to a more cohesive flow downdip and/or development of linked debris flow toward the rear of 

the hybrid flow (Haughton et al., 2009). In this case, mechanism 3 is suggested as the most 

likely depositional process for FA3, due to the erosive potential and concentrated nature of 

facies MSst, and the relatively small mass of debrite mud clasts in facies SstBrec.  

In FA3, Facies MSst, as in FA1, is interpreted to be the resulting deposit from the en masse 

freezing of a non-cohesive concentrated turbidity current. Such currents can highly erosive, and  
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Figure 27:  Typical sedimentary facies vertical stacking trends (facies associations) seen in the 

cores described (Photos from Puffin -5).  Also labelled are subdivisions from the gravity flow 

models of Bouma  et al.  (1962) (turbidites), and Talling (2013) (hybrid beds).  

can incorporate large amounts of muddy substrate into the flow (Mulder & Alexander, 2001). 

The mud clasts of facies SstBrec may represent such substrate, and are probably of low enough 

mass to have been hydrodynamically rafted to the rear of the concentrated turbidity current 

where they develop into a linked cohesive debris flow (Hodgson, 2009; Talling, 2013). Hybrid 

bed deposits frequently feature an intermediate ‘transitional’ facies (H2 division of Talling, 

2013), commonly manifesting as a banded siltstone-sandstone layer, and always found between 

the basal clean sandstone (H1 division of Talling, 2013) and upper mudstone/sandstone debris 
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flow (H3 division of Talling, 2013) (Haughton et al., 2009). Facies SilClst is defined by planar 

laminated siltstone to claystone, and is interpreted as the transitional facies, representing the 

transition in flow regime from turbulent (H1 division – facies MSst) to laminar (cohesive debris 

flow – facies SstBrec)  (i.e. non-cohesive concentrated turbidity current, to cohesion dominated 

transport and clast-rich debris flow) (Haughton et al., 2009). This transitional facies is brought 

about by deceleration of the hybrid flow, causing a gradual change in rheology along the length 

of the flow, resulting in banded silt/clay deposition from intermediate turbulent to laminar flow 

conditions. Finally, the linked debris flow traveling at the rear of the hybrid flow overrides the 

underlying sand, depositing a generally clast-rich mudstone/sandstone at the top of the bed (e.g. 

facies SstBrec) (Fig. 27).  

Two consecutive hybrid bed flows are identified in the Puffin-5 core, located between the 

intervals 2059.68 – 2058.52 m and 2058.55 – 2057.53 m. Based on the observations and 

interpretations presented above, and the thickness of the lower H1 division (Facies MSst, 

approximately 1 m) and debrite division H3 (Facies SstBrec approximately 20 – 40cm), the 

hybrid beds of FA3 identified in the Puffin-5 are interpreted as the deposits of a low to medium 

cohesive strength density current mixture, where a rapidly decelerating forerunning turbidity 

current (non-cohesive) is followed by a clast-rich debris flow in the same depositional event 

(Haughton et al., 2009; Talling, 2013) 

4.4.2 Depositional system 

The facies and stacking patterns identified in the Puffin wells highlight a depositional 

environment where submarine gravity-flows (turbidity currents and debris flows) are the 

dominant sediment transport and deposition processes (Barnes & Normark, 1985; Shanmugam 

& Moiola, 1988, 1991; Richards & Bowman, 1998; Richards et al., 1998). Lobes are 

sedimentary bodies formed at the mouths of submarine channels (Mulder, 2011).  Lobes are 

built primarily by deposition of concentrated turbidity flows moving downslope through the 

channel-levee system, which decelerate upon exiting the channel mouths and deposit their 

sediment load. Lobes generally have an ovoid form, and can reach over 10 km in lateral extent 

(Mulder, 2011). Proximal parts of the lobe (i.e. toward the main feeder channel mouth) can be 

heavily channelized by distributary channels which form a continuation of the channel-levee 

system (Bonnel, 2005). These proximal lobe distributary channels are often sand-prone, and 

show characteristic blocky low-gamma signature.  
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Figure 28:  Core logs of the conventional core from Puffin -2 and Puffin-5.   
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Distal parts of the lobe are generally unchannelised, and receive mainly dilute deposition from 

the waning turbidity current (Mulder, 2011). In sand-rich systems, proximal lobe deposits are 

commonly amalgamated beds of massive sand, and often include mud clasts derived from 

erosion of the muddy channel substrate (Bonnel, 2005; Mulder, 2011). 

In the sand-rich Puffin-5 core, individual turbidite beds (FA1) are mostly stacked vertically 

with poorly defined basal contacts (Figs. 27 and 28). Based on the thickness of massive sand 

packages (>1m), it is likely that multiple flow events have become amalgamated, forming the 

massive sand intervals of FA1 (Fig. 28). The dominance of relatively homogenous, medium 

grained sandstone which displays very little lower-flow regime sedimentary structure and 

which contains sub-angular basal mudstone clasts (originated from the seabed and/or channel 

margin erosion as the density current flows downslope) suggests rapid deposition from a high 

density, well-sorted sediment gravity flow, consistent with this environmental interpretation 

(proximal – channelized lobe). 

The transition to FA2 (thinly bedded turbidites) (Figs. 27 and 28) is interpreted to represent 

lateral migration of the channel-lobe system, where avulsion processes have shifted the 

distributary feeder channel axis resulting in thinly bedded turbidite deposition from the 

uppermost dilute part of the turbidity current, potentially in an overbank or levee setting (e.g. 

the small relief levees of distal distributary channels in lobe settings) (Piper & Deptuck, 1997; 

Gervais et al., 2006). A final transition back to FA1 toward the top of the Puffin-5 core 

represents a second migration or channel/lobe switching event, resulting in the resumption of 

homogenous amalgamated sand deposition in an active lobe setting (Fig. 28).  

The hybrid beds identified in the Puffin-5 core are best described as low to medium strength 

sediment mixtures, producing relatively thick (~1m) massive sands and relatively thin (10 – 30 

cm) debrite deposits (Fig. 27 – FA3).  Similar deposits have been described in the turbidite 

lobes of the Karoo Basin (Hodgson, 2009), where they are thought to result from sediment 

gravity flows where mudstone clasts are transported behind the forerunning turbidity current 

and deposited at the bed top (D3 flow of Hodgson, 2009). This type of hybrid bed is generally 

found concentrated off-axis at the fringe of submarine fan systems (Prélat & Hodgson, 2013), 

and are potentially initiated by shelf edge delta failure or river floods (Hodgson, 2009). 

The Puffin-2 core appears to be located above the active turbidite interval, or has penetrated an 

abandoned section of the fan system where hemipelagic and/or pelagic deposition dominates 

(Fig. 28).   
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5 Discussion 

5.1 Controls on Late Cretaceous Clastic Influx 

The development of coarse grained clastic submarine fan complexes in the Vulcan Sub-basin 

during the Late Cretaceous raises significant questions about the mechanisms of clastic 

sediment production and sediment source at this time. Significant coarse grained siliciclastic 

influx is generally incompatible with a basin model that suggests prolonged thermal subsidence 

in a passive margin setting (i.e. the post-rift I phase of the NWS; Fig. 2) and lacking significant 

uplift and source creation in the hinterland. Previous studies have suggested large amplitude 

eustatic sea level fall (Ormerod et al., 1995; De Boer, 2003) to be the main driving mechanism 

behind the Late Cretaceous clastic influx in the Vulcan Sub Basin. However this not entirely 

consistent with the long-term sea level trends observed in the global eustasy compilation of 

Miller et al. (2005) (Fig. 29). Conversely, multiple episodes of tectonic activity and basin 

inversion have also been documented through the Cretaceous elsewhere on the NWS (Bradshaw 

et al., 1988; Blevin et al., 1998; Bradshaw et al., 1998; Cathro & Karner, 2006). Integration of 

eustatic and tectonostratigraphic data shows that there is an overall good correlation between 

global sea level, NWS tectonic events and the depositional architecture and evolution seen in 

the Puffin Formation from seismic stratigraphy (Fig. 29).   

Following the final rifting event between Australia and Greater India in the Valanginian, the 

entire NWS margin is thought to have experienced an extended phase of post-rift thermal 

subsidence (Fig. 2) (Bradshaw et al., 1988). Biostratigraphic data, where available, gives an 

approximate Barremian-Aptian age for the oldest sediments overlying the Valanginian U/C 

inboard of the Vulcan Sub-Basin (SP1) (Fig. 10 – Londonderry-1, Retina-1). Ages become 

progressively younger basinward, where Late Cretaceous (Santonian – Campanian) (SP3 – 

SP4) sediments lie unconformably over the Valanginian U/C surface (e.g. Puffin field wells), 

suggesting any significant clastic input into the basin was limited to inboard areas of the shelf 

until approximately the Santonian – Campanian (e.g. SP3, SP4) (Fig. 10). 

Whilst Neogene collision related reactivation is widely documented across the Bonaparte Basin 

and NWS at large (Fig. 2) (O'Brien et al., 1993; Chen et al., 2002; Harrowfield et al., 2003; 

Keep et al., 2007; Keep & Harrowfield, 2008; Bourget et al., 2012; Saqab & Bourget, 2015), 

Cretaceous inversion events are less widely identified, particularly as far north as the Bonaparte 

Basin (Bradshaw et al., 1998; Cathro & Karner, 2006). The timing of these Cretaceous 

inversion events is debated, and accepted ages vary between the Cenomanian to the Campanian  
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Figure. 29: Cretaceous sea level curve (based on a compilation of global δ 18O data)  (Miller  et  

al. , 2005) compared to the North-West Shelf relative sea level curve (Marshall & Lang, 2013). 

Key NWS tectonic events are labelled. Seismic stratigraphic surfaces (P1 – P6) and sequences 

(SP1 – SP5) identified in this study are plotted next to their inferred age determined from 

biostratigraphic data (Fig. 10).  
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(Fig. 29) (Romine et al., 1997; Bradshaw et al., 1998; Driscoll & Karner, 1998; Tindale et al., 

1998; Cathro & Karner, 2006). Inversion events are interpreted to be the result of far-field 

tectonic stresses resulting from global plate reorganisation and the onset of Australia - 

Antarctica rifting (Driscoll & Karner, 1998). The timing of these events correlates well with 

the prograding sequence identified in sequence stratigraphic analysis of the Puffin Formation 

system (Figs. 5, 6 and 9), particularly the early forced regressive sequences (SP1 – SP2) and 

the normal regressive sequences SP3 and SP4.  

Sequence SP1 represents an extended period of deposition overlying the Valanginian U/C 

surface, and ranges in age from approximately the Barremian/Aptian, to the 

Coniacian/Santonian (Figs. 5, 10 and 29). Toward the upper surface of the sequence, forced 

regressive downstepping clinoform geometries are evident (Figs. 9 and 11). Similar geometries 

are visible in seismic sequence SP2 (Figs. 5 and 11). Forced regression occurs during relative 

sea level fall, and independent of sediment flux (Posamentier et al., 1992). We infer that both 

forced regressive phases (SP1 – SP2) could have been induced by tectonic uplift related to these 

inversion events (Fig. 29). Inversion at this time could have resulted in uplift in the hinterland 

(producing the source of sediments for the Puffin Formation) and in a tilting and oversteepening 

of the continental shelf, which would have promoted erosion and continued sediment supply to 

the basin, and potentially forced a drop in relative sea level (Figs. 6, 7, 8, 9 and 11). Sea level 

trends show a major eustatic sea level fall (- 80 – 90 m) inferred from oxygen isotope data, 

beginning in the Cenomanian, and ending in the Turonian/Coniacian. This event may have  

enhanced the forced regressive sedimentary trends seen through late SP1 (Fig. 29). However, 

this sea level fall appears to be at odds with the relative NWS sea level curve of Marshall & 

Lang, 2013, which suggests a period of relative sea level high on the NWS during this period 

(Fig. 29). Moreover, the global eustatic rise of the Santonian (Fig. 29) does not fit well with the 

forced regressive geometries of SP2, suggesting that the stratigraphic architecture is mainly the 

result of tectonically-driven changes in base level.   

Normal regressive progradation through SP3 and SP4 may be related to prolonged tectonic 

uplift (Figs. 5, 6, 7, 8 and 9), providing a continued source for the Puffin sediments. These 

prograding sequences could also correlate with the two sea level lowstands observed in Miller 

et al. (2005) data, at approximately 75 and 70 Ma (Fig. 29). Bradshaw et al. (1998) give an 

approximate Campanian age for the youngest Cretaceous inversion events on the North West 

Shelf, derived from paleogeographic analysis of the Northern Carnarvon and Browse basins to 

the south of the current study area (Figs. 1 and 3). Seismic sequences SP3 and SP4 are given 
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Campanian to Maastrichtian ages based on biostratigraphic data, making their deposition 

concurrent with the latest ages given for inversion (Figs. 5, 10 and 29). The difference in 

geometries between the early forced regressive sequences (SP1, SP2) and later normally 

regressive sequences (SP3, SP4), may be due to differences in eustatic trends from the late Early 

to Late Cretaceous (Fig. 29), or perhaps due to a weakening tectonic influence as inversion 

waned late in the Cretaceous. 

Sequence SP5 represents the final depositional sequence identified in the Puffin Formation 

seismic stratigraphy, and is given a mid to latest Maastrichtian age based on biostratigraphy 

(Figs. 5 and 10), placing its deposition after the latest accepted age for inversion in the region 

(Fig. 29). SP5 sees a change in geometry to a more aggradational style of deposition, potentially 

resulting from a return to passive margin conditions, and renewed thermal subsidence post-

inversion (Figs. 6, 7, 8, 9, and 29). 

5.2 Depositional System 

Numerous classification models for deep-water clastic depositional systems have been 

developed, each attempting to reconcile the observed complexities of such systems with factors 

controlling their development (Normark, 1970; Mutti, 1985; Shanmugam & Moiola, 1988; 

Richards et al., 1998; Stow & Mayall, 2000; Mulder, 2011).  

 
Figure 30:  Controls on the development of basin margin deep -water clastic depositional 

systems. The influence of these controls acting singly or in combination r esults in a wide variety 

of geometries, architecture and facies variability (Richards  et al. , 1998) 
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The architecture of submarine fan systems results from the interplay of allocyclic and autocyclic 

controls, the complexity of which means no single model can describe the facies variability and 

geometries that result (Fig. 30). Perhaps the most complete modern classification system is that 

proposed by Richards et al. (1998), who devised a matrix classification scheme based on the 

type of source (point, linear, multiple source), and dominant grain size (gravel, sand, mud or 

mixed). 

The most recent classification approach separates the fan systems into distinct architectural 

elements identifiable in seismic, wireline or core data (Stow & Mayall, 2000). The major 

architectural elements include canyons, channel-levee belts (upper, middle, and lower fan 

channels), and lobes. A combined approach integrating architectural element observations from 

seismic, wireline and core data, with tectonic and stratigraphic context allows characterisation 

of the depositional system that formed in the Vulcan Sub-Basin during the Cretaceous. 

5.2.1 Nature of Sediment Supply 

Tectonic uplift of the hinterland adjacent to the Vulcan Sub-basin (VSB) resulted in the 

development of a largely progradational system over the Late Cretaceous. The subsequent 

deposition of relatively coarse grained clastic sediments which include the Puffin Formation 

represents a major change in sediment supply into a starved basin dominated by hemi/pelagic 

deposition through the Early Cretaceous (O'Brien et al., 1996; Longley et al., 2002). In the 

absence of a detailed provenance study, exact determination of sediment source is difficult, 

however some basic inferences can be made.  

Basin inversion might have led to a tilting of the shelf and hinterland (Blevin et al., 1998).  

Provenance for these redeposited sediments is inferred to be previously deposited syn-rift 

sediments and/or basement rocks, uplifted and eroded in the inversion event. Inboard 

exploration wells which have tagged basement in the region document a porphyritic 

(quartz/feldspar) rhyodacitic basement lithology (e.g. Cilia-1, Londonderry-1) (Rudd et al. 

1974, Willis 1999). Facies analysis and core description from the Puffin-5 reservoir shows a 

dominance of sub-rounded to sub-angular, medium-well sorted quartzarenite sandstones (Fig. 

28). The compositional maturity (Qz > 95%) and textural maturity for these sandstones (sub-

rounded to sub-angular) implies some degree of reworking, and reflects at least one, if not 

multiple cycles of uplift, erosion and redeposition (Bjørlykke, 2014). This, combined with the 
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lack of feldspathic minerals in the reservoir interval suggests a sedimentary provenance rather 

than purely basement unroofing, as such minerals rarely survive multiple phases of uplift and 

erosion (Bjørlykke, 2014). Overall, this suggests that the sediments of the Puffin formation 

were derived from basement to syn-rift protoliths uplifted in the hinterland during Cretaceous 

tectonism.   

5.2.2 Shelf Sediment Transport Mechanism 

The clinoform geometries and progradational nature of seismic packages shown in seismic 

stratigraphy of the Late Cretaceous VSB (Figs. 6, 7, 8 and 9) are the classic seismic expression 

of a prograding delta sequence (Steel et al., 2000; Porębski & Steel, 2003; Steel et al., 2003; 

Dixon et al., 2012). The geometry and architecture of the clinoform packages are consistent 

with a shelf edge delta (SED), e.g. steep downstepping clinoforms, with an upper erosional 

surface (Figs. 6, 7, 8 and 9) (Porębski & Steel, 2003). Shelf-edge deltas require shoreline 

regression across the entire shelf, a process most likely to occur during periods of forced 

regression (Posamentier et al., 1992; Porębski & Steel, 2003), however depending on the rates 

of sediment supply, SEDs can theoretically develop at any part of the sea level cycle (e.g. the 

Quaternary lowstands Mississippi deltas). Shelf-edge deltas are important staging areas for 

coarse grained sediments delivered by fluvial systems to the shelf edge, which may be 

transported further basinward by turbidity current and other sediment gravity processes (Mayall 

et al., 1992; Porębski & Steel, 2003). Turbidite systems commonly develop in association with 

SEDs, and SEDs often form the main source of sediment input for these connected deep-water 

systems (Porębski & Steel 2003, Sylvester et al., 2012). 

The progradational system outlined in seismic stratigraphy is interpreted to represent the 

basinward procession of a shelf-edge delta over the Late- Cretaceous, with fluvio-deltaic 

processes the main mechanism transporting sediments to the shelf edge. Seismic sequences SP1 

and SP2 are interpreted to have formed during forced regression, and display steeply dipping 

downstepping clinoforms typical of such conditions (A / S < 0: negative or limited 

accommodation space at the shelf edge) (Posamentier et al., 1992) (Figs. 6 and 11). These early 

seismic sequences are interpreted to represent the initial stages of the SED system, with tectonic 

uplift and erosion of the hinterland introducing clastic sediments to the shelf, and being 

delivered to the shelf edge by a fluvial systems. Continued progradation through SP3, SP4 and 

SP5 is interpreted to be further building out of the delta in normally regressive conditions (i.e. 

A / S = 0) (Figs. 6, 7, 8 and 9). 



58 
 

5.2.3 Basinward Sediment Transport Mechanism 

The depositional system outlined in the seismic-stratigraphic study displays characteristics of 

an actively-fed system where sediment is introduced directly from channel-belt networks (Figs. 

20, 21, 22, 23, 24 and 25). This is in contrast to passively-fed systems where sediment is largely 

sourced from in-situ reworking and slope failure (Richards et al., 1998). Deep water channel 

belts are well documented over the stratigraphic interval analysed in this study, and are 

interpreted to be the primary mechanism for basinward sediment delivery. 3D seismic and 

wireline data outline the development of a variety of channel-belt morphologies developing in 

forced to normally regressive conditions over the Late Cretaceous (Figs. 20, 21, 22, 23, 24 and 

25). The progradational nature of the system is well defined in 2D seismic stratigraphy, gamma-

ray trends from wells across the study area, and from 3D seismic analysis, which together show 

a broad stepping out and lateral migration of the depositional system as channel belts move 

basinward (Fig. 10, 20, 21, 22, 23, 24 and 25). 

Seismic data shows initial channel development in the early Late Cretaceous (late SP1 - SP2) 

(Figs. 20 and 21). These early channels developed during forced regressive conditions. The 

relative position of these early channels in respect to the continental shelf is shown in Figure 

31, where they are seen to form distinct channel morphologies on the slope. The channel belts 

take a W/NW trend and appear to drain towards the Browse Basin depocentre to the south of 

the Vulcan graben (Figs. 31 and 32). These early channel belt systems are mostly associated 

with rectilinear courses and low sinuosity (Figs. 21 and 22). At a given latitude, low sinuosity 

channels are more likely to develop along steep slopes and/or when sediment supply is 

dominated by coarser-grained particles (Peakall et al., 2012). These early channels lie below 

the Puffin Formation interval (SP4 – SP5) and based on their geometries and stratigraphic 

location are interpreted to represent a slope channel system in a mid-ramp type setting 

dominated by a sand-rich sediment supply.  The exploration well Tahbilk-1 intersects one of 

these channel belts and displays a sandy GR response internally (Fig. 21).  

Channel belts are seen to move progressively northward during the Late Cretaceous, initially 

being limited to the southern edge of the VSB (SP1, SP2 – Figs. 20  and 21) until the 

development of the large channel belt complexes of SP3, SP4 and SP5 (Figs. 23, 24 and 25), 

which formed after a period of N/NW progradation (Fig. 18). It is inferred that the NW 

progression of the shelf edge and a subsequent shift of the locus of shelf-sediment delivery  
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Figure 32:  3D reconstruction of Horizon P2 facing toward the east. Clearl y visible are the 

channel belt networks forming off the inferred paleo -shelf edge. These belts appear to drain 

towards the major basin depression in the west.  

may have resulted in the observed channel belt migration from early (SP1 – SP2) to late (SP3 

– SP5) depositional sequences (Figs. 20, 21, 22, 23, 24 and 25). 

Blocky, low gamma response is typical of stacked sandy channels in turbidite systems (Stow & 

Johansson, 2000; Galloway & Hobday, 2012), and can be seen in a number of wells over the 

stratigraphic history of the present system (Figs. 10 and 23). This response is seen in the Birch-

1 well, immediately overlying the Valanginian U/C surface (Fig. 23), and associated with the 

basal portion of a large laterally to vertically aggrading channel complex (Figs. 23, 24, 25 and 

33). These stacked sandy channel deposits represent some of the earliest coarse clastic 

sediments reaching the deep portions of the basin, and suggest initial basinward clastic 

encroachment associated with this large channel belt complex was sand-prone (Fig. 23).  

This extensive channel-belt complex is observed throughout SP4 and into SP5 (Figs. 23, 24 and 

25), and its W-NW trend takes an approximate course towards the Puffin Horst structure (Figs. 

23, 24, 25 and 33). However, the presence of complex faulting and data-noise resulting from 

the presence of the Swan diapiric structure prevents further basinward tracing of the channel 

belt complex (Figs. 23, 24 and 25). The channel-belt complex shows varying gamma-ray log 
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responses medially in channel deposits (Figs. 23, 24 and 25), and distally on the Puffin Horst 

(Fig. 10). Through SP4, a jagged ‘nervous’ gamma response is seen in the Puffin wells (Fig. 

10), a signature typical of distal turbidite lobe deposition (Galloway & Hobday, 2012). This 

signature gives way to a blocky low gamma-ray response into SP5 (Fig. 10), and is interpreted 

as a shift in depositional environment from distal-lobe deposition to a stacked-channel 

environment in a more proximal lobe setting (Fig. 23). This is supported by the depositional 

environment inferred from core description and facies analysis. Core from the Puffin-5 

reservoir interval shows stacking patterns typical of an intersected channel system (Fig. 28). 

This shift in gamma-ray signatures is interpreted to represent a progradation of a turbidite lobe, 

with stacked sandy channels in a proximal lobe setting overlying the previous distal lobe 

deposits (Fig. 10). Based on the spatial and temporal relationship between observations derived 

from a combination of seismic stratigraphy, 3D seismic geomorphology, gamma trends and 

sedimentological data, it is inferred that this channel complex forms the main reservoir in the 

Puffin field (Fig. 33). 
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5.2.4 Depositional System Summary 

Seismic stratigraphy of the Cretaceous sequence in the Vulcan Sub-basin outlines the 

development of a series of stacked progradational systems (Figs. 6, 7, 8 and 9), whilst 3D 

seismic geomorphology shows a variety of channelized architectural elements over the same 

period (Figs. 21, 22, 23, 24, 25 and 26). Rock core from the Puffin field outlines a depositional 

environment dominated by turbidity currents located ca. 50 km from the inferred paleo-shelf 

edge at the time of its deposition (SP5) (Fig. 18). The combined data presented in this study 

points towards a depositional system whereby basinward sediment delivery is strongly linked 

to progradation of the shelf, and coarse grained sediments are transported to deep water in 

association with extensive channel-belt complexes. This type of shelf – basin linkage can be 

described by a shelf-edge delta and linked fan or ramp system (Mayall et al., 1992; Porębski & 

Steel, 2003; Steel et al., 2003; Dixon et al., 2012; Bourget et al., 2014). 

The classification scheme devised by Richards et al., 1998 defines deep-marine clastic 

depositional systems on the basis of dominant grain size and sediment source type. The Puffin 

Formation system most closely represents a multi-source sand-rich submarine ramp (Fig. 34), 

fed by a shelf-edge delta delivering coarse grained sediments to the linked ramp channel belts. 

The system shows a relatively short run-out distance on the order of 50 km (upstream to 

downstream - shelf edge to Puffin reservoir trend), suggesting low transport efficiency turbidity 

currents (sand rich), which is consistent with data from well GR response (low GR channel fill, 

stacked sandy channels), and from reservoir sedimentology (massive, medium grained 

sandstones).  

The channel belt networks which developed over the Late Cretaceous are interpreted as pro-

delta turbidite system feeder channels in a proximal to medial fan type setting, being fed by 

multiple source points across the paleo-shelf edge. This lies in contrast to a single point source 

system fed by a major submarine canyon, the development of which is not seen in the present 

study. Similar turbidite systems have been documented in the Maastrichtian Pab sandstone 

turbidite system of Pakistan (Eschard et al., 2004). In the Pab system, a prograding sand-rich 

slope fan ramp complex developed coevally with a delta distributary network which directly 

fed multiple slope channel belts off the shelf edge (Fig. 35). This system is analogous to the 

large channel-belt complexes which formed through SP3, SP4 and SP5 in the Puffin system 

(Fig. 33).  
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Figure 34: Sand rich submarine ramp schematic block diagram modified from Richards et al. ,  

1998. Displays the gross depositional facies, depositional environments and log responses  (GR 

and SP) of a sand-rich submarine ramp system.  This type of system most closely resembles the 

depositional system that developed in the Cretaceous VSB. 

 

Figure 35: Reconstruction of the Pakistani Pab slope fan depositional system. A braided delta 

directly feeds slope fan turbidite channels. Adapted from Eschard et al. , 2004. 
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5.3 Conceptual Model for the Stratigraphic Evolution of the Puffin Formation  

The integration of well, sedimentological, 2D and 3D seismic data allows the reconstruction of 

the evolution of the Cretaceous post-rift sedimentation in the Vulcan Sub-basin (Fig. 36). The 

system documented from seismic stratigraphy, geomorphological analysis and sedimentary 

facies analysis comprises a progradational shelf-edge delta (SED) sequence and linked sand-

rich slope-ramp turbidite system building out over the Late Cretaceous, and finally being 

drowned in the Late Cretaceous transgression (Fig. 36).  

1) SP1: Aptian – Cenomanian 

Post-rift subsidence and starved marine deposition gives way to clastic deposition in 

forced regressive conditions through SP1. Far-field tectonic stresses lead to a tilting of 

the shelf, inducing erosion of the hinterland and clastic influx into the basin. Resulting 

channel systems are relatively linear, perhaps a result of oversteepening of the shelf. 

Turbidite systems appear to flow SE toward the Browse Basin. 

2) SP2 – SP3: Coniacian – Campanian 

This phase sees continued forced regressive progradation in a N/NW direction. Shelf 

tilt continues, with clastics sourced from the uplifted hinterland. Sediment is inferred to 

be transported across the shelf by fluvio-deltaic systems to an SED. Channel belts still 

largely confined to the south of the shelf-slope. 

3) SP3 - SP4: Late Campanian - Early Maastrichtian 

Significant NW progradation is coeval with extensive channelisation. Clinoform 

geometries are normally regressive, however regression may still be tectonically 

induced.  A linked SED and ramp system is inferred. Puffin field wells register jagged 

GR response interpreted as distal turbidite lobes (unchannelised). 

4) Early SP5: Early Maastrichtian 

Further normally regressive progradation and basin channelisation is observed. 

Extensive channel belt complex trending E/NE toward the Puffin Horst develops. 

Significant erosion across the shelf by fluvial systems feeding an SED. Sand-rich 

turbidite ramp system delivering low efficiency turbidity currents basinward. Puffin 

field wells register blocky GR response – interpreted as channelized proximal turbidite 

lobe. Puffin-5 reservoir sand (core) deposited in this environment. 

5) Late SP5: Late Maastrichtian 

A distinct change in depositional morphology is seen. Channel belt networks recede. 

Transgression and abandonment of delta-turbidite channel linkages. 
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Figure 36: Schematic block model for the evolution of the Puffin Formation depositional system. From 

the Early to Late Cretaceous a delta and linked turbidite ramp developed in regressive conditions.  



67 
 

6 Conclusion 

The Late Cretaceous stratigraphy of the Vulcan Sub-basin is characterised by the development 

of a largely progradational system, interpreted as a series of prograding delta sequences and 

linked turbidite slope-fans. Post-rift thermal subsidence was interrupted by tectonic uplift and 

basin inversion through the Cenomanian – Campanian, interpreted to have been driven by far-

field tectonic stress related to rifting along the southern Australian margin. Uplift of the 

hinterland caused an inboard tilting of the shelf, leading to erosion and the introduction of 

clastics over the Late Cretaceous. Continued tilting of the basin margin and clastic input led to 

shoreline regression across the shelf, forming shelf-edge deltas and linked turbidite systems. 

The deltas prograded out 40 – 50 km NNW over the Late Cretaceous, before a transgression 

during the latest Cretaceous flooded the shelf, and disconnected the delta complex and turbidite 

system. 

Despite its economic importance, the Puffin Formation has remained somewhat of an enigma, 

particularly in the academic literature, with only a handful of studies to date. Compared to 

previous studies, this work provides an unparalleled amount of detail on the Puffin Formation, 

and represents the first integrated study combining seismic, core and well data focusing on the 

Puffin system. This study represents a broad outline of the stratigraphic architecture of the 

Puffin Formation delta-turbidite system, and shows the complexity of the depositional system 

through the Late Cretaceous. This work highlights the sensitivity of such delta-turbidite systems 

to external, and internal controls. Variations in the geometries and distribution of the 

depositional system architectural elements are shown to be heavily influenced by allocyclic 

factors, particularly regional tectonics, which generated a strongly progradational system 

through uplift and increased sediment supply. The timing of clastic influx correlates well with 

previously identified inversion events to the south (Northern Carnarvon Basin), and this study 

represents one of the first to document evidence of such events in the Bonaparte Basin. 

Additionally, the combined shelf-basin linkages described in this study provide additional data 

for characterisation of combined delta-turbidite systems, and how fluvial drainage basins and 

coeval fluvio-deltaic systems influence deep-water turbidite sedimentation.  

The petroleum exploration potential of the Puffin Formation is undisputed, however exploration 

targeting and reservoir assessment in the formation have been notoriously difficult due to the 

inherently complex nature of submarine fan systems. Through determination of the 
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stratigraphic architecture, and mapping of depositional elements, this study could prove useful 

for future exploration in this hydrocarbon bearing formation.  

Lastly, the Puffin Formation system represents an additional analogue for characterizing the 

depositional geometries of a linked shelf-edge delta and turbidite system, and so provides 

reservoir analogue data for similar Cretaceous turbidite reservoirs on the NWS and globally.  
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1.0 Introductory Statement 

Deep-sea gravity systems often represent the ultimate depositional processes for source-to-sink 

sediment transport on continental margins, making their deposits important records for 

paleoclimatic, tectonic, and eustatic changes in basins (Reeder et al. 2000; Sømme et al. 2009; 

Bourget et al. 2010). Deep-sea gravity processes are seldom directly observed, and are instead 

largely recognised and interpreted based on their effect on infrastructure and the nature of their 

deposits (Heezen et al. 1964; Mulder 2011). Gravity processes represent one of the few 

mechanisms by which coarse sediment can be deposited in deep water settings, making them 

particularly interesting from a hydrocarbon exploration perspective (Shanmugam 2000). 

Submarine gravity deposits result from a complex variety of depositional processes, and when 

combined with post-depositional consolidation and/or soft-sediment deformation, can be 

exceedingly difficult to interpret (Mulder & Alexander 2001). Major submarine gravity 

processes include rock avalanches, slumps, flows, and turbidity currents (Mulder 2011). 

Sedimentary deposits from gravity processes (such as turbidites) host significant petroleum 

accumulations worldwide (Weimer & Link 1991; Pettingill 1998). Such deposits are relatively 

underexplored in Australia (Kirk 1994). 

The Vulcan Sub-Basin is located in the Bonaparte Basin (North-West Shelf, Australia). The 

Bonaparte Basin is proven as a hydrocarbon province, with more than 70 petroleum 

accumulations having been discovered, the majority of which (97%)  are reservoired below the 

early-Cretaceous regional seal (Longley et al. 2002). Exploration in the Vulcan Sub-Basin has 

identified a small number of hydrocarbon buildups in younger late-Cretaceous strata, including 

hydrocarbons hosted within the turbidite sandstones of the Puffin formation (Cadman & 

Temple 2004). The Vulcan Sub-Basin is a Mesozoic, north-east trending extensional 

depocentre and its geological evolution has been extensively researched (Veevers 1988; Mory 

1991; O'Brien et al. 1993; O'Brien & Woods 1995; Chen et al. 2002). It has been hypothesised 

that a eustatic sea level fall in the late Cretaceous resulted in the development of submarine fan 

complexes across the Vulcan Sub-Basin, many of which now host petroleum accumulations 

(e.g. Puffin-1 and Swan-1 discoveries) (Cadman & Temple 2004). Despite its economic 

importance, little research has been done on the Puffin formation, and the stratigraphic 

evolution and geomorphology of the Puffin delta-turbidite systems remain poorly understood 

(O'Brien et al. 1996). 
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The primary objectives of this study are to; 1) Map the regional distribution of the late 

Cretaceous Puffin formation in the Vulcan sub-basin and characterise its sequence/seismic 

stratigraphic architecture; 2) Characterise the depositional architecture and geomorphology of 

the turbidite systems and quantify parameters such as reservoir geometries and sand-body 

connectivity. These objectives will be achieved by integrating geophysical (2D / 3D seismic), 

exploration well and sedimentological (core) data.  2D seismic regional cross sections will be 

interpreted to define the base and top of the late Cretaceous delta-fan system and its internal 

seismic stratigraphy. These cross-sections will be combined with the available well log, 

lithological and biostratigraphic data penetrating the Puffin formation to create a regional 

sequence stratigraphic framework. 3D seismic data will then be utilised in order to map 

depositional geomorphologies of the turbidite system. Finally, well core data from the Puffin 

field will be logged in order to determine the nature of the deep water deposits (net-to-gross 

reservoir potential of the sandstones). Integration of core and 3D seismic data will allow 

understanding of the internal architecture of the turbidite system. This study aims to provide 

new insights on 1) the depositional history of the linked deltaic and turbiditic systems of the 

Puffin formation and the relationship between tectonic, climatic and eustatic conditions that 

interplayed at this time, and 2) the petroleum prospectivity of the Puffin formation. 

2.0 Regional Background 

The North West Shelf (NWS) of Australia is renowned as a world class hydrocarbon province. 

The marginal basins of the NWS have a complex tectonic and climatic history extending back 

to the Cambrian (Longley et al. 2002). The NWS includes four large sedimentary basins; the 

Bonaparte, Canning, Carnarvon and Browse Basins, which together make up the Westralian 

Superbasin (WASB) (Yeates et al. 1987).  The Bonaparte Basin is the most northerly situated 

of the WASB and is situated between the Australian continent and the isle of Timor (Fig. 1) 

(Mory 1991). The 270,000km2 basin is unusually wide at 630km, and extends laterally over 

1500km (Geoscience Australia 2009; Bourget et al. 2013b). Since exploration began in the 

1950’s, over 70 petroleum systems have been identified in the Bonaparte Basin (Cadman & 

Temple 2004). The basin shelf today is a tropical ramp with extensive shallow water carbonate 

buildups (Collins 2002; Bourget et al. 2013a).  
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Figure 1: Bonaparte Basin, North-West Shelf of Australia (Timor Sea) location overview with 

bathymetry. Structural domains and sub-basins are labelled. Major hydrocarbon discoveries and fields 

are shown. The Vulcan Sub-Basin forms a north-east trending extensional depocentre in the north-

west of the Bonaparte Basin, bounded by the Ashmore Platform and Londonderry High. Bathymetry 

data from the Geoscience Australia Database (Whiteway 2009).  

2.1 Tectonostratigraphic Overview of the Bonaparte Basin  

The Bonaparte Basin contains a 15km succession of mixed siliciclastic and carbonate 

Phanerozoic sediments (Cadman & Temple 2004). Sedimentation initiated during the breakup 

of Gondwana (O'Brien et al. 1993) and the modern continental margin began forming in the 

middle Jurassic to Early Cretaceous during a period of NW-SE extension (Longley et al. 2002). 

Early Carboniferous NW trending rifting was superseded by Late Carboniferous / Early 

Permian predominantly NE trending extension which overprinted the earlier tectonics with a 

NE oriented structural trend (Cadman & Temple 2004). A number of prominent modern 

Bonaparte Basin structures had their beginnings at this time. The Malita Graben initiated during 

this period of NE extension, as well as the Vulcan Sub-Basin (Fig. 1) (O'Brien et al. 1993).  
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Further subsidence in major basin depressions and grabens including the Vulcan Sub-Basin 

and Malita Graben led these areas to become major depocentres in the Jurassic (Fig. 1, Fig. 3) 

(Mory 1991; Cadman & Temple 2004).  

The end of continental fractionation is marked by a regional transpressional event culminating 

in the Valanginian unconformity which is found across the Bonaparte Basin (Fig. 3) (Mory 

1991; Cadman & Temple 2004). It also coincides with thermal subsidence throughout the 

basin. Late Cretaceous sedimentation was marked by an abrupt change in pelagic deposition 

from siliceous to calcareous, potentially due to the opening and linkage of a wide ocean 

following Gondwanan breakup (Fig. 2) (Exon & Willcox 1978). Extensive progradational 

platform carbonates comprise the bulk of the remainder of Cretaceous sediments deposited and 

progradational conditions continued into the Paleocene and Eocene as the Bonaparte Shelf 

transitioned into a predominantly passive margin (Mory 1991; Cadman & Temple 2004). 

Recent tectonic history has been dominated by the collision of the Australian Plate with the 

Eurasian Plate. Collisional tectonics began with the partial subduction of the Australian plate 

in the Miocene (Bourget et al. 2012). Subduction continued until the locking of the subduction 

zone around 3.5 to 2 Ma (Audley-Charles & Carter 1972; Hall 2002). An apparent 

contradiction is the extent of normal faulting and strike slip accommodation on a collisional 

margin (Harrowfield et al. 2003). Both of these features can be explained by Neogene 

deformation comprising mainly flexural amplification and reactivation of the syn-rift 

topography (Keep & Harrowfield 2008). This most recent phase of deformation is the main 

control on the current Bonaparte physiography and Quaternary sedimentation, as well as having 

major repercussions for reservoir integrity (Langhi et al. 2011).   
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3.0 Vulcan Sub-Basin 

The Vulcan Sub-Basin (VSB) is a Mesozoic depocentre located in the north-western part of 

the Bonaparte Basin immediately adjacent to the incipient Australia-Timor collisional arc (Fig. 

1). The VSB reaches 220 km in length and around 60 km in width (Geoscience Australia, 

2009). The proto-VSB formed during late Carboniferous-early Permian rifting which preceded 

Gondwanaland breakup (Fig. 3) (O’Brien 1993). Thermal subsidence in the late Permian to 

middle Triassic was followed by late Triassic-early Jurassic N/S compression (Fitzroy 

Movement) (Cadman & Temple 2004). This compressional event resulted in partial inversion 

of the proto VSB and formed low amplitude sags and arches throughout (Fig. 3) (O'Brien et al. 

1996). Uplift at this time also facilitated erosion of Triassic sediments and siliciclastic 

deposition into the topographic and structural lows of the proto-VSB (Fig. 2, Fig. 3) (O'Brien 

et al. 1993). Seafloor spreading in the Argo Abyssal plain and NW/SE extension heralded in 

the main phase of Gondwanaland breakup in the latest Callovian-early Oxfordian, leading to 

formation of the NE/SW trending VSB ‘proper’, as well as the adjacent Londonderry High and 

Ashmore Platform (Fig. 1, Fig. 3) (Chen et al. 2002). Continued Oxfordian to Kimmeridgian 

subsidence formed local depocentres including the Swan and Paqualin Grabens, as well as 

allowing thick accumulations (over 1000m) of oil-prone shales to be deposited (Lower Vulcan 

Formation) (Fig. 2) (O'Brien et al. 1996).  

Post-rift subsidence is marked across the VSB and Bonaparte Basin at large by the intra-

Valanginian Unconformity, formed by a major transgression across the shelf (Fig. 2) (Cadman 

& Temple 2004). A major flooding event through the early-Cretaceous formed the regional 

Echuca Shoals formation which is a highly effective seal unit (Fig. 2) (Longley et al. 2002). 

Mid-late Cretaceous VSB deposition was dominated by calcareous-argillaceous and marly 

sediments of the Bathurst Island Group, however also present in the southern VSB are several 

aggradational and progradational cycles of Campanian to Maastrichtian coarse grained 

turbidite sands (Puffin formation), forming reservoir rocks for the Puffin Field (Fig. 2) (O'Brien 

et al. 1996).  

The northward drift of the Australian continent and transition to a drier, more subtropical 

environment resulted in dominantly carbonate deposition though the Tertiary (Longley et al. 

2002; Cadman & Temple 2004). In the VSB a bioclastic ramp developed, followed by reefal 

systems, and punctuated by brief glacio-eustatically driven coarse clastic delta-fan deposits 
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(Grebe and Oliver Sands) (Fig. 2) (O'Brien et al. 1996). Carbonate dominance throughout the 

Tertiary has largely prevented the development of significant sealing facies, making younger 

sand objectives risky targets (O'Brien et al. 1996).  

 

Figure 2:  Stratigraphic column for the Vulcan Sub-Basin including main tectonic phases and 

hydrocarbon discoveries. The majority of the hydrocarbon discoveries are reservoired below the 

regional Echuca Shoals formation (early Cretaceous). Turbidite sands of the Puffin formation (Puffin 

and Swan discoveries) are some of the few discoveries situated above this regional seal. (Geoscience 

Australia 2009). 
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Figure 3: Regional geological cross section from the southern Vulcan sub-basin displaying the 

stratigraphic and structural relationships of the syn-rift and post-rift sequences. The late Cretaceous 

sequence is marked by the development of submarine fan complexes (Maastrichtian LST fans) (Puffin 

Formation). Figure from Geoscience Australia (2009). 

The Mio-Pliocene Timor collision resulted in structural reactivation of the entire sub-basin 

(Chen et al. 2002; Keep & Harrowfield 2008). New faulting generated by the collision is 

relatively shallow in the VSB, with many faults petering out in Eocene and Paleocene strata 

(Fig. 3) (Chen et al. 2002). These E-W trending en échelon Neogene faults become more 

pervasive toward the north and east with increasing proximity to the collisional zone (O'brien 

et al. 1999). Collisional tectonics have reactivated several major Jurassic faults, and 

deformation extends upwards into the Miocene sequence (Fig. 3) (Chen et al. 2002). Neogene 

collisional faulting appears not to be directly related to these reactivated Jurassic fault systems, 

with younger faults forming obliquely to the older major structures (Chen et al. 2002).  

However, there are complex linkages between both fault sets, potentially effecting seal 

integrity and allowing hydrocarbon leakage (O'Brien et al. 1996; Chen et al. 2002) 
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3.1 The Puffin Formation  

The Puffin Formation is a late Cretaceous to early Paleocene (Campanian to Maastrichtian) 

sandstone unit found within the north-western Bonaparte Basin and north-east Browse Basin 

(Mory 1991). The Puffin Formation is a proven reservoir unit in the Vulcan Sub-Basin, with 

major discoveries and production from several wells, including the currently producing Puffin 

field (O'Brien et al. 1996). The Puffin sands are generally described as lenticular sandstones 

interbedded with shale (Mory 1991), and are thought to have developed during the late 

Campanian (~75Ma) during a pronounced sea-level fall which led to the formation of a major 

coarse-grained clastic submarine fan system (Fig. 4) (Ormerod et al. 1995; O'Brien et al. 1996). 

Research has documented the development of canyon incision and channelisation in the Vulcan 

Sub-Basin associated with the Puffin deposits, however the full extent and morphology of the 

Puffin fan systems are not well understood (O'Brien et al. 1993). In addition, the regional 

distribution and thickness of the formation remains poorly constrained. 

 

Figure 4: Schematic showing the potential extent and location of Puffin Formation turbidite systems 

in the Vulcan Sub-Basin during the late Cretaceous. The morphology and size of the submarine fan 

deposits are poorly understood, making further exploration difficult.  Figure adapted from O'Brien et 

al. (1996). 
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3.2 Petroleum Systems of the Vulcan Sub-Basin 

The Vulcan Sub-Basin hosts petroleum accumulations at several stratigraphic levels (Fig. 2), 

however the majority can be assigned to the Vulcan-Plover petroleum system (Barrett et al. 

2003). 

3.2.1 Vulcan-Plover System 

The Vulcan-Plover system (VPS) is largely confined to the VSB, but also extends to the west 

onto the Ashmore Platform and to the east to the Londonderry High (Fig. 5) (Barrett et al. 

2003).  Source rocks for the VPS are marine mudstones of the Lower Vulcan Formation, and 

fluvio-deltaic mudstones and coals of the Plover formation (Fig. 2) (Kennard et al. 1999; 

Edwards et al. 2003). Source pods are localised within the Swan and Paqualin grabens (Fig. 5 

– source pods), and migration distances of up to 40km are documented (Edwards et al. 2003). 

These units provide both oil and gas charge for the region (Edwards et al. 2003).  Two phases 

of hydrocarbon expulsion have been identified; 1) a late Jurassic to early Cretaceous generative 

expulsion phase (gas only) and 2) a collision related compaction expulsive phase in the Tertiary 

(oil and gas) (Edwards et al. 2003). Reservoir formations in the VSB include the late Triassic 

Challis and Nome formations (estuarine/deltaic sands), early-middle Jurassic Plover formation 

(fluvio-deltaic sands), late Jurassic Vulcan Formation (submarine fan sandstones), and the late 

Cretaceous Puffin formation (submarine fan sandstones) (Fig. 2).  

The dominant sealing facies for the VPS are the marine mudstones of the Echuca Shoals 

Formation (Fig. 2), which lie just above the regional Valanginian Unconformity. Carbonate 

rocks of the Paleocene Johnson Formation form a seal for the late Cretaceous Puffin Formation 

reservoirs (Fig. 2) (O'Brien et al. 1996). Additional sealing facies are provided by source-rich 

claystones of the Vulcan Formation above the Callovian, Oxfordian and Kimmeridgian 

unconformities (Fig. 2) (O'Brien et al. 1996). Trap types include tilted fault blocks, horst blocks 

and anticlines for reservoirs below the Echuca Formation. Stratigraphic traps, pinchouts and 

unconformity truncations are most common for Puffin formation reservoirs (Woods 1992; 

O'Brien et al. 1996). 
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Figure 5: Map showing the extent of the Vulcan-Plover (VPS) hydrocarbon system in the Vulcan-Sub 

Basin (VSB), North-West Shelf, Australia. The VPS is largely confined to the VSB but does extend to the 

east and west beneath the Londonderry High and Ashmore Platform. Source pods for the VPS are 

shown in brown, and represent mudstones of the Lower-Vulcan Formation and coaliferous sediments 

of the Plover Formation. These source rocks are largely restricted to the Swan and Paqualin grabens 

(Geoscience Australia 2009). 
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4.0 Review: Depositional Environments and Sedimentary Processes 

4.1 Shelf-Edge Deltas 

Shelf edge deltas have the potential to form sand-rich accumulations and by extension to 

deliver sand further basinward through turbidite and other gravity flow processes (Posamentier 

1988; Mayall et al. 1992; Steel et al. 2000; Posamentier & Kolla 2003). Coarse grained 

turbidite sands are often sourced from fluvio-deltaic deposits in linked shelf-edge deltas, 

making shelf-edge deltas important holding areas for deep-sea sand supply, as well as having 

significant hydrocarbon potential in their own right (Mayall et al. 1992; Porębski & Steel 

2003). 

Shelf-edge or shelf-break deltas generally develop during falling stage or lowstand periods at 

the transition between the continental shelf and slope (Fig. 6) (Porębski & Steel 2003; Steel et 

al. 2003; Bourget et al. 2014). The development of a shelf-edge delta requires shoreline 

regression across the entire shelf, an event most likely to occur during periods of forced 

regression (Posamentier et al. 1992; Porębski & Steel 2003). Where sediment supply is 

exceedingly high, and shoreline energy conditions relatively low, highstand shelf-edge deltas 

may also form (e.g. the present day Mississippi delta) (Coleman et al. 1998; Uroza & Steel 

2008; Dixon et al. 2012).  

Compared to mid-shelf or inner-shelf deltas (Fig. 6), shelf-edge deltas show a greater 

predisposition towards the development of turbidite systems (Steel et al. 2003). This is due to 

a number of factors, including greater accommodation space at the shelf-edge, longer run-out 

slopes, and deeper water at the shelf-margin (Steel et al. 2003).  

Despite their propensity for sand rich accumulations, identification of a shelf edge delta is not 

evidence for coeval development of basin floor turbidite reservoirs (Steel et al. 2003; Bourget 

et al. 2014). In order for significant sand delivery to a linked turbidite system, the shelf-edge 

delta complex needs to be heavily incised by its fluvial distributary network (Steel et al. 2000; 

Steel et al. 2003). Shelf-edge deltas with only minor distributary incision often fail to focus 

coarse sediment effectively to their linked deep-sea fan system (Steel et al. 2000; Steel et al. 

2003). Additionally, sand-delivery is heavily influenced by the magnitude and direction of 



14 

relative sea level change (Steel et al. 2003). The influence of wave or tidal action at the delta 

head can also impede sand delivery, with both these process regimes showing significantly less 

basin-floor fan development than in fluvial dominated shelf-edge deltas (Dixon et al. 2012; 

Bourget et al. 2014). 

Figure 6: Diagram showing the continuum of delta types and their associated relative sea level. Deltas 

range in location from inner-shelf to shelf-edge. Shelf-edge or shelf-margin deltas form mainly during 

forced regressive conditions at the transition between continental shelf and the slope, and are 

commonly associated with linked basin-floor fan systems. Figure adapted from Porebski and Steel 

(2001) 
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4.2 Deep Water Sedimentation and Sediment Gravity Processes 

Since Kuenen and Migliorini’s seminal 1950’s paper on turbidity currents, understanding of 

deep-water sedimentary systems has evolved considerably. Gravity processes in such 

environments are complex, and many deposits which were historically referred to as 

‘turbidites’ are now recognised as a wide variety of differing sediment gravity deposits 

(Shanmugam 2000). Sedimentary deposits laid down by deep-sea processes can be important 

reservoirs (e.g. turbidite sandstones) as well as being potential source or seal rocks (e.g. 

mudstones).  Several types of processes can allow sediments to be transported from the shelf 

edge to the abyssal plains (Fig. 7) (Mulder & Alexander 2001). 

 
Figure 7:  Schematic diagram displaying the variation in subaqueous sedimentary density flows. Flows 

are displayed according to grain support mechanism, velocity profiles, idealised flow shape and 

schematic sedimentary logs. Turbidity flows are subdivided into 3 classes  (surge, surge-like, and quasi-

steady) depending on flow duration. Adapted from Mulder and Alexander (2001). 
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4.2.1 Sediment Gravity Flow Initiation 

Major processes at the origin of sediment gravity flows include earthquake activity, ice loading, 

sediment loading, oversteepening (e.g. in rapidly prograding environments), fluid escape (e.g. 

methane or water) within the seabed, and dynamic processes on the continental shelf such as 

tidal motion (Bjerrum 1971) or storm waves (Mulder et al. 2001). Additionally, gravity flows 

can propagate directly from the mouth of rivers forming hyperpycnal flows where higher 

density fluvial effluent flows below the lower density standing water of the ocean basin (Mutti 

1977; Mulder et al. 2004). All of the flow initiation processes include gravity as a major 

component (Mulder 2011).  

4.2.2 Deep-Sea Turbidite Systems 

Numerous models have been developed for deep-sea turbidite systems in the last 50 years 

(Shepard et al. 1969; Normark 1970; Mutti 1977; Barnes & Normark 1985; Shanmugam & 

Moiola 1988, 1991; Reading & Richards 1994). Early models focused on fan morphology, 

usually dividing the system into an upper fan (including a canyon, sinuous valley), middle fan 

or suprafan (depositional lobe with sinuous channels), and lower fan (unchannelised, fine 

grained deposits) (Normark 1970). Later models implemented facies based predictive tools 

which integrated the progradation of the entire turbidite system (Shanmugam & Moiola 1991). 

These models begin with thinly bedded turbidites which are followed by lower, middle, and 

then upper fan deposition, and finally end with the infilling of the main feeder channel by 

coarse grained flow deposits. Modern turbidite system models divide the turbidite system into 

‘architectural elements’, which are defined as sedimentary bodies that form the individual 

elements of the system (Mulder 2011). Four major architectural elements are defined (Fig. 8) ; 

1) a canyon 2) an upper fan consisting of an erosional channel and thick levees 3) a middle fan

with a depositional channel and thin levees, 4) a lower fan with distal lobes. 
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Figure 8: Longitudinal structural evolution of the Zaire deep-sea fan showing the four major 

architectural elements recognised in modern turbidite systems. (1) Canyon (2) Upper fan (3) Middle 

fan (4) lower fan. Modified from Babonneau et al. (2002). 
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4.2.3 Canyons 

Submarine canyons are the most prominent structures on passive continental margins, 

frequently reaching over a kilometre in depth and several kilometres in width (Shepard 1981). 

Canyons often form at the mouth of rivers (e.g. the Amazon, Zaire, Indus, and Rhône), but 

examples are known of canyons without connected river systems (e.g. La Jolla Canyon 

southern California). Canyons are largely erosional features, however their shape is partly 

controlled by repeated infilling and incision related to eustatic fluctuations and the connectivity 

of the canyon to its river system (Gaudin et al. 2006). Canyon formation is still poorly 

understood, however four main processes are known to generate canyons (Mulder et al. 2004): 

1) Initial incision by subaerial river erosion 2) Submarine retrogressive erosion 3) Erosion by 

intense and frequent sediment-laden flows (e.g. hyperpycnal flows) 4) 'Constructed' canyons – 

narrow features bypassed by sediment during rapid progradation of the shelf margin. 

4.2.4 Channels 

Channel morphology in deep-sea settings is largely controlled by erosion and deposition by 

turbidity currents (Hüneke & Mulder 2011). Erosion is dominant upstream and deposition more 

dominant downstream (Mulder 2011). Two main channel types are observed: Incising (erosive) 

channels and aggrading (constructive) channels (Flood et al. 1991). Erosional channels are 

deep and rarely show levee development. In constructive channels sediment aggrades vertically 

and spillover generates levees on channel shoulders. Channel morphology is dependent on the 

nature of sediment being transported. Where coarse sediment supply dominates, channels grow 

wide, straight and shallow. Where fine grained sediment dominates, channels grow deep and 

narrow, and commonly display meander geometries with well-developed levees. 

Unlike canyons, channels on continental margins are largely transient features. Rapid channel 

migration can occur by a process known as 'avulsion' (Fig. 9). Levee failure due to weakness 

or fault activity allows subsequent turbidity currents to carve new channel paths, leading to 

abrupt changes in channel course. Initial avulsive spillover can form tabular sandy packages - 

'sheet sands' or 'avulsion lobes' which can have a distinct high amplitude seismic signature 

(HARPs – high amplitude reflection packages) (Babonneau et al. 2002). 
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Figure 9: Schematic showing channel avulsion evolution. Initial avulsion point allows avulsion lobe 

deposition from spillover. Once levee is breached subsequent turbidite movement generates a new 

channel-levee system.  Modified from Babonneau et al. (2002). 

4.2.5 Levees 

Levees are topographic highs bordering channels and are generated by turbidity current 

spillover, either from turbidity currents which outsize the channel, or due to centrifugal force 

as a channel changes direction (Piper & Normark 1983). Levee height (from base of channel 

to top of levee) decreases downstream, and can reach hundreds of metres in height upstream 

toward the canyon mouth. Levees can extend laterally over 50km on channel edges (Mulder 

2011). 

Levee deposits can record the evolution of turbidite systems over long time spans. Infrequent 

turbidite spillover deposits can be separated from each other by hemipelagic deposition, 

forming well defined packages (Mulder 2011). On channel bends and meanders, spillovers are 

more frequent and can form secondary channels. Spillover erosion on low levees can generate 

lobate crevasse splay type deposits (Masson et al. 1995).  

As turbidites travel downstream, spillover gradually deprives the current of fine grained 

sediment, enriching the remaining current in coarse particles (Mulder 2011). The downstream 

evolution of levee deposits therefore follows some predictable patterns, assuming the volume 

and intensity of turbidity currents remains fairly similar. Proximal levee deposits are fine 

grained and thick, whilst distal levees are predominantly coarse grained and thin (Masson et 

al. 1995; Piper & Deptuck 1997; Babonneau et al. 2002). 
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4.2.6 Lobes 

Lobes are generally coarse grained sedimentary bodies representing the distal part of a deep-

sea turbidite system, and often form at the mouth of submarine channels or valleys (Mulder 

2011). Lobes generally take an ovoid shape with a convex up topography, and range in spatial 

extent from tens of metres to tens of kilometres (Mulder 2011). Sand content in lobes is 

generally high due to the sorting effect of turbidite motion down slope and through feeder 

channels, with the Amazon lobe displaying around 50-80% sand content (Jegou et al. 2008). 

Mud-rich lobes are also documented (e.g. Zaire), where mud rich clasts are eroded from 

channel flanks, and fine grained spillover deposition from lobe channels dominates (Bonnel 

2005). Channelisation of lobe deposits becomes less pervasive away from the main feeder 

channel, with these proximal channels forming a continuation of the major channel-levee 

system (Mulder 2011). Lobes are commonly associated with dune-type or megaripple 

bedforms which display a chaotic seismic reflection (Gervais et al. 2004).  

Lobes are a single component of the ‘Lobe Complex’ which is further divided into a number 

of architectural elements (Fig. 10) (Gervais et al. 2004; Deptuck et al. 2008). In order of 

increasing scale, these elements are defined as lobe elements (LE), lobes, lobe systems, and 

lobe complexes (Fig. 10). The smallest units (Lobe Elements) are kilometres in scale, 1-2 

metres in thickness, and correspond to single depositional beds. Multiple lobe elements stack 

to form ‘lobes’, and where these share a common feeder channel are linked as a ‘lobe system’. 

Lobe systems extend laterally for tens of kilometres and reach thicknesses of 10’s of metres. 

The combined lobe systems are grouped to form the lobe complex (Fig. 10) (Gervais et al. 

2004; Deptuck et al. 2008). 
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Figure 10: Diagram displaying the various terminologies used in lobe complex geometry. Individual 

depositional events form lobe elements, which stack to form lobes. Multiple lobes sharing a common 

feeder channel form a lobe system, which in turn are grouped as part of the basin scale lobe complex. 

Modified from Mulder (2011). 

4.3 Sedimentary Facies of Deep Sea Gravity Processes 

Sedimentary deposits in deep-sea settings may result from a variety of different sediment 

gravity processes (Fig. 7). Major sediment gravity flow processes include debris flows, density 

flows, slumps/slides and turbidity currents (Mulder 2011).  Deposits from turbidity currents 

are the most frequently occurring sedimentary facies in turbidite systems.  

4.3.1 The Bouma Sequence 

The Bouma Sequence is an idealised representation of the deposition resulting from the waning 

of a turbidity current over a single point (Bouma et al. 1962; Mulder 2011). The Bouma 

Sequence is divided into 5 layers (Ta - Te), each with a distinct lithology and set of sedimentary 

structures (Fig. 11). The sequence is normally graded, and is a typical model of a 

traction/suspension fallout deposition process (Mulder 2011).  

The lowermost division of the Bouma Sequence (Ta) is generally coarse grained and  massive, 

and results from concentrated flow at the base of the current where turbidity cannot develop 
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(Mulder 2011). The overlying divisions (Tb – Te), suggest a turbulent flow with gradually 

decreasing energy levels. The Tb division is generally planar laminated, and represents high 

energy deposition under upper-flow-regime conditions (Mulder 2011). As energy continues to 

decrease in the current, cross-laminated ripples develop, forming the Tc division. The Td 

division marks the transition to lower-flow regime conditions, and is generally fine grained and 

planar laminated. The upper division (Te) represents suspension deposition by particle fallout 

as the tail of the current passes over (Mulder 2011). The upper surface of the sequence 

commonly shows loading features and scours from denser sand sinking into the upper muddy 

divisions (Fig. 11).  

 

Figure 11: Key divisions of the classic Bouma Sequence (Bouma et al. 1962). Five major divisions are 

recognised (Ta – Te) and represent the waning of a turbidity current over a point.  
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As the Bouma Sequence represents an ideal depositional sequence, in reality it is not 

uncommon for many parts of the sequence to be absent, particularly the upper (Te) division 

which can be and lower (Ta) divisions, which are commonly eroded or not deposited depending 

on energy conditions in the current (Mulder 2011). 

4.3.2 The Lowe Sequence 

The Lowe Sequence is commonly attributed to deposition by high-density turbidity currents 

(Fig. 7, Fig. 12) (Lowe 1982). Within these high density turbidity currents, flow is separated 

into upper and lower units (e.g. a bipartite current);  a basal hyperconcentrated flow and an 

upper dilute flow (Lowe 1982). The base of the flow transports large clasts by traction, 

generating a parallel to cross-laminated R1 layer comprised of coarse grained debris (Fig. 12 – 

R1). 

Figure 12: Key divisions of the Lowe sequence.  Hyperconcentrated turbidity current movement 

generates a basal traction layer comprised of coarse grained clasts (R1), this is overlain by a reverse 

graded traction carpet layer (R2), the upper division (R3) consists of suspension deposition from the 

turbulent upper portion of the flow. Subsequent hyperconcentrated flows may form additional Lowe 

sequences with smaller clast sizes (S1 – S3) (S: Sand, R: Rubble). Figure adapted from (Mulder 2011). 

 Friction at the seabed means velocities are near zero at the flow base and increase vertically, 

which may induce reverse grading (coarsening up) within the moving basal flow (Mulder 
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2011). Within the dilute upper flow, turbulence gradually develops, leading to suspension 

fallout into the basal hyperconcentrated flow. This suspension deposition can lead the basal 

flow to reach a critical particle load concentration, freezing the flow and preserving the inverse 

grading (Fig. 12 – traction carpet - R2) (Mulder 2011). As the flow wanes, further suspension 

deposition generates massive or graded sandstones (Fig. 12 - R3). This upper layer is analogous 

to the Bouma Ta division (Fig. 11).  

4.3.3 Slumps / Slides 

Slides occur when a coherent mass of rock or sediment moves along a failure surface (a few 

kilometres maximum) (Mulder 2011). Rotational slides are called slumps. Slides and slump 

deposits are generally recognised by the presence of a failure surface, which can show 

characteristic concave upward or planar geometry. Due to the short transport distances for slide 

movement, internal deformation is minor, and pre-existing structures (e.g. bedding) are 

generally preserved (Mulder 2011). As the slide propagates down-slope progressive 

deformation of internal structures can occur (deVries Klein 1982). The head of the failure may 

display extensional structures (normal faults, tension cracks), whilst the toe of the failure may 

be folded or thrusted (Mulder 2011). 

4.3.4 Hybrid Beds 

Hybrid beds are sedimentary deposits resulting from the combined action of mud-rich debris 

flows and turbidity currents acting as hybrid sediment gravity flows (hybrid flows) (Talling 

2013). Hybrid flow deposits are comprised of mud-rich debrite sands within turbidite sands 

and mud, and can be divided into 5 units (H1 – H5) (Fig. 13) (Talling 2013). The basal division 

(H1) is generally acknowledged to be generated by the forerunning turbidity current and is 

usually comprised of massive sands (Fig. 13) (Talling 2013). Division H2 is a gradual or abrupt 

contact between the underlying sandy H1 division and the overlying debrite (H3) (Fig. 13). H2 

can show banding (planar laminations) or occasionally dune scale cross bedding (Fig. 13). 

Division H3 is a cohesive (much-rich) debrite with or without clasts of varying composition 

(Mulder 2011). The uppermost divisions of the hybrid bed deposit are comprised of fine 

grained turbidity current deposits, and can either be sandy (H4), mud rich (H5) or absent (Fig. 

13) (Talling 2013).
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Figure 13: Idealised sedimentary log for hybrid bed deposition at a single location. Hybrid bed deposits 

can be divided into 5 divisions, representing the combined (hybrid) deposition from cohesive debris 

flows and high-density turbidites (Talling 2013). 

5.0 Sequence Stratigraphy in Deep-Sea Turbidite Systems 

Facies distribution and depositional architecture are influenced by physiography, sediment 

supply and relative sea level changes within a basin (Posamentier 1988; Schlager 1993; 

Posamentier & Allen 1999; Posamentier & Kolla 2003). Sedimentation rate and sediment 

supply are highly variable within a basin and depend on many factors including tectonic 

activity, river input, climate (rainfall, temperature), oceanic current action, and watershed 

morphology (Milliman & Syvitski 1992).  

The spatial extent and stratigraphic architecture of sedimentary systems are determined by the 

balance between sedimentation rate (S) and the total accommodation space (A) (Posamentier 

& Allen 1999). Where A/S > 1, the system is retrograding, if A/S = 1, the system builds 

vertically (aggradation), if 1 < A / S > 0 the system builds up and out (progradation and 

aggradation), where A/S = 0 the system progrades, and if A/S < 0 the amount of 

accommodation space rapidly declines leading to progradational downstepping geometries 

(forced regression) (Fig. 14)  
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Figure 14: Diagram displaying the geometries resulting from the balance between accommodation (A) 

and sediment supply (S) in a basin. Adapted from Posamentier & Allen (1999) 

The relative sea level changes which result in the above geometries (Fig. 14) have only minor 

impact in deep-sea environments. Progradational and retrogradational trends in such 

environments are more closely linked to sediment loads (Mulder 2011). Posamentier (1988) 

defined 3 main periods in the development of deep-sea turbidite systems: 1) The basin-floor 

fan (during early and maximum sea level fall), 2) the slope fan (lowstand) and 3) the lowstand 

wedge (sea level rise) (Fig. 15). 

At the beginning of sea-level fall, turbidite systems develop simultaneously with erosion and 

incision of the shelf (Fig. 15A). Canyon incision can focus incoming sediment to form large 

lobate fans (basin floor fan) (Fig. 15A). As continental erosion and basinward sediment flux 

decreases during late sea level fall, fine grained gravity flow deposits dominate, leading to the 

formation of the slope fan (Fig. 15B). Once sea level has stabilised, a mud rich turbidite system 

with well-developed channel-levee systems may form (Fig. 15B). As sea level begins to rise 

once again, progradation of the lowstand wedge infills much of the incised topography formed 

during sea level fall (Fig. 15C). Rapid progradation can lead to further turbidite development 

in distal parts (shingled turbidites) (Mulder 2011). Finally, highstand sea level stabilisation 
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drapes the turbidite system with hemipelagite deposits, forming a condensed interval (max. 

flooding surface) (Mulder 2011).  

Figure 15: Sequence stratigraphic models for the evolution of turbidite systems  (Posamentier 1988). 

Three main phases are recognised: 1) Basin floor fan development during max sea-level fall, 2) Slope 

fan formation during lowstand, 3) Lowstand prograding wedge during early sea level rise and 

highstand. Adapted from (Mulder 2011). 
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6.0 Aims and Objectives 

This research aims to; 

1) Define the overall seismic stratigraphic architecture of the Puffin Formation delta-

turbidite system during the late Cretaceous. This includes determination of the

geometries and distribution of the turbidite system through time and space using the

principles of seismic stratigraphy (Mitchum Jr et al. 1977), and the formation of a

sequence stratigraphic framework for the Puffin Formation.

2) Determine the depositional setting and depositional processes that led to the

emplacement of the Puffin Formation sands through sedimentological analysis of core

data.

3) Use 3D seismic data to determine the broad scale depositional geomorphology and 3D

architecture of the Puffin Formation delta-turbidite systems in order to constrain the

type and extent of depositional elements (canyons, channel-levee systems, lobes), as

well as the location and extent of potential reservoir facies.

4) Determine the relationship between tectonic, eustatic, climatic and oceanographic

factors on the formation and emplacement of the Puffin Formation turbidite sandstones

during the late Cretaceous in the Vulcan Sub-Basin.

5) Determine the petroleum prospectivity of the Puffin Formation through the integration

of sedimentary facies analysis, well correlation and 3D seismic data

(geomorphological) analysis in order to outline reservoir quality and sand connectivity.

7.0 Significance and Outcomes 

The major significance of this research is to provide new insights on the depositional history 

and stratigraphic architecture of the linked delta-turbidite systems of the Puffin Formation. 

Despite its reservoir potential within the Vulcan Sub-basin, the Puffin Formation remains 

poorly understood in terms of its spatial distribution and depositional setting (O'Brien et al. 

1996). The integration of sedimentary (core) data, well log data and geophysical (2D/3D 

seismic) data will allow for detailed examination of the nature and extent of the delta-turbidite 

system which formed the Puffin Formation, including depositional processes, timing of 

deposition, petroleum prospectivity (reservoir architecture, sand connectivity), and basin scale 

geomorphology. Additionally, the study will allow determination of the interplay between 

eustatic, tectonic, climatic and oceanographic controls in the Vulcan Sub-basin during the late 



29 
 

Cretaceous, and how they influenced the development of the Puffin Formation delta-turbidite 

systems at this time.  

This study may also yield interesting data concerning North-West Shelf paleogeography. The 

presence of delta-fan systems in the Vulcan Sub-basin during the late Cretaceous has 

implications for paleogeography, as well as for the timing of rifting and uplift on the North-

West Shelf.  

Finally, the Puffin formation system may hold analogue potential for the evolution and 

prospectivity of other coeval deep water deposits in the Browse and eastern Bonaparte basins. 

 

8.0 Methodology 

This research will be undertaken in 3 phases. Initially, a review of publically available well 

data (well logs, biostratigraphy, lithology, formation tops, core intervals) will be conducted in 

order to select key exploration wells to utilise in this study. A number of 2D composite regional 

seismic cross sections through the southern Vulcan sub-basin will then be realised and 

interpreted to map the top and base of the delta-turbidite system and its internal seismic 

stratigraphy (Mitchum Jr et al. 1977). These 2D sections will then be combined with the 

selected well data to generate a sequence stratigraphic framework for the Puffin formation 

delta-turbidite system using the standards for sequence stratigraphy (Catuneanu et al. 2009). 

This framework will utilise the updated north-west shelf ‘regional play interval’ terminology 

developed by Marshall & Lang (2013). 

The second phase of research involves sedimentary facies analysis on selected core intervals 

penetrating the Puffin formation (e.g. cores from Puffin-2, Puffin-5, and Puffin-6).  

Sedimentary facies and stacking patterns will be described and correlated across wells using 

biostratigraphy and well log data (e.g. gamma ray and porosity logs). Facies analysis and well 

correlation will allow interpretation of depositional processes (e.g., turbidity currents, hybrid 

flows, slides/slumps), and architectural elements (e.g. lobes, canyons, channel/levee systems), 

and the overall depositional setting of the Puffin field.  
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Figure 16:  Bonaparte Basin overview and Vulcan Sub-basin study area. Location of the 3D seismic 

datasets Onnia 1 and Onnia 2 are shown, as well as petroleum wells in the region. 

The final phase of the project involves 3D seismic geomorphological analysis. Two 3D seismic 

data sets (Onnia 1 and Onnia 2) will be utilised (Fig. 16). These 3D data sets will be interpreted 

using seismic stratigraphic principles (Mitchum Jr et al. 1977) and undergo semi-automated 

horizon tracking using Eliis Paleoscan software (Fig. 17) in order to extract key horizons for 

interpretation. Seismic attribute analysis may also be performed on these horizons if necessary 

to assist geomorphological interpretation; this includes spectral decomposition processing 

using dGB Earth Sciences OpendTect software. This 3D seismic geomorphological analysis 

will allow detailed interpretation of depositional environments on a basin scale. Additionally, 

by integrating 3D geomorphology, sedimentary facies analysis, and well correlation, the 

petroleum prospectivity of the Puffin formation delta-turbidite system can be ascertained 

through determination of reservoir quality and sand connectivity.  
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Figure 17: Diagram showing the 3 step workflow for semi-automated horizon tracking using Eliis 

Paleoscan software.  Horizons are autotracked based on trace wavelet similarity with constraints given 

by user input. 
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10.0  Timetable and Budget 

Table 1:  Displays dates for commencement and completion of tasks associated with the proposed 

research project. Initial data analysis begins late April. Final thesis due 22nd October, 2015. 

Item(s) Estimated Total Costs 

Core Analysis $300.00 

Printing and Consumables $200.00 

Thesis Production $300.00 

Access to Seismic Workstation Software $200.00 

Total (AUD) $1000.00 

Table 2:  Shows estimated costs relating to the proposed study. Expenses related to core analysis and 

thesis production constitute the major costs for this study. Seismic workstation software access 

granted by the CPGCO2, University of Western Australia.  

Task Mar Apr May June July Aug Sep Oct 

Proposal Seminar 13th 

Research Proposal 30th 

GEOS5505 Multi-Scale Tectonics 

2D Seismic Analysis 

Core Logging 

Core Interpretation 

3D Seismic Analysis 

Seminars 21st TBA 

Thesis Writing 22nd 

Legend 
Task Deadline 

Task Progression 

v
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