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Thesis Abstract 

The Canning Basin is one of the largest and deepest basins in Australia, yet it is still classified as a 

frontier despite being part of the highly productive Northwest Shelf of Western Australia. This thesis 

adds to the geological understanding of the Canning Basin by implementing a 3D seismic stratigraphic 

model that integrates over 10,000 km of 2D seismic data, 23 wells and potential field data from the 

Onshore and Offshore Canning Basin and adjacent basins. This model was used to connect the better 

studied onshore Paleozoic strata and igneous units, to the poorly understood offshore areas. For 

example, the offshore Canning Basin is constrained by only 6 wells and historical 2D reflection seismic 

data. Seismic horizon mapping across the onshore-offshore transition was conducted on 13 key strata, 

resulting in seven Paleozoic units of the Canning Basin being mapped offshore for the first time and 

continuous interpolated horizons presented herein. Basin-scale cross sections were made using these 

interpolated horizons to visually summarise the regional stratigraphy in an accessible format. However, 

deeper strata were obscured by regionally extensive igneous units that disproportionally affected the 

historic offshore seismic data. This is because igneous units attenuate seismic signals due to high 

acoustic impedance contrasts which require targeted seismic surveys to overcome. Direct comparison 

of several seismic datasets in 3D space and analysis of seismic acquisition parameters revealed a set of 

ideal parameters for imaging beneath igneous units and identifying deeper depocenters. Applying the 

acquisition parameter recommendations from this research to future seismic surveys help to better 

imaging elusive Ordovician and other Paleozoic strata deposited in hidden depocenters. Understanding 

the depth and geometry of hidden strata could have implications for basin evolution and resource 

potential of the Canning Basin. 

Despite being extensive throughout the Canning Basin and surrounds, very little targeted work has been 

conducted on the mafic igneous units of the Northwest Shelf. Large volumes of mafic igneous material 

have implications for the Canning Basin’s petroleum prospectivity, the Northwest Shelf’s tectonic 

history and global mass extinction events. To investigate the interconnectivity of these igneous units, 

an integrated geophysical and geochemical approach was used to correlate distant rock samples from 

wells across the region. This procedure included 2D seismic horizon mapping, interpolating seismic 

horizons, thin section petrography, SEM-EDS, XRD, 40Ar/39Ar geochronology and XRF major and 

trace element geochemistry. Findings from these analyses suggest the igneous units constitutes a 

previously undefined mafic magmatic province now classified as the Northwest Shelf Magmatic 

Province. Identification of the Northwest Shelf magmatic province has the potential benefit of enabling 

large scale CO2 sequestration and exploration for new resource opportunities.  
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1.1 Canning Basin Overview 

The Canning Basin is located on the Northwest Shelf of Western Australia (Fig. 1.1). The offshore 

Canning Basin is bound by the Roebuck Basin to the West, the North Carnarvon Basin to the South and 

the Browse Basin to the North. The absence of tectonism and shallow water depths ranging from 1 m – 

450 m make the Canning Basin part of a shallow passive margin (Totterdell et al., 2014). The onshore 

and much larger component of the Canning Basin is bound by the Pilbara and Musgrave block to the 

south, the Kimberley craton to the north and the Amadeus and Officer basins to the East (Purcell, 1984; 

Keep et al., 2007). There are three main sub-basins in the study area of the Canning Basin which include 

the Willara Sub-basin in the south, the Broome Platform in the centre and the Fitzroy 

Trough/Oobagooma Sub-basin in the North. The Willara Sub-basin and Broome platform are 

continuous across the onshore/offshore transition whereas the onshore Fitzroy Trough becomes the 

Oobagooma Sub-basin offshore (Fig. 1.1). 

Figure 1.1. Topographic map of the Canning Basin study area, including basin and simplified sub-basin 

boundaries. The Canning Basin is outlined in the bold boundary. 
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The Canning Basin is geologically unique. Deposited on Archean basement, sedimentation only 

began in the Ordovician. Ordovician strata can be found in the Fitzroy Trough which is one of the 

deepest sedimentary packages in Australia reaching 18 km depth in the Gregory Sub-basin (Yeates et 

al., 1984; Cadman et al., 1993).  Adjacent to the Fitzroy Tough is the Broome Platform which is only 2 

km deep, creating an unusual sedimentary system with vastly varying basement depths and geometries 

in close proximity (Brown et al., 1984). Outcropping on the surface in the Northern Canning Basin is 

an extensive Devonian carbonate reef complex with a variety of textures and structures (Playford 1984; 

Kovac et al., 2013). These features are a result of half a billion years of tectonism and alternating 

tectonic regimes between extension and compression to develop unique structures perpendicular to each 

other (Craig et al., 1984). 

The Canning Basin is a frontier petroleum basin where there is potential for significant 

hydrocarbon deposits to be found (Totterdell et al., 2014; GSWA, 2017). The offshore Canning Basin 

is considered highly prospective as major oil deposits have been found in the adjacent Carnarvon and 

Browse Basins where 60% of discovered Australian oil accumulations occur; however, no major 

commercial deposit has been discovered in the Canning Basin (Hackney et al., 2015). According to the 

US Energy Agency 2013 report, the Canning Basin has the largest shale gas potential in Australia and 

8th in the world based on the Goldwyer Formation alone. It may also be the World’s most underexplored 

Paleozoic basin with an average of 6 wells per 10,000 km2 compared to 500 wells per 10,000 km2 (Figs. 

1.2 and 1.3) in U.S. Paleozoic basins. The Canning Basin is a promising basin for exploration as there 

are more than 130 giant oilfields in Paleozoic basins worldwide with similar petroleum system elements 

(GSWA, 2017). Despite nearly one hundred years of petroleum exploration, only eight small 

commercial hydrocarbon accumulations have been found and limited to the onshore area flanking the 

Fitzroy Trough. Thus, the frontier classification remains as the Canning Basin, especially the offshore 

component, is still poorly understood (Purcell, 1984; Cadman et al., 1993). 
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Figure 1.2. Wells in the study area that intersect intervals or features of interest: oil shows and igneous 

lithologies. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. 2D terrestrial seismic surveys (S.S) and marine seismic surveys (M.S.S.) in the study area 

that could potentially be used for this study as they intersect wells with oil shows or igneous lithologies.  
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1.2 Geology 

1.2.1 Physiography and Petroleum Potential 

The Canning Basin covers an area of 505,000 km2 with 430,000 km2 onshore and 75,000 km2 offshore. 

The thickness of the sedimentary package ranges from 2-18 km from the Broom Arch to the Fitzroy 

Trough (Fig. 1.4). Offshore however, the maximum sediment thickness is reported as ~10 km (Yeates 

et al., 1984; Totterdell et al., 2014). The northwestern offshore boundary of the Canning Basin meets 

the Roebuck Basin at the continental shelf edge where a steep continental slope leads to the Argo 

Abyssal plain (Fig. 1.1). The Paleozoic strata of the Canning Basin continue further offshore below the 

Roebuck Basin, so the stratigraphic units mentioned in this report may be found outside the bounds of 

the Canning Basin. Thus, the Willara Sub-basin, Broome Platform, Oobagooma Sub-basin and Fitzroy 

Trough will be the main physiographic features discussed in the context of their initiation and petroleum 

potential. This physiography is mapped in the OZ SEEBASE dataset (Fig. 1.4), a basement map 

developed by FrogTech that covers the Australian continent and was made by combining geophysical 

and geological data (de Vries et al., 2007). 

 

Figure 1.4. An OZ SEEBASE map (de Vries et al., 2007) overlain with basin boundaries. OZ SEEBASE 

is a dataset that combines geophysical and well data to provide continental scale images of crystalline 
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basement. This map highlights the anomalous depth of the Fitzroy Trough relative to the adjacent areas 

of the Northwest Shelf. 

1.2.1.1 Willara Sub-basin 

The Willara Sub-basin is the southernmost depocenter of the coastal Canning Basin region and is 

present onshore and offshore, with the onshore component being much larger (Fig. 1.1). There is very 

little known about the offshore component as seismic and well data are sparse (Figs. 1.2 and 1.3). The 

maximum sedimentary thickness is estimated to be ~3 km and is inferred to be Paleozoic in age 

(Totterdell et al., 2014). The strata are hosted in linear depocenters and shelves (Fig. 1.4), which could 

result in a potentially complex depositional history.  

In terms of petroleum prospectivity, there is potential for a major accumulation in the offshore 

Willara Sub-basin. Although not confirmed, an organic rich, Ordovician source rock that forms part of 

the Bongabinni Formation may have been identified in seismic data as relatively high amplitude 

reflectors (Totterdell et al., 2014). The Willara Sub-basin may be an ideal exploration target due its 

proximity to the North Carnarvon Basin and its thin sedimentary package. Due to multiple extension 

events, it is likely that normal faults are the most common petroleum play. However, like much of the 

Canning Basin, there is not enough data to confirm a working hydrocarbon system (Cadman et al., 

1993; Totterdell et al., 2014).  

1.2.1.2 Broome Platform 

The Broome Platform is the centre of the Canning Basin study area (Fig. 1.1). The Broome platform is 

a 600 km long and 150 km wide section of uplifted basement. It has an NW-SE orientation as a result 

of regional NE-SW extension (Yeates et al., 1984). Due to uplift, it has the shallowest sedimentary 

package of any area in the Canning Basin with thickness ranging from 1 km to 2 km (Fig. 1.4; Totterdell 

et al., 2014). Sedimentary rocks are Ordovician, Devonian and Permian in age and dip towards the 

southeast (Totterdell et al., 2014). The Broome Platform is interesting because despite a long history of 

extension, subsidence and tectonism in the adjacent areas, it has been minimally deformed (Yeates et 

al., 1984).  

There are several petroleum plays on the Broome Platform, but they are of varying quality. The 

reservoir with the most potential is the Nita Formation due to dolomitization. It lies above the Goldwyer 

Formation source rock, which matured between the Late Jurassic and the Late Cretaceous (Bentley, 

1984). It also lies below the Caribuddy Formation sealing shales.  

1.2.1.3 Oobagooma Sub-basin 

The Oobagooma Sub-basin is the northernmost depocenter of the offshore Canning Basin. The 

Oobagooma Sub-basin is a fault bounded, NW-SE orientated, symmetrical graben that has a ~12 km 
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thick sedimentary package containing mostly Paleozoic strata and some minor Mesozoic strata. This 

area is heavily deformed as evident from the large-scale anticlines, early rifting and a piece of uplifted 

rock known as the Oobagooma high. It is hypothesised that the Oobagooma high may be an 

accumulation of igneous intrusions as interpreted from seismic and magnetic data as there appear to be 

dyke structures paired with high magnetic anomalies (Smith et al., 1999; Totterdell et al., 2014). 

The Oobagooma Sub-basin has a good petroleum potential as productive onshore source and 

reservoir facies have been drilled in the Oobagooma Sub-basin and are likely to be extensive. Devonian 

reef complexes which can act as petroleum traps have also been identified in offshore drilling (Totterdell 

et al., 2014). The presence of igneous activity complicates the petroleum potential as source rocks that 

were initially immature may have been thermally brought into the oil window or became overmatured 

from the associated heat (Schutter, 2003; Totterdell et al., 2014). 

1.2.1.4 Fitzroy Trough 

The Fitzroy Trough (Fig. 1.1) contains one of Australia’s largest sedimentary packages that is ~18 km 

thick (Fig. 1.4). The Fitzroy Trough hosts Ordovician to Triassic strata with many unconformities 

(Yeates et al., 1984). There were three continental rifting events that collectively formed the Fitzroy 

Trough during the Devonian, Permian and Jurassic which caused non-symmetrical subsidence 

(Totterdell et al., 2014). These rifting events widened the Fitzroy Trough to 45 km wide and thinned 

the crust to 21 km thick, which is much thinner than the 34 km of crust underneath the Willara Sub-

basin (Drummond et al., 1991). The seismic data also reveals that the SW margin of the Fitzroy Trough 

is steeper than the NE margin and both margins are bounded by a series of faults (Drummond et al., 

1991). Due to the immense depth of the Fitzroy Trough, many of the petroleum sources and reservoirs 

have overmatured. However, shallower units of the same age along the trough margins are oil generative 

and especially prospective as they are fault bounded, providing broad structural traps (Brown et al., 

1984). 

1.2.2 Tectonic History 

This section highlights the tectonic history of the Canning Basin for each geological period/era starting 

from Pre-Cambrian to Cenozoic (Table 1.1). Accompanied with each time period is a tectonic 

reconstruction to show the positioning of the Canning Basin relative to other continental fragments. 

These reconstructions provide context for the tectonic regime or distinct tectonic events the Canning 

Basin was experiencing at the time. 
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Period Tectonic Regime Tectonic Event Source 

Pre-Cambrian N-S extension Rodinia break-up Li and Powell, 2000 

Cambrian NW-SE extension Tarim Block rifted Li et al., 2008 

Ordovician NW-SE extension Sedimentation begins Laurie et al., 2016 

Silurian NW-SE extension Crustal sag Yeates et al., 1984 

Devonian NW-SE extension Rodingan Movement Craig et al., 1984 

Carboniferous NW-SE extension Pangea formed Keep et al., 2007 

Permian NW-SE extension Cimmerian Block rifted Mathews et al., 2016 

Triassic NE-SW extension to       

E-W compression 

Fitzroy movement Totterdell et al., 2014 

Jurassic NW-SE extension Mawgyi Terrane rifted Muller et al., 2005 

Cretaceous Passive margin Australia rifted off Pangea  Keep et al., 2007 

Cenozoic N-S compression Antarctica rift Li and Powell, 2000 

Table 1.1. A summary of the tectonic history of the Canning Basin. 

1.2.2.1 Pre-Cambrian 

The earliest known tectonic events on the Northwest shelf are recorded in N-S trending lineaments in 

Archean crust. Although these lineaments are not common in Paleozoic strata, they occur along sub-

basin boundaries as short and discontinuous features that may have been reactivated by later tectonic 

events (Craig et al., 1984). Thus, Archean crust consists of heavily deformed granites and gneisses and 

acts as the basement for the Canning Basin.  

Australia was part of the Rodinia supercontinent during the Neoproterozoic until continental 

break-up occurred at around 760 Ma (See Figure 9g in Li et al., 2008). N-S extension that may have 

contributed to the break-up of Rodinia developed E-W fractures across the Canning Basin. Crustal 

shortening from this event caused isoclinal and recumbent folding, over thrusting, and metamorphism 

in E-W to ESE-WNW trending lineaments (Craig et al., 1984). Latest Proterozoic compression 

developed weaknesses in some areas of the basement underlying the Canning Basin. These were 

initially thrust faults that were reactivated during the Ordovician as normal faults during another 

extension event (Braun, 1992).  
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1.2.2.2 Cambrian 

Australia was part of the Gondwanaland supercontinent that formed after the break-up of Rodinia in the 

Early Cambrian (See Figure 9i in Li et al., 2008). During the Cambrian, the Tarim block (now NW 

China) separated from the NW shelf (Li and Powell, 2000; Keep et al., 2007; Li et al., 2008) and the 

Paterson-Petermann orogenic belt formed. These events may have provided the initial crustal 

weaknesses that later developed the Fitzroy Trough (Li and Powell, 2000) and NE-SW trending, fault 

bounded basins (Craig et al., 1984). Extension tectonics divided the Canning Basin into 3 main 

structures: The Fitzroy Trough, Broome Arch and Willara Sub-basin. The Fitzroy Trough and Willara 

Sub-basin are half graben complexes separated by the Broome Arch which is a shallow slab of basement 

(Craig et al., 1984). There was little tectonic activity between the Early Cambrian and Ordovician except 

for Gondwanaland’s change in rotation from counter-clockwise to clockwise at the Cambro-Ordovician 

boundary (Li and Powell, 2000). 

1.2.2.3 Ordovician 

Australia remained a part of Gondwanaland throughout the Ordovician with an inland sea stretching E-

W through the centre of the continent and the Canning Basin (see Figure 3 from Zhen and Nicoll, 2009). 

Sedimentation in the Canning Basin began from NW-SE extension that initiated from an intracratonic 

rift in the Early Ordovician. Extension and crustal sag (named the Caribuddy Sag) in this orientation 

sporadically continued until the Late Carboniferous (Figs. 1.5, 1.6 and 1.7) with relatively quiet periods 

between tectonic events (Purcell, 1984; Totterdell et al., 2014; Laurie et al., 2016). Consequently, these 

extension phases underplated/healed the continental crust beneath the Canning Basin. Underplating 

enhances the competence of tectonic plates that have undergone extension as mantle derived magma 

rises, cools and crystallises on the base of the plate, replacing weaker continental crust with stronger 

mafic rocks. Thus, there is not a singular crustal weakness in the basement of the Canning Basin but 

rather several where sections of extended crust become stronger and subsequent extension events 

exploit other crustal weaknesses (Braun, 1992; Muller et al., 2005). There are currently no models that 

demonstrate this, but it is likely that deep seismic from the onshore Canning Basin can characterise pre-

Mesozoic crust (Braun, 1992). 

1.2.2.4 Silurian 

The Silurian was a relatively quiet period for the Canning Basin but there were some notable events. 

The Fitzroy Trough, still in its early stages, experienced basinal faulting due to rifting and crustal sag 

(Fig. 1.5). This was when the Caribuddy Group was mostly deposited, one of the Canning Basin’s major 

stratigraphic units (Brown et al., 1984; Yeates et al., 1984). From the Late Silurian onwards, the Broome 

Arch became a unique feature that resisted subsidence and deformation for the remainder of the Canning 

Basins history. To visualise these tectonic events, the following paleogeographic reconstructions were 

generated in Gplates 2.0 with data from Mathews et al. (2016). 
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Figure 1.5. Late Silurian paleogeography (outlined in red) and tectonic regime (green arrows) of the 

Canning Basin with tectonic plate motion (blue arrow). Modern continental landmasses are depicted in 

black and modern submerged continental crust in white. Developed in Gplates 2.0.  

1.2.2.5 Devonian 

The break-up of Gondwanaland initiated in the Devonian and the Cimmerian block formed (Fig. 1.6). 

These events established the Northwest Shelf margin morphology and crustal architecture as it is today 

(Keep et al., 2007). The break-up of Gondwanaland caused minor folding coupled with regional uplift 

and erosion in an event called the Rodingan movement (Craig et al., 1984). In the Early Devonian, the 

crust underneath the Fitzroy Trough and Willara Sub-basin continued to underplate. Thus, extension in 

the Early Devonian was focussed on the relatively weaker Kidson Sub-basin (Braun, 1992; Totterdell 

et al., 2014). Subsidence of the Fitzroy Trough and Willara Sub-basin resumed in the Middle Devonian 

and subsequent faulting developed parallel structural shelves known as the Jurgurra and Barbwire 

terraces adjacent to the Broome Arch. The Broom Arch was later uplifted in the Late Devonian which 

caused a major erosional unconformity on its surface (Braun, 1992). Rapid subsidence via extension 

from the Middle Devonian to the Early Carboniferous is the period in which the Fitzroy Graben became 
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a major depocenter with up to 8 km of sediments being deposited. The processes that caused this rapid 

subsidence rate is not yet fully determined (Yeates et al., 1984; Braun, 1992; Totterdell et al., 2014).  

Figure 1.6. Late Devonian paleogeography (outlined in red) and tectonic regime (green arrows) of the 

Canning Basin with tectonic plate motion (blue arrow). Modern continental landmasses are depicted in 

black and modern submerged continental crust in white. Developed in Gplates 2.0. 

1.2.2.6 Carboniferous 

Gondwanaland collided into Laurasia in the Middle Carboniferous to form Pangea (Fig. 1.7; Li and 

Powell, 2000). The Northwest shelf was not directly impacted by the collision so there were no 

compression events, but extension continued. A wide intracontinental rift of Pangea developed in the 

Late Carboniferous where the Cimmerian Block began to separate from the Northwest Shelf. Initiation 

of the Cimmerian Block break-up thinned the crust and promoted large scale sag. Although the impact 

of rifting was most significant in the Timor sea, the sedimentation rate increased in the Canning Basin 

as thick, widespread Permo-Triassic sequences were later deposited (Keep et al., 2007). 
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Figure 1.7. Middle Carboniferous paleogeography (outlined in red) and tectonic regime (green arrows) 

of the Canning Basin with tectonic plate motion (blue arrow). Modern continental landmasses are 

depicted in black and modern submerged continental crust in white. Developed in Gplates 2.0. 

1.2.2.7 Permian 

The Cimmerian Block (now known as Turkey, Iran, Afghanistan, Tibet, South China, Sumatra, East 

Burma, Timor, Thailand and Malaysia) fully rifted from the Northwest Shelf during the Early Permian 

and formed a triple junction (Fig. 1.8; Li and Powell, 2000; Mathews et al., 2016). The Canning Basin 

went from an extensional tectonic regime in the Early Permian to a sag subsidence/flexural regime after 

the rifting of the Cimmerian Block (Craig et al., 1984; Muller et al., 2005). Related to rifting, the Bedout 

Movement was a major tectonic event that occurred from the Late Permian to Early Triassic. Although 

it is named for developing the Bedout high in the Roebuck Basin, the movement caused large scale 

uplift, faulting and volcanism in the Canning Basin (Muller et al., 2005). 
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Figure 1.8. Middle Permian paleogeography (outlined in red) and tectonic regime (green arrows) of the 

Canning Basin with tectonic plate motion (blue arrow). Modern continental landmasses are depicted in 

black and modern submerged continental crust in white. Developed in Gplates 2.0. 

1.2.2.8 Triassic 

The geometry of the Northwest Shelf continental margin as it is known today, formed post rift of the 

Cimmerian block, except the Mawgyi Terrane (West Burma) remained attached (Fig. 1.9 and 1.10). 

Early Triassic saw extension resume in the Canning Basin in a NE-SW orientation after a period of sag 

subsidence (Fig. 1.9). This led to faulting that is orthogonal to previous faulting, increasing the number 

of box structures throughout the Canning Basin. This event also reactivated Paleozoic faults, developed 

more listric faults and increased the frequency of faults in the coastal area parallel with the coastline 

(Craig et al., 1984). Prior to the Middle Triassic, the dominant tectonic regime in the Canning Basin 

was extensional until a compression event known as the Fitzroy Movement occurred (Fig. 1.10). The 

Fitzroy Movement caused reverse faults, fault inversion, strike-slip movements and 1-3 km of uplift 

that accelerated erosion (Yeates et al., 1984; Totterdell et al., 2014; Laurie et al., 2016). Later E-W 

compression formed a series of en-echelon E-W folds and N-S normal faults in the Fitzroy trough in 

the Late Triassic (Craig et al., 1984). 
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Figure 1.9. Early Triassic paleogeography (outlined in red) and tectonic regime (green arrows) of the 

Canning Basin with tectonic plate motion (blue arrow). Modern continental landmasses are depicted in 

black and modern submerged continental crust in white. Developed in Gplates 2.0. 

Figure 1.10. Middle Triassic paleogeography (outlined in red) and tectonic regime (green arrows) of 

the Canning Basin with tectonic plate motion (blue arrow). Modern continental landmasses are depicted 

in black and modern submerged continental crust in white. Developed in Gplates 2.0. 
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1.2.2.9 Jurassic 

Rifting of the Mawgyi Terrane from the Northwest Shelf initiated in the Early Jurassic and broke-up in 

the Late Jurassic (Fig. 1.11) at approximately 155 Ma as dated by a magnetic anomaly (Yeates et al., 

1984; Metcalfe, 2005; Muller et al., 2005). The rifting of the Mawgyi Terrane coincides with the break-

up of Gondwanaland (Li and Powell, 2000). Prior to break-up, it was assumed that the Northwest Shelf 

had a similar basin configuration as the modern East African Rift system with the presence of a triple 

junction and regional scale subsidence (Craig et al., 1984; Braun, 1992). Post-rift uplift eroded much 

of the Jurassic strata across the Canning Basin and created dextral strike-slip faults for NW-SE 

lineaments and sinistral strike slip faults for NE-SW lineaments (Muller et al., 2005). The rifting of the 

last continental fragment formed the Argo Abyssal Plain (Fig. 1.1), deep oceanic crust that opened-up 

between the Northwest Shelf and Mawgyi Terrane (Keep et al., 2007). 

Figure 1.11. Late Jurassic paleogeography (outlined in red) and tectonic regime (green arrows) of the 

Canning Basin with tectonic plate motion (blue arrow). Modern continental landmasses are depicted in 

black and modern submerged continental crust in white. Developed in Gplates 2.0. 

1.2.2.10 Cretaceous 

Early Cretaceous saw the break-up of Australia from Pangea and India from Australia off the SW 

margin. Reactivation of major faults in the Canning Basin ensued from the supercontinent break-up. 

The Northwest Shelf then became a passive margin in the Middle Cretaceous where no tectonic events 

specific to the Canning Basin occurred (Fig. 1.12; Keep et al., 2007). 
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Figure 1.12. Early Cretaceous paleogeography (outlined in red) and tectonic regime (green arrows) of 

the Canning Basin with tectonic plate motion (blue arrow). Modern continental landmasses are depicted 

in black and modern submerged continental crust in white. Developed in Gplates 2.0. 

1.2.2.11 Cenozoic 

Thermal decay during the Early Cenozoic tilted the Australian continent towards the NW. This 

significantly increased the rate of sediment deposition offshore. Thus, the offshore Canning Basin has 

a thick Tertiary sedimentary package that is relatively undeformed. The structural impact of the NW 

tilting reactivated faults with slight displacements which may be seen at the base of the Tertiary strata 

(Craig et al., 1984). The Australian tectonic plate has been subducting under the Banda Arc to the North 

since 43 Ma (Fig. 1.13), which has also assisted with the down tilting of the Australian continent and 

increased sediment deposition on the offshore Canning Basin (DiCaprio et al., 2008).  
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Figure 1.13. Eocene paleogeography (outlined in red) and tectonic regime (green arrows) of the Canning 

Basin with tectonic plate motion (blue arrow). Modern continental landmasses are depicted in black 

and modern submerged continental crust in white. Developed in Gplates 2.0. 

Associated compression from the collision with the Banda arc has resulted in minor normal faulting 

with some surface expression. Despite being counter-intuitive, normal faulting in a compressional 

setting occurred because of flexuring as the Australian continent tilts North and the pre-established 

lineation orientation (NW-SE) has caused strike-slip dilation (Keep et al., 2007; Totterdell et al., 2014). 

Additionally, Tertiary tilting caused drainage reversal in the Canning Basin, resulting in sedimentation 

at reactivated normal faults and creating Late Miocene depocenters across the Fitzroy Trough (Keep et 

al., 2007; DiCaprio et al., 2008). Observing the modern Canning Basin (Fig. 1.14), NW-SE structures 

are the dominant features because they inherited Pre-Cambrian basement architecture that influenced 

the geometry of tectonic events throughout the Paleozoic and Mesozoic (Table 1.1; Keep et al., 2007). 
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Figure 1.14. Modern geography (outlined in red) and tectonic regime (green arrows) of the Canning 

Basin with tectonic plate motion (blue arrow). Modern continental landmasses are depicted in black 

and modern submerged continental crust in white. Developed in Gplates 2.0. 

1.2.3 Stratigraphic History  

The stratigraphic units described below are updated according to the Australian Stratigraphic 

Committee, as catalogued in the Australian Stratigraphic Units Database (Geoscience Australia and 

Australian Stratigraphy Commission, 2017). Two stratigraphic charts were used to determine the 

relationship of the stratigraphic units (Fig. 1.15; Mory and Hockey 2011; Smith et al., 2013). The Mory 

and Hockey (2011) chart is a generalised model that displays the stratigraphic history across the onshore 

Canning Basin whereas the Smith et al. (2013) chart includes a detailed series of stratigraphic columns 

that specify the stratigraphy for all the sub-basins.  

The Canning Basin has several depocenter types that influence the type of sediment deposited 

in particular areas. For example, the Jurgurra and Barbwire terraces are structural highs that have created 

shallow marine settings and allowed for the deposition of carbonates. Deeper past marine settings like 

the Fitzroy Trough and Oobagooma Sub-basin are abundant in siliciclastic sedimentary units where the 

deeper the water, the finer the grain size (Yeates et al., 1984). Due to the long history of subsidence, 

the Canning Basin has deep depocenters and thick units that infill them. Many of these units have 

significant maximum thicknesses that may be detectable in regional seismic surveys and subsequently 

mapped on a basin scale (Geoscience Australia and Australian Stratigraphy Commission, 2017). 
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Figure 1.15. Canning Basin Paleozoic and 

Mesozoic stratigraphy. Figure from Mory and 

Hockey (2011). 
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1.2.3.1 Ordovician 

Sedimentation initiated on the Canning Basin at the beginning of the Ordovician in shallow marine 

conditions as part of the Larapintine Sea (Li and Powell, 2000). The Larapintine Sea, which connected 

the East and West coasts of Australia, arose in the Canning Basin because of the Samphire Marsh 

Extension which caused rapid subsidence from Early to Middle Ordovician and formed the Nambeet, 

Willara, Goldwyer and Nita formations (Mory and Hocking, 2011; Totterdell et al., 2014; Laurie et al., 

2016). Middle Ordovician strata are mostly carbonates deposited from an extensional, intra-cratonic 

depression during a transgression phase. The Larapintine Sea retreated in the Late Ordovician due to 

uplift of the Amadeus Basin to create desert conditions, but the Canning Basin was still subsiding from 

the Caribuddy Sag event which formed the Caribuddy Group. More than 1000 m of Ordovician 

sedimentary units are preserved throughout the Canning Basin from these initial subsidences (Brown et 

al., 1984; Yeates et al., 1984; Li and Powell, 2000). 

Nambeet Formation: 

The sedimentation hiatus that initiated in the Late Neoproterozoic ceased with deposition of the 

Nambeet Formation in the Tremadocian (Smith et al., 2013). This formation has a maximum thickness 

of 800 m and consists of sandstone that deposited on the coastal areas of the Canning Basin and shale, 

siltstone, limestone and dolomite further onshore. There are no outcrops of this formation, so all 

information has been derived from sparse drill core data. Despite this, the Nambeet Formation appears 

to be quite pervasive across the Canning Basin as many wells that are distant from each other have 

intersected it (Brown et al., 1984; Haines, 2009). 

Willara Formation (Formerly Thangoo Limestone): 

Rise of sea level developed epeiric conditions onshore, which lowered siliciclastic input to create 

carbonate platforms that conformably overly the Nambeet Formation (Fig. 1.15). The carbonate 

platforms initially deposited on basement highs and later became basin wide during the Floian. These 

carbonates are named the Willara Formation (Smith et al., 2013) which has a maximum thickness of 

750 m and consists of carbonate sequences with minor interbedded sandstones. The Willara Formation 

partially interfingers with the younger Goldwyer Formation (Brown et al., 1984; Middleton, 1990). 

Goldwyer Formation: 

Retreat of the epeiric sea caused a sequence of mixed, fine grained siliciclastics and carbonates now 

called the Goldwyer Formation to conformably deposit on the Willlara Formation (Fig. 1.15). The 

Goldwyer Formation has a maximum thickness of 750 m and consists of siltstone, sandstone, shale, 

dolomite and limestone. Aged between 470 Ma-465 Ma, this formation has been recognised as a 

hydrocarbon source with the Caribuddy Formation as the seal (Brown et al., 1984; Haines, 2009). 
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Nita formation: 

Platform carbonates of the Nita Formation deposited conformably over the Goldwyer Formation during 

the Darriwilian (Fig. 1.15). The carbonates were dolomitised via diagenesis when exposed to the 

atmosphere (Brown et al., 1984). The maximum thickness of the Nita formation is 259 m which consists 

of carbonates, claystone, siltstone and sandstone (Brown et al., 1984; Haines, 2009). 

Caribuddy Group (Formerly Caribuddy Formation): 

Rifting and sagging from the Late Ordovician extended into the Early Silurian where the Caribuddy 

Group was conformably deposited in evaporitic conditions above the Nita Formation (Fig. 1.15). These 

conditions continued through to the Devonian which resulted in a maximum thickness of 1591 m when 

the Caribuddy Group ceased accumulating. This rock group consists of thick halite beds, red mudstone 

and several dolostone facies. The Caribuddy Group contains evaporate sequences that have a high 

acoustic impedance contrast with the surrounding strata which gives it unique seismic characteristics. 

(Brown et al., 1984; Yeates et al., 1984; Haines, 2009; Totterdell et al., 2014). 

1.2.3.2 Silurian 

Worral Formation: 

Deposited from the Llandovery to the Pridoli (Smith et al., 2013), the Worral Formation has a maximum 

known thickness of 277.5 m and consists of red siltstone, sandstone and dolomite. It conformably 

overlies the Carribuddy Group (Fig. 1.15) and is prevalent across the Canning Basin. Continued crustal 

sag from the Carribuddy Sag event created accommodation space to allow for the deposition of the 

Worral Formation in the Kidson Sub-basin, Willara Sub-basin, Broome Platform and the southern 

margin of the Fitzroy Trough. It may have formed under marginal marine and evaporitic conditions 

similar to the Carribuddy Group as the uppermost unit of the Worral Formation is lithologically identical 

to several Carribuddy Group units (Haines, 2009). 

1.2.3.3 Devonian 

A minor compression event known as the Prices Creek Compression, created an unconformity that 

marks the start of the Devonian (Fig. 1.15). This is consistent with δ13C results that indicate eustacy 

was the driver for relative sea level change in the Devonian and not isostasy (Stephens and Sumner, 

2002). The results also indicate a small drop in sea level at the Frasnian-Famennian boundary which 

may be related to another unconformity (Braun, 1992). By the Late Devonian, the Canning Basin had 

developed an expansive reef complex that is recognised worldwide (Totterdell et al., 2014; Laurie et 

al., 2016). 
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Tandalgoo Formation (Formerly Tandalgoo red beds): 

Deposited from the Pragian to the Eifelian (Smith et al., 2013), the Tandalgoo Formation 

unconformably overlays the Caribuddy Group and Worral Formation (Fig. 1.15) and formed in aeolian 

conditions. This formation is well preserved in the Kidson Sub-basin but is partially eroded in the 

Willara Sub-basin. The Tandalgoo Formation consists of sandstone with minor dolomitic siltstone and 

has a maximum thickness of 400 m. (Brown et al., 1984; Yeates et al., 1984; Haines, 2009). 

Poulton Formation (Formerly Blackstone Formation): 

The Poulton formation was deposited in the Givetian with a maximum thickness of 310 m. It 

unconformably overlies and interfingers with the Tandalgoo red beds (Fig. 1.15). Subsidence in the 

Fitzroy Trough and a transgression phase created a marine setting in which sandstone and siltstone were 

deposited with occurrences of shale and dolomite in between (Brown et al., 1984; Hocking et al., 2008). 

Mellinjerie Limestone: 

Subsidence resumed in the Middle Devonian after a short hiatus to form the Mellinjerie Limestone. 

This unit formed in shallow marine conditions from the Givetian to Frasnian (Fig. 1.15) with a 

maximum thickness of 300 m that onlapped the Broome Arch. Mellinjerie limestone consists of 

dolomite, shale and minor anhydrite and partially interfingers with the Pillara Limestone. (Brown et al., 

1984; Yeates et al., 1984; Middleton, 1990). 

Frasnian reef complexes: 

From the Late Givetian to the Frasnian, three units with differing reef facies were formed that were 

controlled by past water depths. These include the Gogo Formation (an identified hydrocarbon source 

rock) with inter-reef facies, the Sadler Limestone with fore-reef facies and the Pillara Limestone with 

platform reef facies. The unit thicknesses range from 300 m - 430 m and are dominated by limestone 

but can contain siltstone and shale (except for the Pillara limestone). The Frasnian reef complexes (Fig. 

1.15) developed as subsidence caused a rise in relative sea level, allowing for reef growth in marine 

conditions while the Canning Basin was in the tropics (Fig. 1.6; Brown et al., 1984; Mory and Hocking, 

2001).  

Napier Formation and Babrongan Formation (previously Babrongan beds): 

Following a short hiatus, the Napier Formation deposited north of the Fitzroy Trough in the Early 

Famennian. This 150 m thick formation consists of mixed reef carbonates, siltstone, shale and sandstone 

and may have formed by either a reduction in subsidence or a fall in eustatic sea level. The Babrongan 

Formation is the erosion of the Napier Formation that deposited in the Fitzroy Trough during the Middle 

Famennian. It consists of siltstone, shale, minor dolomite and limestone and interfingers with the Napier 

Formation (Brown et al., 1984; Middleton, 1990; Mory and Hocking, 2011). 
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Clanmeyer Siltstone, Luluigui Formation and Nullara Limestone: 

Conformably overlying the Napier and Babrongan formations is the Clanmeyer Siltstone, Luluigui 

Formation and Nullara Limestone (the latter three interfinger each other) which were deposited during 

the Late Famennian in the Fitzroy Trough (Smith et al., 2013). The Clanmeyer Siltstone has a maximum 

thickness of 1067 m and consists of siltstone, shale and minor limestone. The Luluigui Formation has 

a maximum thickness of 571 m and consists of siltstone, shale, sandstone and limestone. The Nullara 

Limestone has a maximum thickness of 400 m and consists of fenestral, oolitic and peloidal limestone 

which can be dolomitised, sandy and conglomeritic in some areas (Brown et al., 1984; Middelton, 1990; 

Mory and Hocking, 2011). 

1.2.3.4 Carboniferous 

Major sea level regression in the Early Carboniferous caused mixed carbonate and siliciclastic 

deposition which resulted in the Fairfield Group (Yeates et al., 1984). Rapid extension created more 

accommodation space for the Anderson Formation to be deposited, especially in the Fitzroy Trough. 

Compression during the Middle Carboniferous in an event called the Meda Transpression (Fig. 1.15), 

inverted Devonian normal faults, producing a regional unconformity and largescale displacement of 

strata. This unconformity separates Carboniferous strata from Early Permian glacial strata. The added 

weight from glaciation in the Late Carboniferous caused further subsidence which promoted more 

sediment deposition (Braun, 1992; Totterdell et al., 2014; Laurie et al., 2016). 

Fairfield Group (includes Laurel Formation): 

The Fairfield Group is partially conformable over the Nullara Limestone and deposited in shallow 

marine conditions from the Latest Famennian to the end of the Tournaisian (Smith et al., 2013) on the 

northern extent of the Canning Basin. It developed from increased accommodation space via extension 

and subsidence. The Fairfield Group has a maximum thickness of 900 m and consists of fossiliferous 

limestone, shale, siltstone, sandstone and dolomite. Within the Fairfield Group is the Laurel Formation 

which has been recorded as a hydrocarbon source and is sometimes represented as the Fairfield Group 

(Brown et al., 1984; Mory and Hocking, 2011). 

Anderson Formation (includes Yulleroo Formation): 

The Anderson Formation conformably overlies the Fairfield Group and was deposited in the Fitzroy 

Trough from the onset of the Visean to the end of the Serpukhovian during a transgression that caused 

rapid progradation (Smith et al., 2013). It consists of sandstone, siltstone, shale, dolomite, anhydrite 

and minor limestone with a maximum thickness of 1800 m. The relationship between the Anderson 

Formation and the Yulleroo Formation is unclear as the Yulleroo Formation is not well documented. 

What is known is that the Yulleroo Formation has been referred to as the lower Anderson Formation 
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and is the lateral equivalent of the Fairfield Group which is also a hydrocarbon source (Brown et al., 

1984; Mory and Hocking, 2011). 

Reeves Formation (Formerly Betty Formation of the Grant Group): 

The Reeves Formation comprises up to 2000 m of sandstone with minor shale and siltstone from the 

Serpukhovian to the Gzhelian (Smith et al., 2013) in fluviodeltaic and glacial conditions. It was 

differentiated from the Grant Group with the discovery of a regional unconformity that is present across 

the Canning Basin except for the Fitzroy Trough. There are very few lithological differences between 

the top of the Grant Group and the Reeves formation in the Fitzroy Trough. However, there is a 

measurable time gap (Mory and Hocking, 2011). 

1.2.3.5 Permian 

Carboniferous glaciers melted in the Early Permian as a brief, shallow transgression occurred and a 

wide intracontinental rift developed, which thinned the crust and promoted large scale sag and 

deposition (Li and Powell, 2000; Smith et al., 2013; Laurie et al., 2016). The initial effect of this rift 

was up warping of the Canning Basin which caused a sediment hiatus at the Carboniferous-Permian 

boundary (Brown et al., 1984) but ended up increasing the sedimentation rate as thick Permian-Triassic 

sequences were deposited in the Canning Basin (Keep et al., 2007). As a result, 500 m – 3000 m of 

sediment was deposited in a partially glacial environment (Braun, 1992). 

Grant Group (Previously Grant Formation): 

A basin wide hiatus occurred in the Middle Carboniferous and sedimentation across the Canning Basin 

resumed with the Grant Group in the Late Carboniferous/Early Permian (Smith et al., 2013). Most of 

this unit was deposited in the Permian as the Grant Group is a consequence of renewed extension and 

subsidence in glacial conditions (Yeates et al., 1984; Totterdell et al., 2014). The Grant Group can be 

found across the Canning Basin and consists of sandstone, siltstone, mudstone and minor conglomerate 

with a maximum thickness of 2500 m (Brown et al., 1984; Mory and Hocking, 2011). 

Poole Sandstone: 

The Poole Sandstone was deposited from the Sakmarian to the Artinskian because of rapid crustal sag 

and was followed by a short hiatus (Smith et al., 2013). Tectonism caused the Poole Sandstone in the 

Fitzroy Trough to be heavily deformed with slumping, tilting and uplift which had truncated it to its 

base. Thus, it has a maximum thickness of 160 m and was unconformably deposited onto the Grant 

Group (Brown et al., 1984; Yeates et al., 1984; Mory and Hocking, 2011; Totterdell et al., 2014). 

Noonkanbah Formation: 
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The Noonkanbah Formation unconformably overlies the Poole Sandstone and was deposited from the 

Latest Artinskian and throughout the Kungurian (Smith et al., 2013) because of rapid crustal sagging. 

This formation has been truncated in the Fitzroy Trough and Willara Sub-basin but has a maximum 

thickness of 650 m where intact. The Noonkanbah Formation consists of mudstone, siltstone, shale, 

limestone and sandstone with minor interbedded conglomerate (Brown et al., 1984; Yeates et al., 1984; 

Mory and Hocking, 2011). 

Liveringa Group: 

Conformably overlying the Noonkanbah Formation is the Liveringa Group which deposited from 

continued crustal sag. With a maximum thickness of 435 m, this unit was deposited from the Roadian 

to the Lopingian (Smith et al., 2013). The Liveringa Group consists of interbedded sandstone, siltstone 

and shale, minor coal, conglomerate, limestone and basalt (Brown et al., 1984; Yeates et al., 1984; Mory 

and Hocking, 2011). 

1.2.3.6 Triassic 

Blina Shale: 

Deposited at the onset of the Triassic and unconformably overlying the Liveringa Group (Smith et al., 

2013), the Blina Shale was deposited with accommodation space derived from Permian crustal sag. 

Deposition ceased in the Anisian and the resulting maximum thickness is 403 m. The Blina Shale 

consists of shale, fossiliferous siltstone, sandstone and mudstone (Brown et al., 1984; Yeates et al., 

1984; Mory and Hocking, 2011). 

Erskine Sandstone: 

Unconformably overlying the Blina Shale, the Erskine Sandstone was deposited in the Anisian (Smith 

et al., 2013). With a maximum thickness of 207 m, this unit consists of cross-bedded micaceous 

sandstone with minor siltstone and mudstone. The Erskine Sandstone marks the beginning of what 

could be the largest sedimentation hiatus in the history of the onshore Canning Basin, which continued 

until the Middle Jurassic (Brown et al., 1984; Braun, 1992; Mory and Hocking, 2011). 

Cossigny Member (part of the Mungaroo and Keraudren Formations): 

The Cossigny Member is dominantly limestone and was deposited in the Ladinian during a sea level 

regression (Smith et al., 2013). It is part of the Mungaroo Formation, which consists of sandstone, 

siltstone and claystone with minor conglomerate and was deposited from the Middle Triassic to the 

Norian. The Mungaroo Formation is a stratigraphic unit of the Northern Carnarvon Basin with the 

Keraudren Formation as the equivalent in the offshore Canning Basin. The Cossigny Member marks 

the onset of deposition in the offshore Canning Basin after a 50 Myr hiatus and the beginning of a 80 

Myr deposition hiatus onshore (Middleton, 1990; Smith et al., 2013; Totterdell et al., 2014). 
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Keraudren Formation: 

Found offshore, the Keraudren Formation is mostly sandstone with minor shale and coal deposited from 

the Anisian to the Norian with a maximum thickness of 2000 m. It is often referred to as the Mungaroo 

Formation and represents a period of terrestrial deposition for the offshore Canning Basin and non-

deposition for the onshore Canning Basin (Smith et al., 2013). It may be a potential hydrocarbon source 

and/or reservoir (Middleton, 1990; Nicoll, 2002; Totterdell et al., 2014). 

Bedout Formation (Formerly Bedout Beds): 

The Bedout Formation was conformably deposited over the Keraudren Formation from the Rhaetian to 

the Early Jurassic. There is little information on this formation other than it consists of shales which 

were deposited under a sea level transgression (Smith et al., 2013; Totterdell et al., 2014).  

1.2.3.7 Jurassic 

Depuch Formation: 

The Depuch Formation was initially interpreted as a Pleistocene limestone in the Carnarvon Basin but 

has since been renamed as the Depuch Limestone for that area. The Depuch Formation conformably 

overlies the Bedout Formation and consists of sandstone (in the upper section) and oolitic limestone (in 

the lower section) that formed on a prograding delta from the Hettangian to the Late Jurassic 

(Middleton, 1990; Smith et al., 2013; Totterdell et al., 2014). 

Wallal Sandstone: 

Unconformably overlying the Erskine Sandstone is the Wallal Sandstone which deposited from the 

Pliensbachian to the Kimmeridgian (Smith et al., 2013). It consists of sandstone, siltstone and minor 

conglomerate with a maximum thickness of 500 m. Interfingering this unit is the Barbwire Sandstone, 

which is too thin (34 m) to be detectable in seismic (Brown et al., 1984; Middleton, 1990; Totterdell et 

al., 2014). 

 

 

 

Alexander Formation: 

Unconformably overlying the Wallal Sandstone is the Alexander Formation which was deposited 

during the Tithonian (Smith et al., 2013). It consists of sandstone, interbedded mudstone and minor 

lenses of conglomerate with a maximum thickness of 219 m (Brown et al., 1984; Middleton, 1990). 

Jarlemai Siltstone: 
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Conformably overlying the Alexander Formation is the Jarlemai Siltstone, which was deposited from 

the end of the Jurassic to the Early Cretaceous (Smith et al., 2013).  It consists of laminated siltstone, 

sandy mudstone, limestone and very thin coal seams with a maximum thickness of 238 m (Brown et 

al., 1984; Middleton, 1990). 

Baleine Formation: 

The Baleine Formation was deposited offshore from the Tithonian to the Berriasian (Smith et al., 2013). 

With a maximum thickness of 1000 m, the Baleine formation consists primarily of claystone, 

glauconite, sandstone and siltstone. The true extent of this unit is unknown as it has only been observed 

in drill core but has yet to be intersected onshore. The lack of visibility of this unit may be due to post-

rift uplift that eroded much of the Jurassic strata across both the Roebuck and Canning basins 

(Middleton, 1990; Muller et al., 2005). 

1.2.3.8 Cretaceous 

Broome Sandstone and Mermaid Formation: 

Unconformably overlying the Jarlemai Siltstone, the Broome Sandstone was deposited from the 

Valanginian to the Barremian. It consists of sandstone and minor mudstone and conglomerate with a 

maximum thickness of 300 m (Smith et al., 2013). The Broome Sandstone is the onshore equivalent of 

the Mermaid Formation. Thus, the Mermaid Formation unconformably overlies the offshore Baleine 

Formation (Brown et al., 1984; Middleton, 1990; Stagg et al., 1993). 

Parda Formation and Melligo Sandstone:  

The Parda Formation was deposited from the Albian to the Aptian and consists of mudstone, claystone 

and sandstone (Fig. 1.15). It has a maximum thickness of 120 m and formed laterally with the Melligo 

Sandstone. The Melligo Sandstone is a thin unit with a maximum thickness of 40 m and conformably 

overlies the Broome Sandstone (Smith et al., 2013). These units have no apparent hydrocarbon 

significance, but they contain abundant fossils, particularly bivalves (Middleton, 1990).  

 

 

Emeriau Sandstone: 

The Emeriau Sandstone was assigned by Brown et al. (1984) to be deposited in the Cenozoic but has 

been updated by Smith et al. (2013) to be from the Aptian to the Albian. It consists of poorly sorted 

sandstone and conglomerate with a maximum thickness of 30 m. Although this is a thin layer, it is worth 

mentioning because it is the uppermost sedimentary unit defined in the onshore Canning Basin (Brown 

et al., 1984; Middleton, 1990; Smith et al., 2013). 
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Toolonga Calcilutite: 

Unconformably overlying the Nelsons Rocks Formation (a recently discovered claystone for which 

there is very little information) is the Toolonga Calcilutite that was deposited from the Santonian to the 

Campanian (Smith et al., 2013). It consists of mixed carbonate-siliciclastic limestone (calcilutite), minor 

chert and dolomite with a maximum thickness of 273 m (Middleton, 1990; Stagg et al., 1993). 

Miria Formation (Previously Miria Marl): 

The Miria Formation was deposited during the Maastrichtian (Smith et al., 2013) and consists of shale, 

limestone and calcareous mud with a maximum thickness of 400 m. It conformably overlies the 

Toolonga Calcilutite and is the youngest formation of the offshore Canning Basin. The Miria Formation 

developed in a shallow marine environment during a sea level regression (Middleton, 1990; Stagg et 

al., 1993). 

1.2.3.9 Cenozoic 

There are no significant formations deposited in the Canning Basin during the Cenozoic. The onshore 

Canning Basin consists of numerous discontinuous units during this period whereas the Oobagooma 

Sub-basin hosts undifferentiated calcareous strata and limestone (Smith et al., 2013). The lack of 

defined units may be due to the passive margin setting established from the Cretaceous followed by a 

compressional setting that inhibited sediment accumulation (Middleton, 1990; Keep et al., 2007; 

DiCaprio et al, 2008). The Fitzroy Volcanics are by far the youngest defined unit in the Canning Basin 

and will be discussed in section 1.2.4. 

1.2.3.10 Age constraints 

The Paleozoic stratigraphy of the Canning Basin is poorly age constrained (Middleton, 1990 Cadman 

et al., 1993; Haines, 2009; Mory and Hocking, 2011; Lewis and Sircombe, 2013; Mory and Haines, 

2013; Laurie et al., 2016; GSWA, 2017). This is especially the case offshore as Paleozoic units are 

buried deep beneath Mesozoic units.  The most common method used to define the age of stratigraphic 

units is biostratigraphic analysis. However, there are several issues with this method (Mory and Haines, 

2013; Hilbert-Wolf et al., 2017): 

- The fossils found are often unique to Western Australia, making it difficult to correlate them 

with globally common datasets. 

- Fossil interpretations can be contradictory between studies due to inconsistent distribution of 

conodonts, foraminifera, brachiopods, spore and pollen and large error margins. 

- Sparse wells and large distances between them (especially offshore) makes correlation difficult.  
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The result is an ambiguous geological record where most of the Paleozoic units are not accurately time 

constrained. An alternative to biostratigraphy is radiometric dating of stratigraphic units. Methods used 

in the Canning Basin include potassium-argon (K-Ar) and argon-argon (Ar-Ar) dating of igneous units, 

U-Pb dating of volcanic zircons found in tuffs and maximum detrital zircon ages from provenance 

studies (Fig. 1.16). These methods can be an order of magnitude or more precise than biostratigraphy 

and particularly useful for fossil-barren units. However, there have been very few analyses in the 

Canning Basin as volcanic activity is perceived to be uncommon (Mory and Haines, 2013). There are a 

few K-Ar and fission track dates of igneous units drilled in the onshore and offshore Canning Basin, 

but they have a high uncertainty (Gleadow and Duddy, 1984; Reeckmann and Mebberson, 1984). In 

addition, four maximum depositional age defining detrital zircon ages from sedimentary units and three 

laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) and four chemical abrasion 

isotope dilution thermal ionisation mass spectrometry (CA-ID-TIMS) ages from tuffs were acquired 

(Fig. 1.16; Mory and Haines, 2013). Recently, seven more CA-ID-TIMS dates of zircon from 

Ordovician bentonites were acquired (Normore et al., 2018). These studies shifted the ages of some 

Canning Basin stratigraphic units to reflect a more accurate position in the geological timescale (Nicoll 

et al., 2011; Mory and Haines, 2013; Laurie et al., 2016). Provenance studies via detrital zircon analysis 

have also been useful in determining the sediment source for some of these units. Haines et al. (2013) 

found that Ordovician strata were initially derived from Antarctica and post-Ordovician strata were 

derived from central Australia. 

The better constrained units of the Canning Basin include the Frasnian reef complexes where fossils 

of a variety of species are abundant and can be correlated to other fossils internationally. However, 

there are no radiometric dates for this unit that can provide a precise age. The Permian Light Jack 

Formation (part of the Liveringa Group) on the other hand has the most precise dates in the Canning 

Basin with volcanic zircons analysed by CA-ID-TIMS (Normore et al., 2018). This method has 

achieved a precision of 0.15% but there is limited data. Most strata, especially from the Ordovician, 

have very little age control of any kind. The biostratigraphic record is discontinuous in the Canning 

Basin and there is a single U-Pb SHRIMP date of a volcanic zircon from the Goldwyer Formation 

constraining the Ordovician (Mory and Haines, 2013; Laurie et al., 2016;). The state of radiometric 

geochronology across the Canning Basin is a mix of various methods and requires more dating to obtain 

a comprehensive understanding of geological processes. Zircon geochronology of the Canning Basin 

has been inhibited by several factors including: 

- The rarity of Paleozoic volcanic horizons in Western Australia, which makes locating volcanic 

zircons difficult.  

- The remoteness of the Canning Basin. The nearest testing laboratory is in Perth, which is several 

thousand kilometres away. 
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- Key units do not outcrop. This is especially true offshore as samples are limited by the amount 

of drill core obtained. 

The benefits of improved age constraint for basin strata were demonstrated by Hilbert-Wolf et al. 

(2017). The Rukwa Rift Basin had been dominantly constrained by biostratigraphy, but this study had 

used LA-ICP-MS for both volcanic and detrital zircons acquired from well cuttings to significantly 

enhance the understanding of rifting, volcanism, deposition and hydrocarbon generation of the area. By 

applying the same principles, the same can be done for the Canning Basin. An accurate stratigraphic 

history is important for the Canning Basin because it has the most comprehensive record of Ordovician 

and Silurian deposition in Western Australia, ambiguous volcanism, one of Australia’s deepest 

sedimentary packages and significant hydrocarbon potential. Increasing the precision of unit ages can 

enhance the understanding of volcanism and hydrocarbon generation. Zircon geochronology is an 

essential tool for stratigraphic analysis, which the Canning Basin is severely lacking (Mory and Haines, 

2013; Hilbert-Wolf et al., 2017). 
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Figure 1.16. Paleozoic stratigraphy of the Canning 
Basin with the associated age constraints. Figure from 
Mory and Haines (2013). 
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1.2.4 Volcanic History 

Volcanism in the Canning Basin is ambiguous as most occurrences of igneous rocks have only been 

found in drill core. There is an inverse correlation with extrusive volcanism and magmatic underplating 

across the Northwest Shelf. When underplating occurred, there was little volcanism. This is the case 

with the Canning Basin as there are few volcanic units and several underplating events. When volcanism 

does occur, there appears to be no underplating as observed in the adjacent Browse Basin (Muller et al., 

2005). It is likely volcanic events occurred during phases of continental rifting (section 1.2.2.). This 

rifting may have enabled large volumes of magma and lava to be emplaced on the Northwest Shelf. 

Geophysical studies by Macneill et al. (2018) and Rollet et al. (2019) have measured mafic igneous 

material up to 10 km thick, which could constitute a large igneous province (Rollet et al., 2019). 

One of the most recognised volcanic units in the Northwest Shelf is the Bedout Volcanics.  The 

Bedout Volcanics is a series of Permian dolerite dykes that intruded through the Bedout Sub-basin (of 

the Browse Basin) and possibly the Oobagooma Sub-Basin and Fitzroy Trough during the break-up of 

Gondwana (Totterdell et al., 2014). Middleton (1990) described the Bedout Volcanics as unnamed 

Permian-Triassic dolerite that intrudes Late Devonian to Permian strata. It occurs as dykes, sills and 

laccoliths and could have formed from mantle upwelling initiated by the break-up of Gondwana 

(Middleton, 1990). 

More recently it has been recognised that the Bedout Volcanics have intruded through much of 

the Oobagooma Sub-basin. The Oobagooma High (Fig. 1.17) marks the boundary of the Oobagooma 

Sub-basin and the Roebuck Basin and it may be igneous as it has an associated magnetic anomaly. The 

formation of the Oobagooma High may be related to the Bedout High; the exact mechanism is 

ambiguous but together they form a basin wide structural hinge (Smith et al., 1999; Totterdell et al., 

2014). The Bedout High was considered to have been a meteorite rebound crater but has since been 

shown to be an area of thick crustal underplating and is bounded by faults that developed a basement 

high. Although the Bedout High is in the Roebuck Basin, its associated tectonic event, the Bedout 

Movement, had impacted much of the Canning Basin from the Late Permian to the Early Triassic via 

the initiation of volcanism that formed the Bedout Volcanics. The mafic volcanic unit that caps the 

Bedout High provides a strong seismic reflector that can assist in seismic mapping across the offshore 

Canning Basin (Fig. 1.18; Muller et al., 2005). 
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Figure 1.17. Line AGSO120 11 intersects the Oobagooma High (as indicated). This geological feature 

may have formed from igneous processes. 

Figure 1.18. Line AGSO120 1 intersects the Bedout High (as indicated). This geological feature may 

have formed from igneous processes. 

Literature and well logs do not refer to the Permian intrusions of the Canning Basin as the 

Bedout Volcanics but more generally as mafic volcanics (NOPIMS; WAPIMS). The mafic volcanic 

units of the Canning Basin are likely Permian in age as indicated by Gleadow and Duddy (1984) and 
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Reeckmann and Mebberson (1984) using fission track and potassium-argon (K-Ar) dates (Tables 1.5 

and 1.6). Additional geochemical and petrographic analyses and seismic mapping of the Canning Basin 

mafic volcanic units are needed to determine if they are all comagmatic, from the same source and 

emplaced during Permian rifting (Mory and Haines, 2013).  

Other instances of volcanism in the Canning Basin include dolerite intrusions NE of the Fitzroy 

Trough. These intrusions may have emplaced in the Early Jurassic but the ages may have been derived 

from inaccurate dating (Braun, 1992). Much later in the Miocene, the Fitzroy Volcanics formed as 

lamproites in the Fitzroy Trough and are potentially diamondiferous. The Fitzroy Volcanics are one of 

the Canning Basin’s youngest units, so it may have impacted the strata it had to intrude through to 

extrude on the surface (Playford et al., 2009). 

Igneous intrusions are known to influence the development and status of petroleum systems 

(Augland et al., 2019, Black and Gibson, 2019).  The Ordovician, Carboniferous and Permian sections 

of the Oobagooma Sub-basin host igneous intrusions that may have impacted local petroleum systems 

by either over-maturation or bringing immature source material into the oil window. Heat from the 

intrusion can be effectively transported in water bearing sandstone (such as those of the Grant Group 

for example) by as much as 300 m vertically, so it is likely that an extensive sill could impact Canning 

Basin petroleum systems (Gleadow and Duddy, 1984; Reeckmann and Mebberson, 1984). Igneous 

intrusions intersected in the Perindi-1 and Minjin-1 wells have developed forced folds above them, 

which could be effective hydrocarbon traps if they did not overheat the source material or reservoir.  

These intrusions are a critical risk to petroleum systems elements but their distribution and extent is 

unknown, so their impact remains speculative (Reeckmann and Mebberson, 1984; Smith et al., 1999; 

Holford et al., 2013; Totterdell et al., 2014). 

Paleozoic extrusive igneous rocks are rare in Western Australia, which makes radiometric 

dating a challenge. The Goldwyer Formation has three known tuff beds with one dated (467 ± 6 Ma). 

The Lightjack Formation of the Liveringa Group has several dated tuff beds using CA-ID-TIMS (269 

±0.09 Ma and 270 ±0.4 Ma), which vastly enhanced the age constraint of the Permian section (Laurie 

et al., 2016). There are five K-Ar dates for the igneous intrusions. However, they are not reliable in 

terms of absolute dating but are useful for indicating heating events. There are also several apatite 

fission track dates from intrusions and surrounding strata that are less reliable than the K-Ar dates but 

can be used as indicators for the age of intrusion emplacement (Gleadow and Duddy, 1984; Reeckmann 

and Mebberson, 1984). Igneous intrusions may be related to Permian rifting, but better dating is required 

to confirm this (Mory and Haines, 2013). 
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1.3 Exploration History 

The Canning Basin has had nearly a century of petroleum exploration starting with Walter Okes in 1919 

where a trace of oil was found in a water well. Thus, the search for the illusive “Kimberley Oil Fields” 

had begun (Purcell, 1984). The first commercial exploration initiative was conducted by the Freney Oil 

Company in 1922 that had drilled four wells through a limestone layer that was thought to act as a trap. 

Until 1950, the primary target was Devonian limestones on the flanks of the Fitzroy Trough. From the 

1950’s to mid-1970’s, the Bureau of Mineral Resources (BMR) and the West Australian Petroleum 

(WAPET) were the primary exploration groups in the Canning Basin. The advent of geophysical tools 

such as seismic, magnetics and gravity had allowed for large scale exploration of the Canning Basin, 

which is essential for a vast and remote area. This led to oil shows being found in Ordovician carbonates 

on the Broome Platform and Fairfield Group reef systems. Improvement in seismic acquisition 

technology from the mid 1970’s and onwards had enticed many exploration companies to search the 

Canning Basin for petroleum. The targets derived from the improved seismic imagery include Devonian 

reef complexes, Permo-carboniferous clastics and Ordovician units (Cadman et al., 1993).  

Today there are more than 130 giant and supergiant oilfields globally within Paleozoic 

petroleum systems within basins that are similar to the Canning Basin (GSWA, 2017). Despite nearly 

a century of exploration and the high potential for hydrocarbon accumulations, the Canning Basin 

remains underexplored. This is due to the lack of commercial accumulations, remoteness and size of 

the Canning Basin. At 505,000 km2, the Canning Basin is nearly as large as the state of Texas (which 

is well known for its abundant oil fields) with the nearest city, Darwin, nearly 2000 km away (Purcell, 

1984). Therefore, data acquisition and drilling are a challenge. Existing data can be better utilised. 

Including the 300+ wells drilled across the Canning Basin, there is also ~90,000 km of 2D seismic 

survey profile lines, 950 m resolution regional gravity data and up to 320 m resolution regional 

magnetics data that can be integrated into a 3D model to minimise the amount of new drilling required 

and to enhance the understanding of Canning Basin geology (Kovac et al., 2013; GSWA, 2017). 

1.3.1 Known Petroleum Systems 

Before discussing known petroleum systems in the Canning Basin, the elements/features they consist 

of need to be defined. Petroleum systems elements include (Marshak, 2012): 

- Mature source rock. Organic material that is concentrated into sediment. After burial, the temperature 

and pressure conditions that are required to generate hydrocarbons is known as the “oil “window”, 

which is typically between 100 oC - 160 oC at 4.0 km - 6.5 km depth. 

- Migration pathway. A conduit for hydrocarbons to move up the stratigraphy and away from the source 

rock. This can be a fault plane or permeable fracturing. 
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- Reservoir. Porous and permeable rocks capable of transporting and storing hydrocarbons such as 

porous sandstone. 

- Seal. Impermeable rocks that prevent hydrocarbons from evacuating the reservoir such as limestone, 

igneous units and fined grained sedimentary units. Seals should be higher in the stratigraphy than the 

reservoir unit to contain hydrocarbons. 

-Trap. A combination of reservoir and seal. Traps can be classified into several types: 

- Anticlinal traps have hydrocarbon accumulation in an anticline (Fig. 1.19).        

- Fault traps are where a fault brings an impermeable unit to a reservoir or vice versa to prevent       

hydrocarbon movement (Fig. 1.20).                                         

- Salt dome traps are evaporitic units deformed into dome structures that can accumulate 

hydrocarbons. Salt minerals such as halite are impermeable.                                                                             

- Stratigraphic traps have hydrocarbon accumulations occur under an unconformity where the 

overlying rock is impermeable and the reservoir pinches out. The strata need to be tilted for this 

to be an effective trap. 

Figure 1.19. Force fold anticline intersected by Perindi 1 in line LS111 of the Leveque Shelf M.S.S. 

Permian sills intruded through Permian and Carboniferous strata and caused forced folding of strata 

above (Holford et al., 2013). 
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Figure 1.20. Parallel NW-SE folds displayed in line LF04 of the Lower Fitzroy S.S. NE-SW Mesozoic 

faults that intersect these faults develop box structures that may be effective hydrocarbon traps (Craig 

et al., 1984). 

Despite the work that has been conducted on the Canning Basin, a major hydrocarbon reserve 

is yet to be discovered. However, there exists opportunity. Several Paleozoic petroleum systems have 

been identified onshore, some of which have produced commercial quantities of hydrocarbons (GSWA, 

2017). It is unclear how these petroleum systems extend offshore as there are only six wells and mixed 

quality seismic data to constrain the stratigraphy.  The state of the petroleum systems offshore is so 

ambiguous that the Ordovician section has yet to be drilled or identified (Smith et al., 2013; Totterdell, 

et al., 2014). Therefore, tracing strata from ground-truthed, onshore seismic data to lesser known 

offshore areas can assist in identifying the extent and distribution of petroleum systems offshore. 

1.3.2 Datasets 

Geophysical data integrated with ground truthed support from wells is the fundamental means of 

exploring large areas of buried strata. By mapping the physical properties of various rocks, it becomes 

possible to map their extent and infer their composition. However, without any ground truthing, the true 

properties of the rocks remain speculative. By integrating continuous geophysical datasets with well 

data, it becomes possible to trace known stratigraphic units across large distances. The most important 

geophysical method for mapping strata is using seismic data where rocks several kilometres below the 

surface can be imaged. Due to the sensitivity of seismic acquisition systems and seismic acquisition 
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survey design, seismic data requires extensive processing to suppress noise, cohere seismic reflection 

events and enhance true signals. With the development of new technology comes new opportunities. 

Seismic data that has been collected in the past can be reprocessed with modern techniques, which may 

reveal features that were initially missed or to correct initial observations. Thus, this project integrates 

the latest seismic data with magnetics, gravity and well data for a comprehensive approach to 3D 

modelling. 

1.3.2.1 Seismic Data 

The most effective method for mapping Canning Basin strata is to amalgamate old and new seismic 

datasets from onshore and offshore areas into a unified 3D model (Tables 1.2 and 1.3). The seismic 

surveys acquired on the Canning Basin were implemented to determine petroleum prospectivity and 

enhance the geological understanding of the area. These surveys typically intersect existing wells with 

the intension of not having to drill a new well for ground-truthing. The Canning Basin has both land 

and marine seismic surveys with the differences being that marine surveys have longer lines as vessels 

can travel unimpeded and more data can be obtained. Land surveys tend to be smaller and of lower 

quality but have access to more wells as drilling is easier onshore.  The data from the 1970’s and 1980’s 

have been recently reprocessed to increase their overall quality, so there is much less noise with better 

defined seismic reflectors (NOPIMS; WAPIMS). Most of the Canning Basin’s seismic surveys are 

acquired around the Fitzroy Trough and Oobagooma Sub-basin due to the petroleum potential of these 

areas (Fig. 1.2). Thus, there is a severe lack of data around the Willara Sub-Basin and Broome Platform 

as there are very few seismic lines and wells. Tables 1.2 and 1.3 display the seismic surveys used in this 

study with details on intersecting wells.  

 

 

 

 

 

 

 

 

 



Chapter 1 

39 
 

Survey Year Length 
(km) 

Intersecting 
wells 

Notes 

AGSO Survey 120; 
Southern North West 
Shelf M.S.S. 

1993  4052.5 Hannover South-1 
Lagrange-1 
Wamac-1    

4800 m long streamer with 192 receivers. 
16 second record length with 2 ms sample 
interval. Airgun (1500 cu) source shot 
every 50 m for a 48 fold coverage. Spans 
across all sub-basins. 

F79A  1979 662   Minjin-1 2400 m long streamer, 48 receivers, airgun 
(1450 cu) source, 24 fold. Record length of 
4 seconds with a 4 ms sample interval. 
Magnetic data collected. Acquired on the 
Fitzroy Trough. 

Leveque shelf LS98 
2D MSS 

1998 5115 Kambara-1   
Lacapede-1 
Pearl-1  
Perindi-1  

1500 m long streamer, 120 receivers at 
12.5 m spacing, 60 fold, 4 second record 
length with 4 ms sample rate. Airgun (320 
cu) source. Spans across all sub-basins.  

Offshore Fitzroy 
Graben M.S.S. 

 1988  5090 Lacapede-1 
Wamac-1 

3000 m long streamer, 240 receivers 
spaced 12.5 m. 25m shot point interval, 60 
fold, 6 second record length with 2 ms 
sample rate. Watergun (4800 cu) source. 
Acquired on the Fitzroy Trough and 
Broome Platform. 

Table 1.2. Summary of some marine seismic surveys (M.S.S.) used in this study. 

Survey Year Length 
(km) 

Intersecting well Notes 

F78A S.S. 1979  625 Moogana-1 
Padilpa-1      
Tappers Inlet-1 

200 m streamer, 20 receivers spaced 10 m, 18 
second record length with 4 ms sample rate. 
Three hemi vibrator source. Acquired on the 
Fitzroy Trough. 

L205 Canning 
Coastal Deep 
Crustal Reflection 
S.S. 

2014  705.7 Hilltop-1 1000 receivers. Record length of 20 seconds 
with 2 ms sample interval. Shot interval of 40 
m, 150 fold in 10 m bins. Three hemi 
vibrators. Acquired across all sub-basins. 

Lower Fitzroy 
S.S. 

1967  576 Fraser River-1 
Yulleroo-1 

1610 m streamer, receiver spacing of 67 m. 6 
fold. Acquired on the Fitzroy Trough and 
Broome Platform. 2.2 Kg explosive source. 

Northcliffs S.S.  1974 59   Fraser River-1 175 m long streamer with 36 receivers spaced 
5 m apart. Record length of 6 seconds with a 
sample interval of 4 ms. 24 fold. Three hemi 
vibrator source. Acquired on the Fitzroy 
Trough. 

Waterbank 1982 
S.S. 

1982  2110 Hilltop-1            
East Crab Creek-1 
Fraser River-1 
Yulleroo-1 Ungani-
1  

Three 66.7 m parallel streamers overlapped 
by 50% (total length 123.4 m) with 96 
receivers spaced 2.9 m apart. Record length 
of 20 seconds with a 4 ms sample rate. Three 
hemi vibrator source. Acquired on the Fitzroy 
Trough and Broome Platform. 

Yulleroo South 
2D S.S. 

2010 372.7 Ungani-1 600 receivers of 20 m spacing, 6 second 
record length with 2 ms sample interval. 200 
fold. Three hemi vibrator source with 20 m 
shot spacing. Acquired on the Fitzroy Trough. 

Table 1.3. Summary of some onshore seismic surveys (S.S.) used in this study. 
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1.3.2.2 Drill core and wells 

Since 1922, over 300 petroleum wells have been drilled onshore and only 6 offshore meaning the well 

density onshore is 7/10,000 km2 and 0.8/10,000 km2 offshore. This disparity in the number of wells 

between the onshore and offshore Canning Basin displays the need for more research to be done 

offshore. The onshore data could be utilised to enhance the understanding of the offshore component 

via seismic analysis and well correlation. Compared to other Paleozoic basins globally, the Canning 

Basin is severely underexplored. The average well density for Paleozoic North American basins is 

500/10,000 km2 which is more than seventy times more than the onshore Canning Basin. The wells 

highlighted in this study (Tables 1.4 and 1.5) are important because they intersect volcanics, 

hydrocarbon shows, basement or are stratigraphically significant (Cadman et al., 1993; GSWA, 2017). 
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Well Year Length (m) Oil Notes 
Hannover 
South-1 

2014 5507 No Mafic volcanic unit from 5000 m-5507 m (BOH) within the 
Keraudren Formation. Zircons were acquired but no 
published dates.  Drilled in the Roebuck Basin outboard of 
the Oobagooma Sub-basin. 819.5 m water depth. 

Kambara-1 1982 3150 No Permian (242±40 Ma) igneous intrusion likely below well 
as indicated by fission track dating. Gogo Formation is the 
basal unit. Drilled in the Oobagooma Sub-basin. 23.2 m 
water depth.  

Lacepede-1 1970 2286 No Basal unit is Upper Permian sandstone and siltstone (possibly 
Liveringa Group). Drilled in the Oobagooma Sub-basin. 59 
m water depth.  

Lagrange-1 1983 3260 No Bedout Volcanics intersected from 2800 m-3206 m (BOH) 
within the Keraudren Formation with K-Ar date of 253±3 
Ma. Drilled in the Roebuck Basin outboard of the Broome 
Platform. 145 m water depth. 

Leveque-1 1970 899.5 No Gabbro that is possibly Precambrian basement was 
intercepted from 896.4 m-899.5 m (BOH). Drilled in the 
Browse Basin just north of the Oobagooma Sub-basin. 77 m 
water depth.  

Minjin-1 1984 1850 No Early Permian dolerite sill from 1391 m-1476 m intruded 
through the Grant Group. The Pillara Formation is the basal 
unit. Drilled in the Oobagooma Sub-basin. 21.2 m water 
depth. Reservoir facies present.  

Pearl-1 1983 2203 No Dolerite sills from 2032 m-2052 m and 2144 m-2203 m 
(BOH) intruded through Early Carboniferous shale/siltstone. 
A K-Ar date of 249±2 Ma is from one of the sills but 
remains ambiguous to which one. Drilled in the Oobagooma 
Sub-basin. 18 m water depth.  Reservoir facies and source 
rocks present. 

Perindi-1 1983 1846 Trace Dolerite dyke from 1370 m-1580 m intruded through the 
Grant Formation with K-Ar and fission track dates of 291±
2 Ma and 277±34 Ma respectively with smaller sills above 
and below. The Pillara Formation is the basal unit. Drilled in 
the Oobagooma Sub-basin. 20.12 m water depth. Reservoir 
facies present. 

Wamac-1 1973 2764 Trace Seven dolerite sills distributed from 2246 m-2764 m (BOH) 
throughout the Anderson formation with K-Ar and fission 
track dates of 228±5 Ma and 279±27 Ma respectively of 
the sill intercepted at 2367 m-2471 m. Drilled in the 
Oobagooma Sub-basin. 76 m water depth. Low porosity 
reservoir with no permeability,  

Table 1.4. Summary of some offshore wells used in this study. Length is from the rotary table/Kelly 

Bushing (KB) datum. BOH is base of hole. Dates from Gleadow and Duddy 1984 and Reeckmann and 

Mebberson, 1984.  
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Well Year Length(m) Oil Notes 
Crab Creek-
1 

1987 1778.3 Yes The basal unit is the Fairfield Group. Drilled on the Fitzroy 
Trough-Broome Platform boundary. 5.9 m elevation. 
Reservoir facies present.  

East Crab 
Creek-1 

 1985  2813  No The basal unit is the Carribuddy Formation. Drilled on the 
Fitzroy Trough-Broome Platform boundary. 11.6 m elevation.  

Fraser River-
1 

1956 3091.9 No Dolerite Intrusion in the Fairfield Group from 3061.7 m-
3091.9 m (BOH) with a fission track date of 163±13 Ma. This 
date is recommended as a minimum age and the intrusion is 
likely Permian. Drilled in the Fitzroy Trough. 53.3 m 
elevation. 

Hilltop-1 1987 1770 No Granite that is possibly Precambrian basement was intersected 
from 1737 m-1770 m (BOH). Tuffs are also present at this 
interval. Drilled on the Broome Platform. 31.1 m elevation.  

Moogana-1 1980 2213 Minor Metadolerite that is possibly Precambrian basement was 
intersected from 2105 m-2213 m (BOH). Drilled on the Fitzroy 
Trough. 33 m elevation. Reservoir facies present. 

Padilpa-1 1987 2184.3 No Gabbro Sill intruded through the Laurel Formation from 1791 
m-2184 m (BOH) with a K-Ar date of 336±2 Ma. A related 
sill may also intrude through the Pillara Formation below. 
Drilled in the Fitzroy Trough. 45 m elevation. 

Tappers 
Inlet-1 

1971 2856.28 Trace A metabasalt of possible Precambrian age was intersected at  
2834 m-2856.3 m (BOH). Drilled in the Fitzroy Trough. 19 m 
elevation. Reservoir facies present. 

Ungani-1 2011 3593 Yes The basal unit is the Tandalgoo Formation. Drilled on the 
Fitzroy Trough-Broome Platform boundary. 78 m elevation. 
Source and reservoir facies present. 

Yulleroo-1 1967 4572.3 Minor Detrital zircon date of the Anderson Formation of 351±7 Ma. 
Unspecified Late Devonian sedimentary rocks are the basal 
unit. Drilled on the Fitzroy Trough-Broome Platform 
boundary. 50 m elevation. Reservoir and source facies present. 

Table 1.5. Summary of some onshore wells used in this study. Length is from the rotary table/Kelly 

Bushing (KB) datum. BOH is base of hole. Dates from Gleadow and Duddy (1984), Reeckmann and 

Mebberson (1984) and Haines et al. (2013). 

1.3.2.3 Magnetics 

Magnetics data is a type of potential field data that represents the magnetic signature of an area, typically 

measured in nanoteslas (nT). Magnetics data is measured as a gradient where changes in lithology are 

detected, not the magnetic signal of the rock itself. Thus, topographically flat magnetic bodies may not 

be visible as anomalies. Magnetic anomalies occur in lithologies that contain magnetic minerals such 

as magnetite and pyrrhotite or an abundance of magnetisable metals. Such lithologies include mafic 

volcanics, basement and some metallic deposits (Tucker et al., 1984; Kovac et al., 2013; Brett, 2017). 

Total magnetic anomaly intensity (TMI) map is the measured magnetic signal with the 

International Geomagnetic Reference Field (IGRF) removed (Fig. 1.21). Applying a first vertical 

derivative to the TMI map reduces regional signals but enhances high frequency, near surface signals 

by increasing their amplitude (Fig. 1.22). This assists in identifying shallower magnetic sources. 
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However, it does enhance surface noise. The 80 m magnetic grid does not cover the whole Canning 

Basin, which results in many low-resolution areas (Brett, 2017).  

Figure 1.21. Total magnetic intensity (TMI) map of the Canning Basin (Brett, 2017). This map is used 

to delineate basement structures and identify mafic igneous units. There is a possibility that mafic 

igneous units are represented by the bright red anomalies on the boundaries of the Broome Platform 

and outer edge of the Roebuck Basin. If so, the mafic igneous units intersect potential petroleum systems 

in the Canning Basin. 
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Figure 1.22. First derivative greyscale map of the Canning Basin (Brett, 2017). This map is used to 

delineate basement structures and identify mafic igneous units via rates of change in magnetic intensity. 

1.3.2.4 Gravity 

Gravity data is a type of potential field data that represents the gravitational pull of an area that is 

typically measured in µms-2. Like magnetics, gravity data is measured as a gradient where changes in 

lithology are detected, not the gravitational signal of the rock itself. Thus, homogenous bodies may not 

show internal anomalies. Gravitational anomalies occur at the boundary of rocks with varying densities. 

Lithologies that typically have a relatively high density in basins include igneous units, metamorphic 

units and metallic deposits.   

Data available in the Canning Basin includes an integrated offshore/onshore 400 m resolution 

free air gravity anomaly dataset from 2009 provided by the Geological Survey of Western Australia 

(Brett, 2017).  Additional gravity datasets include Bouguer gravity correction (Fig. 1.23), first vertical 

derivative function (Fig. 1.24), high pass filter (Fig. 1.25) and automatic gain control filter (Fig. 1.26). 

The Bouger gravity correction removes the signal variation produced by elevation and topography from 

the free air dataset. The first vertical derivative enhances near surface/high wavelengths and reduces 

regional/low wavelength signals however, it does amplify surface noise. The high pass filter only allows 

specified wavelengths to remain while muting lower wavelengths. This enhances the signal for intra-

basin features by removing the signal of basement. The automatic gain control filter adjusts the signal 
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such that areas with low variability are amplified and areas with high variability are suppressed. This 

signal equalising function better highlights the continuity of structures, but it does amplify noise in areas 

of low variability (Brett, 2017; http://www.frogtech.com.au/potential-field-enhancements/). 

Combining the potential field datasets with well and seismic data has produced a basement map of 

Australia (Fig. 1.4). This map provides information for basin thickness and boundaries, structure 

geometry and lithological anomalies (de Vries et al., 2007; http://www.frogtech.com.au/potential-field- 

enhancements).  

Figure 1.23. Bouguer gravity with a density correction of 2.67g/cm3. Offshore dataset is the free air 

anomaly dataset. This map is used to delineate basement structures. From FROGTECH and Brett 

(2017). 
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Figure 1.24. First vertical derivative applied to the Bouger gravity anomaly dataset. Offshore dataset is 

the free air anomaly dataset. This map is used to delineate basement structures via rates of change in 

gravity density. From FROGTECH and GSWA. 
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Figure 1.25. A 300 km high pass filter applied to the Bouger gravity anomaly dataset. Offshore dataset 

is the free air anomaly dataset. This map is used to delineate basement structures with the removal of 

lower frequencies below the crust. From FROGTECH and GSWA.  
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Figure 1.26. Automatic gain control filter applied to the BG anomaly dataset. Offshore dataset is the 

free air anomaly dataset. This map is used to delineate basement structures by reducing the variability 

of signal amplitudes. From FROGTECH and GSWA. 

1.4 Knowledge Gaps 

1.4.1 The Canning Basin onshore/offshore transition stratigraphy  

The stratigraphy offshore is poorly constrained with only six petroleum wells and sparse seismic for the 

central and southern regions (Figs. 1.2 and 1.3). In contrast, the stratigraphy onshore has been 

extensively studied, explored and exploited for small quantities of petroleum over many decades. This 

is a problem because it becomes difficult to determine the regional stratigraphy, especially when there 

are structural variations between sub-basins and Paleozoic strata deepen and become obscured in 

seismic data offshore. However, both areas combined contain enough data to constrain seismic 

interpretations for the entire region. The benefit of connecting the offshore/onshore transition is that 

stratigraphic units and petroleum system elements discovered onshore can be traced offshore and vice 

versa. More robust seismic stratigraphic mapping in both areas can improve the geological 

understanding of key Paleozoic units and increase petroleum exploration confidence by making more 

seismic and well data available for both regions (Totterdell et, al, 2014). 
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1.4.2 The boundary of the offshore Canning Basin 

A fundamental piece of knowledge missing is the offshore boundary of the Canning Basin. Maps used 

by Geoscience Australia, the Geological Survey of Western Australia and exploration companies all 

have differing boundaries (Fig. 1.1, intersection of Canning, Roebuck and North Carnarvon basins). 

The implication of this is that some areas of the Northwest Shelf do not have accurately defined depo-

centres, which determine how sediments are deposited (Totterdell et al., 2014). Using seismic, gravity 

and magnetic data to identify structural highs, the boundary can be better defined and thus, improve the 

accuracy of how and where sediments are being deposited. The onshore boundary however is accurately 

defined with airborne geophysical surveys (Kovac et al., 2013) and topography (Purcell, 1984). It is 

more difficult to determine offshore basin boundaries as all structural highs are buried under several 

kilometres of strata and the marine setting make surveys costly and time consuming (Totterdell et al., 

2014). 

1.4.3 Location and extent of petroleum systems elements 

The caveat of interpreting individual geophysical surveys is that it is difficult to gain a regional 

perspective of the underlying geology. The benefit of combining many geophysical surveys from the 

onshore and offshore regions is that there becomes sufficient seismic and drill core data (Figs. 1.2 and 

1.3) that can be integrated into a 3D seismic stratigraphic model. With this model, strata that host 

petroleum system elements can be mapped across the Canning Basin and interpolated to provide a 

continuous, 3D map to assist in future exploration efforts (Tucker et al., 1984; Sopher and Juhlin, 2013; 

Hackney et al., 2015).   

1.4.4 Strata age constraint  

Currently, most Canning Basin stratigraphic units are only constrained by biostratigraphic data. 

Biostratigraphy is an efficient method of obtaining approximate ages based on the presence of 

microfossils such as foraminifera. However, these ages are often not precise. Precise ages for Canning 

Basin strata are imperative to understanding geological systems and hydrocarbon generation from 

source material. A modern method for obtaining empirical dates for strata is to analyse detrital zircons 

via LA-ICP-MS to calculate maximum depositional ages (Yeates et al., 1984; Smith and Mantle, 2013). 

1.4.5 Distribution of igneous units 

The location and extent of igneous units in the Canning Basin is poorly understood (Gleadow and 

Duddy, 1984; Reeckmann and Mebberson, 1984). Igneous rock emplacement mechanisms, timing and 

composition are major features missing from the Canning Basin geological history. Mapping intrusions 

and extrusions to identify their position in the stratigraphy can assist in linking volcanic and structural 

events as well as determining the impact of the added heat on petroleum maturity. Source rocks requires 

a pressure and temperature window, also known as the oil or gas window, to generate petroleum. 
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Igneous intrusions can assist this process by adding the heat required to the source material, but if the 

intrusion is too close it can overcook the source and existing reservoirs such that only gas remains 

(Totterdell et al., 2014). 
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2.1 Introduction 

Gaps in basin research can occur between onshore and offshore domains. This can create a situation 

where on either side of the coastline, seismic data quality, coverage and interpretations are significantly 

different. Hence, integrating seismic data from onshore and offshore regions can provide more holistic 

and rigorous interpretations of basin stratigraphy (Duvail et al., 2005). In the Canning Basin (Fig. 2.1) 

for instance, changes in geology across the onshore/offshore transition are poorly understood. The 

onshore Canning Basin is extensively studied with 345 wells whereas the offshore Canning Basin only 

has six wells, none of which intersect the oldest and potential hydrocarbon bearing Ordovician units 

(Totterdell et al., 2014). Recent acquisition of a coastal seismic survey by Geoscience Australia, has 

linked many coastal wells together and enabled projection of the well-established onshore stratigraphy 

to the understudied offshore domain (Middleton, 1990; Cadman et al., 1993; Haines, 2009; Mory and 

Hocking, 2011; Mory and Haines, 2013; Totterdell et al., 2014; Laurie et al., 2016). 

 The main premise of this research was to improve the understanding of the offshore Canning 

Basin stratigraphy and the intrusive and extrusive igneous units that affect the basin. The geophysical 

approach of this study integrated 24 wells and over 10,000 km of historical 2D seismic data from 

onshore and offshore domains into a regional 3D model. This model facilitated the extension of the 

onshore stratigraphy offshore, by combining a multitude of publicly available datasets. Additionally, 

16 igneous well samples were investigated for their petrography and geochemistry, which are poorly 

constrained geochemically and temporally, hindering the understanding of basin evolution and 

petroleum prospectivity (Middleton, 1990; Cadman et al., 1993; Haines, 2009; Mory and Hocking, 

2011; Lewis and Sircombe, 2013; Mory and Haines, 2013; Laurie et al., 2016). This novel strategy 

involved seismic stratigraphic modelling, petrography and geochemistry to provide new insights into 

the regional geology of the Canning Basin and the onshore-offshore transition, an area that is not 

commonly mapped in basins globally (Duvail et al., 2005).  

Specific aims of this research were to: 

1. Develop a 3D model that seamlessly integrated onshore and offshore 2D reflection seismic and well 

data. 

2. Seamlessly map strata across the onshore/offshore transition. 

3. Map the distribution of igneous units and use a variety of geochemical methods to improve 

understanding of emplacement timing, composition and tectonic environment. 

4. Produce regional cross sections made from interpolated seismic horizons. 
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2.2 Geophysical Methods 

The geophysical methods employed in this study primarily included importing data into a 3D model, 

seismic stratigraphic mapping, interpolation of seismic horizons and development of regional cross 

sections to interpret stratigraphy. This study integrated 24 wells and over 10,000 km of historical 2D 

seismic data (Fig. 2.1) into a seamless 3D model. The 3D model was developed using OpendTect which 

can import, display and manipulate seismic and well data. The initial task was to select suitable datasets 

across the onshore/offshore transition. Despite its frontier classification, the Canning Basin has a 

sizeable amount of seismic data. As of 2017, over 90,000 km of seismic data has been collected on the 

Canning Basin since the 1950’s (Purcell, 1984; GSWA, 2017), most of which are publicly available on 

the NOPIMS and WAPIMS databases. In addition to seismic surveys, wells were selected based on 

depth and intersection of key stratigraphic or volcanic units. Due to the scarcity of wells in the offshore 

Canning Basin, wells from adjacent basins were also used (Fig. 2.1). Seismic surveys intersecting these 

wells were then selected to be part of the model (Fig. 2.1). The L205 Canning Coastal Seismic Survey 

in particular (Fig. 2.1) was essential for mapping the onshore/offshore transition as it spans the majority 

of the Canning Basin’s coastline, is parallel with the offshore Leveque Shelf M.S.S., intersects several 

wells and has imaged the stratigraphy from surface to basement at high resolution. All seismic and well 

data were converted to coordinate system UTM 51S before being imported into OpendTect.  
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2.2.1 Processing Seismic Data 

This research took advantage of decades of processed seismic data freely available on the NOPIMS and 

WAPIMS databases. Due to the high level of processing conducted on these datasets (Fig 2.1), little to 

no processing was required (processing reports can be found in NOPIMS and WAPIMS). The seismic 

data property that required adjustment was the coordinate system to spatially unify all the seismic 

datasets, which was conducted using RadExPro. To import this data into OpendTect, it requires all the 

seismic lines be in the same UTM zone, which in this case is zone 51S. Once the coordinate system 

issues were resolved, the next thing to consider was file size. There was a substantial amount of data 

chosen for this study, including some high-resolution seismic surveys that can cause performance issues 

when all combined in the 3D model. To improve performance, some seismic lines had their resolutions 

lowered and null value areas removed. By implementing this data into a 3D model, this research sought 

to add value to pre-existing data and contribute to de-risking the Canning Basin for exploration. 

Figure 2.1. Seismic and well data used in the 3D model presented in this thesis. Data is overlain on 

basin outlines of the Northwest Shelf with onshore regions represented as darker colours.  
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2.2.2 Seismic Stratigraphy 

2.2.2.1 Importing Data into OpendTect 

The 3D model in which stratigraphic and structural interpretations were made have seismic, well and 

bathymetry data incorporated into an opensource program called OpendTect. OpendTect is designed to 

display seismic and well data in 3D and allows for seismic horizon picking. To import seismic data into 

OpendTect: select ‘Import SEGY’ and choose the SEGY file that has the correct coordinate system and 

the seismic line will then appear in 3D space (Fig. 2.2). Well datasets were imported using a las file that 

can include depth and a suite of downhole geophysical data such as sonic/velocity and density logs, 

which can be used to tie the well to seismic data with respect to time rather than distance (Fig. 2.3; 

Table 2.1). Another critical piece of information is the ‘depth to time model’. The vertical axis for 

seismic data is in the time domain, so the well track needed to be converted from distance to time. This 

information was found in separate files, tables in well completion reports or figures in which the data 

may need to be manually extracted. Unfortunately, many wells did not have these data and could not 

be used in OpendTect. A successfully imported well appears as a ‘well track’ which is a blue vertical 

line (Fig. 2.3). 

 Important to consider is if the time measured in the ‘depth to time model’ is in One-Way 

Travel (OWT) or Two-Way Travel (TWT). If this is not properly defined prior to importing, then the 

well tracks may appear either twice as deep or half as deep as they should. Given the lack of well 

coverage across the study area, tying wells to seismic data is often a more accurate way to project the 

well track, as the synthetic seismogram generated from the well sonic/velocity log is compared to an 

adjacent seismic line and can be readjusted to match the signals.  Additionally, the vertical datum 

needed to be defined as Kelly Bushing (KB) elevation (the elevation the well was drilled plus the height 

of the rotary table). The vertical positioning of wells in areas with large topographical variation may 

introduce errors when analysed with seismic data, but the Canning Basin is mostly flat and close to sea 

level, so no adjustment of the vertical datum for seismic data was required. 

 Once the well tracks are displayed in OpendTect (Fig. 2.3), data can be added to the well 

track itself. This was done through the ‘Survey’ tab and ‘Manage Well’ menu. The most important 

aspect of well data was being able to ground-truth seismic interpretations. Ground-truthing converts a 

seismic horizon interpretation into a mapped stratigraphic unit by comparing lithogical logs to seismic 

data. Lithological logs in well data provided the name and depth of the stratigraphic unit, which has 

associated information including composition, age, maximum thickness, formation history, distribution 

and economic potential. The stratigraphy of the well was found in well completion reports or unique 

files. Lithological information was added in the ‘Edit Well Markers’ menu and the unit names were 

displayed as horizontal markers on the well track (Fig. 2.3). 
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Well  Density  Gamma  Porosity  Potential  Resistivity  
Sonic/ 
Velocity  

Tide to 
seismic  

Bedout 1               
Corbett 1               
Crab Creek 1               
East Crab Creek 1               
Fraser River 1               
Hannover South 1               
Hauy 1               
Hilltop 1               
Kambara 1               
Lacapede 1               
Lagrange 1               
Leveque 1               
Minjin 1               
Moogana 1               
Padilpa 1               
Pearl 1               
Perindi 1               
SD 1               
Tappers Inlet 1               
Ungani 1               
Wamac 1               
Yulleroo 1               

Table 2.1. Summary of usable geophysical logs for each well imported into OpendTect and whether the 

well was tied to seismic data. Green indicates yes and red indicates no. 

 In addition to lithological logs, geophysical logs provided useful information that helped 

with the interpretation of seismic data by providing the physical characteristics of strata. Geophysical 

logs were added to the well track from the ‘Manage Well Menu’ and ‘Import’ from the log submenu 

where sonic/P-wave velocity, gamma, potential, porosity, density and resistivity log data was added 

(Table 2.1). These logs appeared as continuous data along the length of the well track and represent 

physical properties of the rock (as displayed in Figure 2.3 with the onshore well and its resistivity log). 

As Table 2.1 shows, not all wells had a complete suite of geophysical logs and many of those that do, 

are often discontinuous and missing from large sections of the well (see the density well log in Figure 

4.10). For more information on how well ties were performed, see section 5.4.2 of the OpendTect user 

manual. Once all the data was imported, seismic interpretation began. Note: not all interpreted or known 

lithological boundaries will correspond to a seismic reflection event. Only those boundaries that 

correspond to a significant acoustic impedance contrast would be expected to produce a discernible 

reflection. Mapping was conducted by simply levelling the lithological marker perpendicularly to the 
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seismic line and matching the stratigraphic unit with the seismic horizon and drawing a ‘pick’. A ‘pick’ 

is an interpreted line drawn on seismic data to specify the location of the stratigraphic unit. The 

geophysical logs were used to check the interpretation by determining whether the stratigraphic unit 

had the properties that would be typical of that rock. See Figure 4.10 in Chapter 4 that shows the use of 

available geophysical logs to assist in the interpretation of mafic igneous rock and Devonian limestone 

on seismic data. Then, the picks were linked between wells (Fig. 2.3). If the interpretation, well logs 

and well tracks are accurate, then the pick should match the stratigraphic unit of the adjacent well (given 

the well log is accurate). 

 Offshore bathymetry for this study was combined with onshore elevation into a single 

dataset (Fig. 2.2). This data provided the topography of the Canning Basin and adjacent areas. 

Bathymetry revealed surficial trends and anomalies in the geology that assisted seismic interpretations. 

Bathymetry was important for the development of the 3D model as it provided a reference point for 

imported seismic and well data to ensure that the elevation datums were correct and consistent. To 

import bathymetry into OpendTect, the data needed to start as a raster with the correct UTM coordinate 

system. Using an R script, (Appendix G), the raster was converted to points, then into an Ascii file with 

a specified point density. The more points, the higher the bathymetric resolution, but there were 

graphical issues when the resolution was too high. Bathymetry data was imported into OpendTect by: 

select survey, import, horizon and geometry 3D. A depth ‘attribute’ was added to display the data in 

3D space.  
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Figure 2.3. An example of OpendTect visualisation of seismic data that displays seismic stratigraphic 

interpretations across the onshore/offshore transition in the Fitzroy Trough and Oobagooma Sub-

basin with imported wells and horizon picks. 

Figure 2.2. OpendTect display of the Canning Basin’s bathymetry with intersecting seismic lines. 
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2.2.2.2 Seismic horizon mapping 

Most of the Palaeozoic stratigraphic units displayed in Figure 2.3 were mapped continuously across the 

Canning Basin coastal transition from onshore to offshore (Figs. 2.3 and 2.4); including Ordovician, 

Devonian, Carboniferous, Permian and top Mesozoic strata. Anything above the white line and below 

the top reflector are Cenozoic units. Onshore, the Mesozoic sediments are on the surface and did not 

require a horizon pick. These interpretations were ground-truthed using wells that contain stratigraphic, 

lithological and geophysical logs. These logs made it possible to determine the identity of the seismic 

horizons as stratigraphic units. Published works that assisted in the interpretations include a series of 

interpretations of the AGSO seismic surveys by Purcell and Purcell (1994), the stratigraphic columns 

of all the Canning Basin’s sub-basins from Smith et al. (2013) and the figure for an interpreted L205 

Canning Coastal Deep Crustal Seismic Reflection Survey by Hashimoto et al. (2018). Note: Only the 

top horizons of strata with well control were mapped as other reflectors could represent a variety of 

geological features without adequate well control, which is typical for frontier basins such as this. 

  

Figure 2.4. Seismic and well data displayed in OpendTect, illustrating seismic stratigraphic 

interpretations across the onshore-offshore transition. A synform is mapped from onshore to offshore. 

The seismic in the foreground is onshore and the seismic in the background adjacent and behind the 

well ‘Pearl 1’ is offshore. 
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2.2.3 Interpolating Seismic Horizon Picks 

Seismic horizons were interpolated to add to the effectiveness of regional seismic stratigraphic 

interpretations. Interpolation approximates the position of strata where there is a lack of seismic and 

well data. The output of interpolation in this project was a series of 3D sheets that display the location 

and depth of strata continuously across the Canning Basin onshore/offshore transition. A series of tests 

(Fig. 2.5) were conducted in two stages: an initial sparse dataset and a final comprehensive dataset. The 

aim was to determine the best interpolation method that appropriately represents the Canning Basin 

strata.   

2.2.3.1 Method 

The first step was to export the seismic horizon picks from OpendTect as a 2D ascii file with a one-line 

file header containing X/Y coordinates and depth in TWT. The unit that was used to test the 

interpolation method was the Grant Group because it has good coverage across the study area and 

includes high gradients. The interpolation parameters tested were concavity, resolution and 

interpolation technique including spline, triangulation and nearest neighbour, which also have their own 

parameters (Fig. 2.5). Qualitative analysis was conducted on interpolation parameters by observing for 

stitching errors, smoothness, graphical anomalies and connectivity between points. Additionally, the 

interpolated surfaces were bounded by tie-lines of the convex hull encompassing all data locations. 

 Concavity is a statistical function that bounds points into a polygon with ‘n’ sides into a 

‘bounding hull’ (PARK and OH, 2012). The ‘tightness’ of the bounding hull around the points is 

determined by a relative concavity parameter (the lower the number the tighter) that was tested to 

determine the best fit to the data (Fig. 2.5). This function was performed in ‘R’ using the ‘Concaveman’ 

function package with the script in Appendix G. The parameters used were 5, 10 and 100. An optimal 

concavity is one that ensures interpolation occurs within the bounds of the dataset and does not remove 

data within. 

 Interpolation resolution should consider computer hardware limitations. The aim of testing 

this property was to obtain the highest resolution possible without compromising the functionality of 

OpendTect. The horizon picks made in OpendTect consisted of points that include X, Y and depth for 

every trace in seismic data. High resolution seismic surveys can have millions of traces which would 

produce a tremendous number of points to interpolate. The solution was to import the horizon pick into 

Generic Mapping Tools (GMT) that decimated data into grids with ease as well as apply a variety of 

interpolation functions. The grid sizes tested were 125 m, 250 m and 500 m (Fig. 2.5), which reduced 

the number of points to a manageable density. If the lower resolution looked like the higher resolution, 

the lower resolution was selected to further avoid hardware issues and improve data management. If the 
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lower resolution impacted the shape of the interpolated polygon significantly, then a higher resolution 

was selected.  

GMT can implement three types of 

interpolation: spline, nearest neighbour and 

triangulation. Spline is a function that connects 

points using second derivative curves with minimum 

curvature. In 3D space, this formed curved sheets 

that represent spatial trends of the data. The main 

error associated with splines is from exaggerated 

inflection points due to large gradients. To fit the 

points, curves often develop troughs or crests that 

may not be accurate. To constrain these inflections, 

a tension factor was applied to reduce the amplitude 

of interpolated curves. A tension of 0.25 is 

considered optimal for potential field datasets and a 

tension greater than 0.35 is recommended for steep 

topographies (Smith and Wessel, 1990). With 

optimised concavity and resolution parameters 

determined, splines of the Grant Group were 

generated with several tension factors as specified in 

Figure 2.5 using the script from Appendix G. 

Triangulation connects points by fitting the 

maximum number of equilateral triangles possible 

between them (Shewchuk, 1996). Due to the nature 

of triangulation, no additional parameters required 

testing (Fig. 2.5). Nearest Neighbour applies radial searches from points by a designated distance. Points 

found in the search radius have their values averaged between them to be then interpolated (GMT 

tutorial pages). This method is typically used for high-density datasets but was tested in this study 

anyway. The search radii tested were 10,000 m, 50,000 m and 100,000 m. There are large gaps in the 

dataset for this study, so connectivity between points was the main concern for this interpolation 

technique.  

2.2.3.2 Tests 

Concavity: 

 

Figure 2.5. Procedure to determine the 

optimal interpolation parameters. 
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Concavity factors of 100 and 10 interpolated areas where no seismic horizon picks were made. A 

concavity factor of 5 was optimal as it did not interpolate areas outside the seismic horizon picks and 

had the least artefacts.  

Resolution: 

There was very little difference between 125 m resolution and 250 m resolution grids. For simpler data 

manipulation and management, the 250 m grid was selected as the file size is a quarter of the 125 m 

grid. Additional issues with the 125 m grid included significantly increased processing time and 

frequent crashing of OpendTect. Also, the 500 m grid exaggerated high gradient features which made 

it unsuitable. 

Splining: 

The 0-tension spline was a failure as the interpolated sheet did not pass through the seismic horizon 

picks, but rather ramped to the picks. The 0.25 and 0.50 tension factors were similar to each other, but 

showed vast improvement from the 0-tension spline. The most effective tension factor was 0.75, which 

displayed the smoothest interpolation sheet and displayed the seismic interpretations most accurately 

based on known features such as the Bedout High. 

Triangulation: 

The irregularly spaced data in this study was not ideal for triangulation as it developed a blocky 

interpolation that did not accurately display any stratigraphic features. 

Nearest Neighbour:  

The 10,000 m test delivered a disastrous interpolation where almost none of the study area was 

interpolated. This was due to the large scale of the study and the irregularly spaced seismic data. The 

50,000 m test was skipped for the 100,000 m, but 100,000 m was still unsuccessful as there were large 

gaps in the interpolated sheet, which also had a rough, blocky texture. 

2.2.3.3 Summary and Cross Sections 

The interpolation that best represented the Grant Group is displayed in Figure 2.6. The optimal 

parameters that produced this interpolation were: 

- Concavity factor = 5 

- Resolution Grid = 250 m 

- Interpolation technique = Spline with a tension factor of 0.75 
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 Following on from these tests, regional cross sections derived from interpolated horizons 

were made by intersecting ‘false’ seismic lines that span across the study area. The false seismic lines 

were created by manually adjusting the coordinates of a pre-existing seismic line. In OpendTect, all the 

interpolated horizons were set to ‘visible’ and in the 2D viewer of the false seismic line, the intersections 

of all data were displayed. Images were taken from the 2D viewer and brought into Adobe Illustrator to 

be drawn into regional cross sections. The result was a simplified view of the Canning Basin 

stratigraphy based on ground-truthed seismic horizon mapping. 

 

Figure 2.6.  Optimised interpolation of the Grant Group overlain with 2D seismic horizon picks of the 

Grant Group used to make the interpolation. 

2.3 Geochemical Analysis of Igneous Units 

Geophysical interpretations made in the 3D seismic stratigraphic model suggested the igneous units are 

more common than previously thought (Fig. 2.3). Horizon picks made between several wells that 
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intersected mafic igneous units demonstrated they are not small and localised but rather large and 

continuous. To supplement this interpretation, quantitative analyses including major and trace element 

geochemistry, XRF, XRD and Ar-Ar dating of core and cuttings was conducted. Totterdell et al. (2014) 

stated the igneous units in the Canning Basin were understudied and more work was needed to 

understand them. The data from these analyses may contribute to further understanding of the Canning 

Basin’s geological history. See chapter 5 for geochemical results and interpretation. 

2.3.1 Gathering and Processing Samples 

The sampling strategy was to collect as many igneous samples from within and near the Canning Basin 

as possible. Due to no surface exposure of igneous units and low well density in the Canning Basin 

(6/10,000 km2), the number of samples available is limited. Drill core and cuttings were sampled from 

the Western Australia Core Library (Appendix F), but it was found that there were very few igneous 

samples available, which consist of a handful of core trays and several boxes of cuttings (as well as near 

empty vials of sidewall core). There were also strict guidelines as to how much can be sampled 

including one half of available half core and 1 tablespoon for small cuttings samples and 2 tablespoons 

for larger cuttings samples. Overall, 17 samples of drill cuttings and 7 samples of drill core from 14 

wells were sampled and were brought to the James Cook University Mineral Separation Laboratory for 

processing and analysis (Fig. 2.7).  

 

Figure 2.7. Crushed and sieved samples prior to analysis. 
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 To obtain the best results from the drill cuttings, the samples had to be cleaned. The drill 

cuttings were placed into their own separate beakers and mixed with Calgon (a deflocculant) and water 

and placed into a sonic bath to separate the grains. The suspended particles were poured out to remove 

any drilling mud or sediment. This was done repeatedly until the water was clear, then placed in an 

oven set to 70oC to dry. Once the cuttings were dried, the core and cuttings were ready to be crushed. 

The samples were separately crushed using a hydraulic press so they could be broken up and processed 

through a tungsten-carbide disc mill. All samples were milled at 500 µm then sieved to remove grains 

greater than 500 µm. The larger grains were passed through the mill repeatedly until more than 95% of 

the sample was milled to less than 500 µm to reduce bias from harder minerals that were more difficult 

to mill (Fig. 2.7). Between each sample, all the equipment was thoroughly cleaned with ethanol to 

reduce cross contamination.  

2.3.2 Petrography and SEM-EDS 

Pieces of core were made into 30 µm polished thin sections and epoxy pucks for textural analysis and 

mineral identification. Overall, six thin sections from five wells (made by Ingham Petrographics) and 1 

puck from 2 wells were made in the JCU Mineral Separation Laboratory. Thin sections were analysed 

using a petrographic microscope to identify minerals, textures and alteration phases. Images of the thin 

sections were taken in transmitted, polarised and reflected light using a digital camera mounted to the 

microscope. Thin sections and pucks were carbon coated and mounted into an energy dispersive 

spectrometer equipped scanning electron microscope (SEM-EDS) at the Advanced Analytical Centre, 

James Cook University, Townsville, Australia. The SEM-EDS assisted with mineral identification by 

highlighting the relative density between minerals and semi-quantitative spectral mapping of individual 

grains or a user defined area (Appendix E).  

2.3.3 Bulk Rock Geochemistry and XRD 

Cleaned and milled samples were submitted to Bureau Veritas Minerals laboratories, Vancouver, 

Canada, where they were further milled and analysed for major and trace elements. Analyses conducted 

included a combination of coupled plasma mass spectroscopy (ICP-MS) and inductively coupled 

plasma emission spectroscopy (ICP-ES) to measure elements at PPM and PPB resolution. This method 

is described in more detail by Slezak and Spandler (2020). 

 Samples were also sent to the North-West University Centre for Water Science and 

Management laboratory, Potchefstroom, South Africa for X-Ray diffraction (XRD) analysis. The 

samples were requested to be milled at a diameter of 500 µm with a minimum mass of 25g. XRD data 

were collected using a PANalytical X’Pert Pro with a Cu X-ray anode (Kα) that measures diffraction 

angles from 4º - 100º. 
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 Detailed bulk rock geochemistry (Appendix B) and XRD (Appendix D) data can produce a 

‘geochemical fingerprint’ for each sample. Samples with similar fingerprints can be considered the 

same based on their mineralogy and geochemical composition, which can enhance the effectiveness of 

expensive and time-consuming geochronological data. In this case, 39Ar-40Ar geochronology is the most 

viable dating method for mafic igneous rocks, but it can only be reliably conducted on drill core. If drill 

cutting samples have the same geochemical fingerprint as dated drill core samples, the 39Ar-40Ar date 

can also be applied to the drill cutting sample. 

2.3.4 39Ar-40Ar Dating 

Milled core samples were sent to the University of Nevada Isotope Geochronology Lab (NIGL) for 
39Ar-40Ar dating which involved 8 months of analysis. The most precise 39Ar-40Ar dates are produced 

from coarse, unaltered minerals such as plagioclase, K-feldspar, biotite and amphibole. This is because 

the sample must be irradiated in a nuclear bath to be able to measure the 39Ar and 40Ar ratio and the 

finer the sample, the more hazardous the material becomes post irradiation (University of Nevada 

Isotope Geochronology Lab). Alteration in these minerals can result in additional or loss of potassium 

and argon which can tamper with the age of the sample. Thin sections and pucks of core samples helped 

determine the level alteration present and suitability for 39Ar-40Ar dating, which resulted in the Bedout 

1 core sample being excluded for being too altered. To maintain the quality of dates, only core samples, 

with minimal alteration were analysed. Drill cuttings posed many error risks including sample 

contamination from drilling mud or loose material falling in from higher up the well. Groundmass of 

core sample was used for dating and a sample size of 100-500 g was needed to ensure sufficient quantity 

of minerals were present. 39Ar-40Ar data from this study can be found in Appendix C. 

2.4 Summary 

The offshore Canning Basin is an understudied region with a thick sedimentary sequence. The multi-

faceted approach of integrating several well, geophysical and geochronological datasets into OpendTect 

has produced a robust 3D model that can provide regional scale insight into the geological processes of 

the Canning Basin and the Northwest Shelf. Geological units from wells and seismic surveys were 

traced across the basin to develop a regionally consistent understanding of the stratigraphy. What was 

known from the better studied onshore Canning Basin was brought offshore through seismic 

interpretations and ground-truthed with wells across the onshore/offshore transition. This project will 

provide the framework for future exploration outcomes in the offshore and coastal Canning Basin. 
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3.1 Abstract 

The Canning Basin is a prospective hydrocarbon frontier basin and is unusual for having limited seismic 

and well data in the offshore component in comparison to its onshore extent. In this study, seismic 

mapping was conducted to better resolve the continuity of 13 key stratigraphic units in the onshore-

offshore transition zone in order to link prospective hydrocarbon-bearing units offshore, and better 

understand the distribution of mafic igneous units which can compartmentalise migration pathways and 

influence heat flow. The offshore Canning Basin strata are poorly constrained in six wells with limited 

seismic coverage; hence data availability was bolstered by seamlessly integrating data from the onshore 

portion of the basin and adjacent basins into a single 3D seismic stratigraphic model. This seismic 

stratigraphic model integrates over 10,000 km of historical 2D seismic data and 23 exploration wells to 

develop maps of key stratal surfaces (horizons). Mapped seismic horizons were interpolated and made 

into isochores and regional cross-sections to display the location, depth and trends of key strata. Seven 

of the thirteen units were mapped offshore for the first time, revealing that the onshore and offshore 

stratigraphy are similar, albeit with some minor differences, and mafic igneous units are more 

interconnected than previously documented whereby they may constitute a mafic magmatic province. 

These basin scale maps can act as a framework for future research and resource exploration into the 

Canning Basin. Additional well data is needed in the offshore Canning Basin to target yet to be sampled 

Ordovician strata and igneous lithologies to better understand the basin’s geological evolution, tectonic 

history and petroleum prospectivity. 
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3.2 Introduction 

The Canning Basin is a geologically complex Paleozoic basin that spans some 530,000 km2, with its 

offshore component extending onto the North West Shelf in Western Australia (Fig. 3.1: Totterdell et 

al., 2014; DMIRS, 2017; Hashimoto et al., 2018;). The basin preserves one of the deepest (~18 km) and 

relatively continuous packages of Ordovician to Permian strata in Australia (Mory & Haines, 2013) and 

was the centre of a series of continental break-up events (Yeates et al., 1984; Li & Powell, 2001; 

Metcalfe, 2006; Müller et al., 2005; Keep et al., 2007; Li et al., 2008; Matthews et al., 2016). This study 

focusses on the onshore and offshore coastal regions which are divided into two major depocentres; the 

Fitzroy Trough, and its offshore equivalent the Oobagooma Sub-basin, and the Willara Sub-basin, 

which are separated by the Broome Platform. 

 The Canning Basin is one of the worlds most underexplored Paleozoic basins with an 

average of 6 wells per 10,000 km2 compared to U.S. Paleozoic basins that have an average of 500 wells 

per 10,000 km2 (DMIRS, 2017). Thus, the frontier classification remains because the Canning Basin in 

its entirety is still poorly understood (Middleton, 1990; Cadman et al., 1993; Haines, 2009; DMIRS, 

2017). Nevertheless, the onshore part of the basin has proven conventional and potential unconventional 

hydrocarbon prospectivity derived from lower Carboniferous source rocks located within and along the 

margins of the Fitzroy Trough (Kingsley & Streitberg, 2013; Triche & Bahar, 2013; Murray et al., 

2018). However, in the Oobagooma Sub-basin, the offshore extension of the Fitzroy Trough, a 

hydrocarbon accumulation has yet to be discovered, although hydrocarbon indications are present in 

some wells (i.e. Perindi 1 oil, Minjin 1 gas). In the Kidson Sub-basin, large unconventional shale gas 

resources have been evaluated for the Ordovician Goldwyer Formation (Triche & Bahar, 2013), 

whereas its extension into the neighbouring onshore-offshore Willara Sub-basin warrants further study. 

 The Canning Basin is different from its neighbours because petroleum systems are only 

known from Paleozoic strata, rather than the Mesozoic strata from the offshore Roebuck (Bedout Sub-

basin) (Thompson, 2020), Northern Carnarvon (Totterdell et al., 2014) and Browse (Rollet et al., 2016a, 

b) basins. Despite nearly one hundred years of onshore petroleum exploration, only small commercial 

accumulations have been identified in the Canning Basin (Purcell, 1984; Cadman et al., 1993; Jonasson, 

2001) with more recent production coming to fruition from the Ungani oil field since its discovery in 

2011 (Edwards & Streitberg, 2013; Long et al., 2018). Exploration is continuing to prove up the 

Carboniferous tight wet gas resources along the margins of the Fitzroy Trough (e.g., Valhalla, Black 

Mountain Energy, 2022; Yulleroo and Rafael 1, Buru, 2022). 
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Figure 3.1. Topographic map of the study area with terrestrial and marine topography. Seismic and well 

data displayed in this map is incorporated into a seamless 3D model used for basin-scale seismic 

stratigraphic mapping. 

 The Canning Basin has significant stratigraphic variability between its onshore and offshore 

components (Fig. 3.1). Historically, these two parts of the basin have been investigated as separate 

entities due to differences in data acquisition and accessibility for the onshore and offshore sectors, 

which has resulted in different stratigraphic terminology on either side of the coastline (Totterdell et al., 

2014; Hackney et al., 2015), although Smith et al. (2013) attempted some unification. These differing 

stratigraphic histories and levels of understanding are the result of limited geological investigation, 

especially offshore where data from only six wells and vintage seismic data from the 1970’s through to 

2014 (Fig. 3.1) are available. Currently, continuous seismic and stratigraphic correlations of the basin’s 

major stratigraphic units do not exist across the coastline. Mapping strata from onshore to offshore in 

basins globally is commonly problematic due to data scarcity, lack of data near coastlines and focussed 

study areas (Breivik et al., 2005; Duin et al., 2006; Sopher & Juhlin, 2013). The consequence for not 

mapping the Canning Basin onshore-offshore transition is that most onshore strata have not been 

identified offshore, making the overall stratigraphy ambiguous. 

 There are several key questions that mapping of the Canning Basin onshore-offshore 

transition can answer, which includes:  
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1. Reconciliation of the Paleozoic stratigraphic relationships on either side of the onshore-offshore 

transition (Totterdell et al., 2014).  

2. Mapping the offshore extent and depth of potentially prospective Paleozoic petroleum systems.  

3. Mapping the distribution of mafic igneous units and assessing their impact on stratigraphy and 

petroleum systems. 

 Hence, in order to answer these questions, the primary aim of this study is to correlate 

between the onshore and offshore depocentres (Fig. 3.2), with additional aims of synchronising the 

stratigraphy across the Canning Basin and establishing a holistic view of the geology. Although the 

hypothesis is the stratigraphy of the offshore Canning Basin will generally match that of the coastal 

onshore region, it remains to be convincingly demonstrated with the sparse data available. 

 Improving the onshore-offshore stratigraphy of the Canning Basin is important because it 

has the most comprehensive record of Ordovician and, to a lesser extent, Silurian strata in Western 

Australia, ambiguous volcanism, one of Australia’s thickest depocentres, and it possesses significant 

hydrocarbon potential.  
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Figure 3.2. Basement map of the study area and location of basin-scale cross sections. The SEEBASE 

dataset used to create this map was developed by FrogTech (2014) by combining geophysical and 

geological data (de Vries et al., 2007). Basement geometry of the study area significantly differs from 

surface topography. Cross sections are displayed in Figure 3.5. 

3.3 Geological Background 

3.3.1 Recent Studies 

Exploration of the onshore Canning Basin has continued for over 100 years (Purcell, 1984), but the 

offshore component is less understood (Abbot et al., 2019; Orlov et al., 2019; Rollet et al., 2019a). Up 

to the late 1990s, much of the offshore Canning Basin stratigraphy was unnamed and not well defined 

(Sayers et al., 1995). An updated stratigraphic chart has improved this, but the Paleozoic strata is still 

incomplete compared to the onshore stratigraphy (Smith et al., 2013). Recently, Triassic strata have 

been the main exploration target in the offshore Roebuck Basin (Thompson et al., 2018, 2019), but the 
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Paleozoic systems of the Oobagooma Sub-basin are still poorly understood due to a lack of wells and 

seismic data. This lack of data may have resulted in the petroleum systems in the offshore Canning 

Basin being overlooked; however, integration of onshore and offshore data has proven to enhance the 

understanding of the offshore stratigraphy (Amiribesheli & Weller, 2019; Yule & Spandler, 2022a). 

This includes linking the onshore-offshore top Mesozoic boundary from this study with the offshore 

Triassic mapping from Rollet et al. (2019a). 

Recent studies have highlighted the presence of igneous material across the Roebuck and 

Canning basins which presents exploration uncertainty (Orlov et al., 2019; Rollet et al., 2019a; Yule et 

al., 2022). Intrusions can either destroy petroleum systems or mature reservoirs and they can act as 

either pathways or barriers to fluid migration (Kumar et al., 2022). Prospectivity of this region is tied 

to the understanding of mafic igneous rocks and their relationship with surrounding strata (Abbott et 

al., 2019). Once this is better clarified with additional data, the offshore Canning Basin has several 

Paleozoic petroleum systems that could potentially host commercial quantities of hydrocarbons (Ghori, 

2018; Orlov et al., 2019; Rollet et al., 2019a). 

3.3.2 Tectonic History 

The Canning Basin was initiated due to rifting of the Tarim Block from the North West Shelf during 

the Cambrian, which formed crustal weaknesses and initiated an extensional tectonic regime (Li & 

Powell, 2001; Keep et al., 2007; Li et al., 2008). Further extension, referred to as the Carribuddy sag, 

continued from the Ordovician through to the late Carboniferous when new accommodation space was 

generated for sediment deposition in the Canning Basin (Purcell, 1984; Totterdell et al., 2014; Laurie 

et al., 2016). On a larger scale, deformation associated with the Devonian Rodingan Movement resulted 

in extension from the initiation of the Gondwanaland break-up which caused minor folding coupled 

with regional uplift and erosion in the Canning Basin (Craig et al., 1984; Keep et al., 2007). The second 

continental rifting event involved the break-up of the Cimmerian Block from the North West Shelf 

during the early Permian which created a triple junction and formation of the Bedout High (Fig. 3.2; Li 

& Powell, 2001; Müller et al., 2005; Mathews et al., 2016). The Bedout High resulted as a consequence 

of basin-scale uplift, faulting and volcanism in the Canning Basin and adjacent basins (Müller et al., 

2005). Prior to the Middle Triassic, the dominant tectonic regime in the Canning Basin was extensional; 

however, the basin was subsequently deformed due to compression associated with the Fitzroy 

Movement, which caused reverse faults, fault inversion, strike-slip movements and 1-3 km of uplift that 

accelerated erosion in the Canning Basin (Yeates et al., 1984; Totterdell et al., 2014; Laurie et al., 2016). 

Finally, early Jurassic rifting of the Mawgyi Terrane from the North West Shelf formed the Argo 

Abyssal Plain and resulted in the current geometry of the North West Shelf (Yeates et al., 1984; 

Metcalfe, 2005; Müller et al., 2005; Mathews et al., 2016). 
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 Rifting of the Cimmerian Block around the Permian–Triassic boundary may have caused 

rift rebound across the North West Shelf, allowing the continental crust to rise in elevation when 

lithostatic loading from the rifted continent is removed. Elevated crust is more susceptible to erosion, 

so continental rifting can leave erosional unconformities as recorded in the stratigraphy (Houseman, 

1991; Zeyen et al., 1997; Pirajno & Santosh, 2015). Rifting of the Cimmerian Block occurred along the 

shelf edge of the North West Shelf, which left a regional unconformity that can be identified across the 

Canning Basin as the top Paleozoic boundary (Hashimoto et al., 2018). Sea level variation can be ruled 

out as an explanation for the Permian-Triassic unconformity because global sea level was stable during 

this period. Following the rebound, subsidence from rifting and emplaced igneous units provided 

Cenozoic and Mesozoic units the accommodation space to make thicker deposits offshore. The 

thickening of Cenozoic strata could be related to the northwest tilting of the Australian continent, where 

eroded onshore sediments are deposited offshore (Craig et al., 1984; DiCaprio et al., 2009). 

3.3.3 Petroleum Potential of Depocentres 

This study focuses on the two coastal sub-basins of the Canning Basin; the Fitzroy Trough–Oobagooma 

Sub-basin and the Willara Sub-basin, which are separated by the Broome Platform (Fig. 3.1). The 

Fitzroy Trough and its offshore equivalent, the Oobagooma Sub-basin (Fig. 3.1), contain one of 

Australia’s largest depocentres at ~18 km thick (Fig. 3.2). These sub-basins host Ordovician to Triassic 

strata with many unconformities (Yeates et al., 1984) and due to immense depths, many of the petroleum 

systems are overmature. However, onshore petroleum systems along the margins of the Fitzroy Trough 

are shallower and oil generative, with fault bounded structural traps (Brown et al., 1984). The 

Oobagooma Sub-basin is not as well studied as the Fitzroy Trough, but limited data shows that 

Devonian reef complexes have been drilled offshore which could potentially act as stratigraphic traps 

(Totterdell et al., 2014). Petroleum prospectivity of these sub-basins is made complex with abundant 

igneous intrusions that could impact petroleum system quality (Smith et al., 1999; Totterdell et al., 

2014). 

The Broome Platform is located in the centre of the study area and extends onshore and offshore 

(Fig. 3.1). It is a 600 km long and 150 km wide section of uplifted basement orientated NW–SE (Fig. 

3.2; Yeates et al., 1984). It has the shallowest sedimentary package in the Canning Basin with 

thicknesses of the Ordovician, Devonian and Permian strata ranging from 1 km to 2 km (Fig. 3.2; 

Totterdell et al., 2014). The Broome Platform is unique compared to the rest of the Canning Basin 

because despite a long history of extension, subsidence and tectonism in the adjacent sub-basins, it has 

been minimally deformed (Yeates et al., 1984). A ~150 Ma unconformity separates the Ordovician from 

the Permian units on the Broome Platform (Smith et al., 2013) as a result of uplift and erosion from the 

Rodingan Movement in the Devonian (Craig et al., 1984). There are several petroleum plays of varying 

quality on the Broome Platform. Ordovician petroleum systems likely have the most potential as there 



Chapter 3 

85 
 

are known source, reservoir and trap elements and they are shallower on the Broome Platform than in 

neighbouring sub-basins (Bentley, 1984).  

The Willara Sub-basin is the southernmost depocentre of the coastal Canning Basin region and 

is present onshore and offshore, although little is known about the offshore component due to sparse 

seismic data and no well data (Fig. 3.1). Maximum depocentre thickness is estimated to be ~3 km where 

it is dominated by Paleozoic strata (Totterdell et al., 2014). The offshore Willara Sub-basin has 

hydrocarbon potential due to the identification of an Ordovician succession in the seismic data 

(Totterdell et al., 2014). However, like much of the onshore Canning Basin, there is not enough data to 

confirm an effective petroleum system (Totterdell et al., 2014). 

3.3.4 Petroleum Systems 

The Canning Basin is a frontier basin, but it has the potential to host significant volumes of 

hydrocarbons. This study extended the mapping of some prospective onshore units offshore for the first 

time and concentrated on the lesser-known Paleozoic strata to reduce exploration risk in the basin. Due 

to widely spaced, regional scale 2D seismic mapping, it was not in the scope of this project to map 

individual petroleum system elements, such a source, seal and reservoir units, and detail barriers to 

migration pathways from depocentres. Rather, inferences are drawn from the available geological data 

as to the likelihood of source rocks being present in the mapped extents of the 13 units. From this work, 

it is postulated that seven of these Paleozoic units may contain some hydrocarbon potential in the 

onshore–offshore transition including the Nambeet Formation, Goldwyer Formation, Devonian Reef 

Complex, Fairfield Group, Noonkanbah Formation and Liveringa Group. Having said this, it is difficult 

to ascertain the hydrocarbon potential of these units due to the lack of well data and mapped source 

rock quality, which are prerequisites to defining an effective petroleum system. 

Ordovician sedimentary rocks that have organic-rich units intersected in onshore wells include 

the Tremadocian–Floian Nambeet, Dapingian–Darriwilian Goldwyer, and Sandbian Bongabinni 

formations (Ghori, 2018; Hashimoto et al., 2018), where oil and gas shows are most widely attributed 

to the Goldwyer Formation (Edwards et al., 2013). Mapping from this study presents the possibility of 

extending this onshore petroleum system further offshore on the Broome Platform where the top of the 

Goldwyer Formation is ~1500 m (Fig. 3.4c). However, more seismic and well data is needed to 

determine the geometry of the Goldwyer Formation in the offshore Willara Sub-basin, but it is likely to 

deepen from the Broome Platform towards the centre of the Willara Sub-basin depocentre. The Nambeet 

Formation has source potential throughout the Canning Basin, where many samples are interpreted to 

be within the upper oil window (Dent & Normore, 2017). Although gas shows have not yet been typed 

to the Nambeet Formation, gas has been detected in fluid inclusions within this formation in onshore 

wells (Boreham et al., 2020). Therefore, the Nambeet Formation warrants further research, including in 

the coastal study region. Proven source rocks in the Bongabinni Formation are restricted to the Admiral 
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Fault Bay region on the northern edge of the onshore Willara Sub-basin (Haines & Ghori, 2006) and as 

yet, there is no new evidence to support this petroleum system extending offshore. 

Oil has been produced from the onshore Blina field where it presumably originates from 

Devonian marine marls within the northern margin of the Fitzroy Trough (Edwards et al., 2018), and 

hence there is the potential for this petroleum system to extend offshore. The offshore well Minjin 1 

encountered a small gas (mainly methane) anomaly in the Pillara Limestone beneath the Grant Group 

and intruded dolerite. The total organic carbon content of 3 samples from the Pillara Limestone ranges 

from 1.5–2 wt%, but the formation is thermally immature (vitrinite reflectance = 0.4–0.45 %) and 

unlikely to have generated hydrocarbons at this location (Powis, 1984). Hence, the source of gas for 

Minjin 1 is unconstrained, being mostly likely Devonian or older. 

Effective source rocks within the Lower Carboniferous (Tournaisian) Laurel Formation of the 

Fairfield Group, have generated oil and gas within Upper Carboniferous andPermian reservoirs on the 

Lennard Shelf and Fitzroy Trough. Recovery from these oil fields was most productive throughout the 

mid-1980’s and 1990’s and has been declining ever since, with Ungani being the only recent field to 

come into production (Long et al., 2018). Numerous tight wet gas accumulations (e.g. Valhalla, 

Yulleroo) are associated with an unconventional basin-centred gas system within the Fitzroy Trough 

(Kingsley & Streitberg, 2013). Hydrocarbon indications within the offshore well Perindi 1 provides 

evidence that this Lower Carboniferous (and potentially other) petroleum systems extend offshore at 

this location. Perindi 1 intersected oil indications in the Pool Sandstone (833–877 mKB), oil indications 

and bitumen in the Grant Group to Laurel Formation (1771–1778 mKB), and bitumen and minor gas in 

the Pillara Limestone (1778–1801 mKB) (Reeckmann, 1984). The geochemistry of these hydrocarbons 

are variable in their compositions (Esso Australia Ltd, 1984; Core Laboratories, 1989); however, some 

of these hydrocarbons are similar to other Carboniferous-sourced oils in the Canning Basin. Notably, 

these formations are separated by a doleritic intrusion between 1379–1535 mKB in the Grant Group. 

As measured in both Perindi 1 and Minjin 1, contact metamorphism is localised to the section 

immediately above the intrusions; however, increases in regional heat production from cone sheets 

associated with the mafic magmatic province (Yule & Spandler, 2022a) could have thermally matured 

any organic-rich rocks in the Laurel Formation and older Paleozoic rocks (Kennard et al., 1994a, b; 

Yule et al., 2022). 

In the onshore Canning Basin, the mid-Cisuralian Noonkanbah Formation contains organic-

rich mudstones that are marginally mature for hydrocarbon generation in the Fitzroy and Gregory sub-

basins, whereas mudstones and coals in the Roadian–Changhsingian Liveringa Group are immature, as 

is the Lower Triassic (Induan–Olenekian) Blina Shale (Mory and Hocking, 2011). Given that the 

Noonkanbah Formation is more deeply buried under the westward thickening Mesozoic succession 

beyond Kambara 1 and Minjin 1 (Fig. 3.6), there is the potential for Permian sourced hydrocarbons to 
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have been generated in the offshore Canning Basin. Evidence that these petroleum systems are viable 

on the western margin of Australia comes from gas/condensates derived from Permian source units 

within the Petrel Sub-basin, Bonaparte Basin and Perth Basin (Edwards et al., 2018). 

3.3.5 Stratigraphic History 

Sedimentation in the Canning Basin probably began in the Ordovician where it was deposited directly 

onto Archean basement (Yeates et al., 1984), although the recent drilling of the Barnicarndy 1 well in 

the Barnicarndy Graben hints at the possibility of older, perhaps Cambrian, sedimentary rocks overlying 

a Proterozoic Yeneena Basin basement (Forbes et al., 2020; Normore et al., 2021). The Canning Basin 

underwent near continuous Ordovician–Cenozoic deposition within the main Fitzroy Trough 

depocentre, which hosts up to ~18 km of strata (Yeates et al., 1984). Paleozoic stratigraphic units 

examined in this study include the Ordovician Nambeet Formation, Willara Formation, Goldwyer 

Formation, Ordovician–Silurian Carribuddy Group, Devonian Reef Complex, Carboniferous Fairfield 

Group, Anderson Formation and Reeves Formation, and the Permian Grant Group, Noonkanbah 

Formation and Liveringa Group (Smith et al., 2013). Mafic igneous unit distribution and the top 

Mesozoic horizon are also examined. 

 The distribution of Paleozoic units in the Canning Basin can be better understood, especially 

offshore where Paleozoic strata are deeply buried under Mesozoic cover (Middleton, 1990; Haines, 

2009; Mory & Hocking, 2011; Lewis & Sircombe, 2013; Mory & Haines, 2013; Laurie et al., 2016; 

DMIRS, 2017). Paleozoic strata is temporally constrained by biostratigraphy, but there are several 

issues with this method (Mory & Haines, 2013; Hilbert-Wolf et al., 2017), including: reliance on fossils 

endemic to Western Australia make it difficult to correlate with global datasets, contradictory fossil 

interpretations, inconsistent distribution of fossils, with large age error margins, and sparse well 

coverage (Mory & Haines, 2013). Radiometric ages for some Canning Basin units are available (Mory 

& Haines, 2013; Lewis et al., 2013; Laurie et al., 2016); however, additional sampling and seismic 

stratigraphic mapping are required to better resolve the temporal and spatial distribution of strata within 

the offshore part of the basin. 

 Mafic igneous units can be found throughout the Canning Basin, but few have been sampled, 

and their extents have only recently been mapped as part of this study (Yule & Spandler, 2022a). 

Igneous intrusions are known to influence the development and functioning of petroleum systems 

(Augland et al., 2019; Black & Gibson, 2019). Ordovician, Carboniferous and Permian strata in the 

Oobagooma Sub-basin host igneous intrusions that may have impacted local petroleum systems by 

over-maturation, bringing immature source material into the oil window and compartmentalising 

petroleum systems by blocking migration pathways. These intrusions are a critical risk to petroleum 

systems, but their temporal distribution and extent is unknown, so their impact remains speculative 

(Reeckmann & Mebberson, 1984; Smith et al., 1999; Holford et al., 2013; Totterdell et al., 2014). 



C.T.G. Yule 

88 
 

Recent studies have highlighted that the mafic igneous units across the onshore and offshore Canning 

Basin could be interconnected and represent a magmatic province, which could have had a significant 

impact on Paleozoic petroleum systems (Rollet et al., 2019b; Yule & Spandler, 2022a). 

 Further detail on the geological background can be found in Chapter 1. 

3.4 Methods 

To answer this study’s research questions, we conducted seismic stratigraphic mapping across the 

Canning Basin onshore-offshore transition using a 3D seismic stratigraphic model. A model was 

developed from existing 2D seismic data (>10,000 km line length) with stratigraphic well (n=23; Table 

3.1) data acquired across the Canning Basin and adjacent basins. To account for the paucity of offshore 

data, the model was supplemented with well data from the onshore Canning Basin and well data from 

adjacent basins to better constrain the seismic interpretations. Prominent seismic reflectors were 

identified and matched to well logs to assign a common stratigraphic terminology for key units from 

onshore to offshore (Fig. 3.3) using top horizon picks. Additionally, stratigraphic nomenclature was 

checked against the Australian Stratigraphic Units Database (ASUD, 2022), to ensure names and time 

periods for each unit are formalised and up to date. Seismic horizon picks were interpolated into 

continuous 3D sheets representing the location and depth of the stratigraphic units, which were then 

made into maps and regional cross-sections (Figs. 3.2, 3.4, 3.5 and 3.6). 

 The 3D seismic stratigraphic model was developed from numerous datasets including 23 

wells and over 10,000 km of onshore and offshore 2D seismic data (Table 3.1) collected over the last 

few decades and archived in the publicly available National Offshore Petroleum Information 

Management System (NOPIMS, 2022) and Western Australian Petroleum and Geothermal Information 

Management System (WAPIMS, 2022) databases. All the wells within the offshore Canning Basin were 

selected for use in this study; however, many well datasets could not be incorporated into the 3D model 

because they were either not available prior to 2018 at the initiation of the project, or they had either 

incomplete or missing data (such as depth-time models and velocity profiles), which limited the number 

of wells that could be used, as summarised in Table 3.1. The well depths needed to be converted from 

metres to two-way travel (TWT) time which required a depth to time model. Seismic lines were visually 

checked for quality control, then those that directly intersected wells and linked between wells and 

provide reasonable coverage across the study area were chosen (Table 3.1). These seismic surveys have 

been previously reprocessed multiple times since their acquisition and as such, no further reprocessing 

was undertaken and all surveys were brought into the same coordinate system (UTM 51 S) compatible 

with OpendTect (an open source 3D data visualisation and seismic horizon mapping tool) using 

RadExPro. Once all the seismic and well data were imported into OpendTect, the ‘Tie Well to Seismic’ 

function was used to correlate the well data to the seismic data. This function uses sonic and density 
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well logs to generate a synthetic seismic trace for the well, which was then aligned to the nearest seismic 

trace, thereby shifting the length of the well more reliably than an isolated depth-time model. 

 Seismic horizons were interpolated across the study area using a minimum curvature spline 

with a tension factor of 0.75 (Smith & Wessel, 1990). Interpolation produced a series of horizons that 

displayed the approximate location and depth of strata continuously across the Canning Basin onshore-

offshore transition. Interpolated surfaces were bound by the seismic picks they were derived from, 

which ensures the surfaces do not appear in areas with no data. Interpolation was especially useful for 

areas that lacked sufficient seismic and well data for seismic stratigraphic mapping, but the 

interpolations in these areas are less accurate. Interpolated horizon depths are reported in two-way travel 

time (TWT) as a time-depth conversion would introduce errors due to the large size of the study area 

and comparatively sparse distribution of wells. The stratigraphy was summarised from regional cross-

sections that intersected key horizons along the onshore and offshore Canning Basin and from the 

onshore Fitzroy Trough through to the edge of the Roebuck Basin.  

 Further detail on seismic processing, stratigraphic mapping, interpolation and cross-section 

building methods can be found in Chapter 2.  
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Table 3.1. List of seismic surveys and wells used in this study with their respective year of acquisition. 

Seismic surveys Year Wells Year 

AGSO 119 M.S.S. 1993 Barlee 1 1960 

AGSO 120 M.S.S. 1993 Bedout 1 1971 

AGSO 136 M.S.S. 1994 Corbett 1 1994 

Aratoo M.S.S. 1997 Crab Creek 1 1987 

Browse 2001 M.S.S. 2001 East Crab Creek 1 1984 

L205 Canning Coastal S.S. 2014 Fraser River 1 1956 

Dampier Well Tie M.S.S. 1995 Hannover South 1 2014 

F78A S.S. 1979 Hauy 1 1972 

F79A M.S.S. 1979 Hilltop 1 1987 

Lambert Shelf M.S.S. 1980 Kambara 1 1982 

Leveque Shelf M.S.S. 1998 Lacapede 1 1970 

Lower Fitzroy S.S. 1967 Lagrange 1 1983 

Mandora S.S. 1970 Leveque 1 1970 

Northcliffs S.S. 1974 Minjin 1 1984 

Offshore Fitzroy Graben M.S.S. 1988 Moogana 1 1980 

Radii Hill S.S. 1985 Padilpa 1 1987 

Waterbank S.S. 1982 Pearl 1 1983 

Wyla M.S.S. 2001 Perindi 1 1983 

Yulleroo South S.S. 2010 Pittston SD 1 1992 

Zeester M.S.S. 2012 Tappers Inlet 1 1971 
  

Ungani 1 2011 
  

Wamac 1 1973 
  

Yulleroo 1967 
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Figure 3.3. Some of the seismic interpretations used to make interpolated horizons. The horizons 

represent the top pick for each unit and are guided by well and seismic data. These seismic lines are 

labelled in Figure 3.1. All interpretations and full resolution seismic lines can be found in Yule & 

Spandler (2022b) https://doi.org/10.5281/zenodo.5091392. 
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3.5 Seismic Mapping Results 

The results presented herein are derived from a series of ground-truthed seismic horizons of key 

Paleozoic strata across the onshore-offshore transition of the Canning Basin. These seismic horizons 

include the conformable and unconformable tops of each unit to show their shallowest presence and for 

more data rich interpolations.  The interpolated 2D seismic horizon picks are presented as continuous 

surfaces on a series of maps for each stratigraphic unit (Figs. 3.4, 3.5, 3.6 and 3.7). Included with the 

interpolated horizons are the top well intersection depths to provide context for unit depths in metres 

(Table 3.2). The contours represent time in milliseconds two-way travel time (TWT) to maintain 

accuracy of the interpolations as there is insufficient data for a regional scale time-depth conversion. 

The results are presented in stratigraphic order from oldest to youngest (unit ages were extracted from 

the Australian Stratigraphic Unit Database) with the North West Shelf mafic magmatic province (MMP) 

appearing last. The stratigraphy is summarised in three regional cross-sections that run NE-SW onshore 

and offshore, and NW-SE across the onshore-offshore transition (Figs. 3.2 and 3.5). Full extents of the 

mapped units can be found in the supplementary materials (https://doi.org/10.5281/zenodo.7336274, 

Yule et al., 2022). 

Unit Min top well 
Depth (m) 

Max top well 
depth (m) 

Max Thickness 
(m) 

Offshore 
previous 

Offshore 
this study 

Nambeet Formation - - 800   

Willara Formation - - 838   

Goldwyer Formation - 1418 750   

Carribuddy Group 953 2690 1591   

Devonian Reef Complex 1549 2683 ~1800   

Fairfield Group 1263 2052 900   

Anderson Formation 1060 1990 1800   

Reeves Formation 620 1853 2000   

Grant Group 219 2071 2500   

Noonkanbah Formation 240 948 650   

Liveringa Group 560 713 435   

Mesozoic 44 845 -   

Mafic Igneous Units 328 5000 Up to 10000   
Table 3.2. Summary of top well depths for each unit in this study and the maximum thickness of each 

unit as described in the Australian Stratigraphic Units Database (ASUD, 2022). Offshore previous 

(Smith et al., 2013) and offshore this study columns show whether the unit was identified (green) or 

unknown (red) in the offshore Canning Basin. 
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Figure 3.4. Interpolated horizons with well intersections of the: A) Nambeet Formation, B) Willara 

Formation, C) Goldwyer Formation, D) Carribuddy Group, E) Devonian Reef Complex and F) Fairfield 

Group. Contours display elevation changes every 500 ms in two-way travel time (TWT) and well depths 

are in metres. Contours and well depths display the top intersections of each respective unit. These 

horizons represent the mapped extent of each unit, not the entire extent across the basin. 
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Figure 3.5. Regional cross-sections of the study area developed from interpolated horizons. The hatched 

pattern represents the potential location of the Grant Group where attenuation from the mafic igneous 

unit has impacted imaging. The vertical axis is consistent across all three cross sections. Cross section 

locations are displayed in Figure 3.2. 
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3.5.1 Ordovician Units 

3.5.1.1 Nambeet Formation (Tremadocian – Dapingian) 

The Nambeet Formation is predominantly sandstone and is the lowest stratigraphic unit in this study. It 

was mapped in the onshore Canning Basin along the coastline (Fig. 3.4a) with time ranges of 963–6215 

ms in TWT, with the shallowest sections on the Broome Platform and Willara Sub-basin and deepest 

section in the Fitzroy Trough. Trends include along-strike horizon deepening from the Broome Platform 

into the Fitzroy Trough, flattening in the middle of the Fitzroy Trough, then becomes shallower along 

strike towards the Kimberly Block (Fig. 3.5a). When imaged, the Nambeet Formation has a relatively 

strong seismic signal compared to other Ordovician units (Fig. 3.3a), but it was difficult to map due to 

thick cover, well data being absent offshore and poor seismic quality in some areas. Hence, the limited 

coverage across the study area. The bottom of this unit was differentiated from crystalline basement 

using previous interpretations (AGSO, 2001; Hashimoto et al., 2018), the basement map (Fig. 3.2) and 

identification of deeper reflectors (Fig. 3.3a), but the limited coverage prevents reliable thickness 

estimates. Due to the lack of well data and quality of offshore seismic data, the crystalline basement 

could not be reliably mapped in seismic data, but the basement map (Fig. 3.2) provides an estimate of 

its geometry. 

3.5.1.2 Willara Formation (Floian–Dapingian) 

For the first time, the carbonate dominated Willara Formation was mapped across the onshore-offshore 

transition in the Canning Basin (Fig. 3.4b; Yule & Spandler 2022b: Supplementary material A: 

OffshoreFitzroyGrabenJN88_01). Time ranges are 754–5365 ms (TWT) with the shallowest and 

deepest portion in the offshore Canning Basin and Fitzroy Trough, respectively. This formation is the 

most widespread Ordovician unit and appears flat in the offshore Canning Basin and Broome Platform, 

but rapidly steepens along strike into the Fitzroy Trough. Onshore, it has a uniform thickness of ~500 

ms (TWT) but rapidly thins towards the centre of the Willara Sub-basin (Fig. 3.5a). There is not enough 

offshore coverage to determine thickness trends because the crystalline basement and Nambeet 

Formation are not properly imaged. 

3.5.1.3 Goldwyer Formation (Darriwilian) 

Another unit mapped from onshore to offshore in the Canning Basin for the first time is the mixed 

siliciclastic-carbonate Goldwyer Formation (Fig. 3.4c). The Goldwyer Formation time range is 850–

4702 ms (TWT), shallowest in the offshore Canning Basin and deepest in the Fitzroy Trough. It has 

similar seismic characteristics, dip and geometry to the Willara Formation except that it is shallower, 

covers a smaller extent and is thinner with a mostly consistent onshore thickness of ~350 ms (TWT) 

(Fig. 3.5a).   
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3.5.1.4 Caribuddy Group (Darriwilian – Rhuddanian) 

The Carribuddy Group is the uppermost Ordovician unit and was mapped offshore for the first time 

during this study (Fig. 3.4d). It consists of halite, mudstone and dolostone facies. The mapped time 

ranges for this unit are 673–4356 ms (TWT), with the shallowest part in the offshore Broome Platform 

and deepest in the Fitzroy Trough. The mapped extent, seismic characteristics, thickness (~350 ms 

TWT) and dip of the Carribuddy Group are very similar to the Goldwyer Formation but is a little 

shallower (Fig. 3.5a).  

3.5.2 Devonian Reef Complex (Frasnian – Famennian) 

This Devonian Reef Complex unit is an aggregation of all the limestone and carbonate units deposited 

during the Devonian, which is now mapped across the Canning Basin onshore-offshore transition (Fig. 

3.4e). The units that make up the Devonian Reef Complex include the Mellinjerie Limestone, Gogo 

Formation, Sadler Limestone, Pillara Limestone and Nullara Limestone. These units were aggregated 

together because they were not distinguishable in the seismic data. The time range for the top of the 

Devonian Reef Complex is 687–3966 ms (TWT), with the shallowest parts on the flanks of the Fitzroy 

Trough and is deepest within the Fitzroy Trough. In this study area, the Devonian Reef Complex is only 

found near the boundary of the Fitzroy Trough and the northern Oobagooma Sub-basin, but not in the 

centre of the Fitzroy Trough. The distribution of the Devonian Reef Complex splits this unit into 

northern and southern depocentres that have differing spatial trends. The southern component sharply 

deepens along strike into the Fitzroy Trough and both depocentres appear flat further away from the 

Fitzroy Trough. The thickness of this unit is highly variable with a maximum thickness of ~1100 ms 

(TWT) in the southern part of Fitzroy Trough (Fig. 3.5a). The Devonian Reef Complex also has unique 

seismic characteristics including high amplitude reflectors relative to surrounding siliciclastic rocks and 

the appearance of large carbonate mounds (Yule & Spandler 2022b: Supplementary material A: 

F78A_02). 
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Figure 3.6. Interpolated horizons with well intersections of the: A) Anderson Formation, B) Reeves 

Formation, C) Grant Group, D) Noonkanbah Formation, E) Liveringa Group and F) Top Mesozoic. 

Contours display elevation changes every 500 ms in two-way travel time (TWT) and well depths are in 

metres. Contours and well depths display the top intersections of each respective unit. These horizons 

represent the mapped extent of each unit, not the entire extent across the basin. 
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3.5.3 Carboniferous Units 

3.5.3.1 Fairfield Group (Famennian – Tournaisian) 

The Fairfield Group is the lowermost Carboniferous unit in the study area and is mapped across the 

Fitzroy Trough and Oobagooma Sub-basin (Fig. 3.4f). It consists of units with mixed siliciclastic-

carbonate composition. Its time ranges from 688–3062 ms (TWT) where it is shallowest on the 

boundary of the Fitzroy Trough and deepest on the eastern most section of the Fitzroy Trough and 

western most section of the Oobagooma Sub-basin. The Fairfield Group is generally deeper along the 

axis of the Fitzroy Trough but there is a shallow anomaly <1000 m depth that disrupts this trend (Fig. 

3.4f) and has a maximum thickness of ~500 ms (TWT) but is varied (Fig. 3.5a). It also does not have 

the most prominent seismic reflectors with lower amplitude signals than other units (Fig. 3.3c) hence, 

interpretations were supported by well data. 

3.5.3.2 Anderson Formation (Tournaisian–Serpukhovian) 

The Anderson Formation is a mixed siliciclastic-carbonate unit with a higher proportion of sandstone, 

siltstone and shale and was found only within the Fitzroy Trough of the onshore Canning Basin (Fig. 

3.6a). It has a time range of 549–2511 ms (TWT) with the shallowest part on the southern end of the 

Fitzroy Trough and deepest part on the east section of the Fitzroy Trough. The mapped extent of the 

Anderson Formation is small compared to some of the other units in this study, but the general trend of 

this unit is that it deepens up-dip in the Fitzroy Trough. It has a maximum thickness ~350 ms (TWT) 

but is generally thinner (Fig. 3.5a). This unit was difficult to identify due to its weak seismic signal (Fig. 

3.3a) and it may be present in other areas of the Canning Basin. 

3.5.3.3 Reeves Formation (Serpukhovian–Asselian) 

Identified across the onshore-offshore transition (Fig. 3.6b), the sandstone dominated Reeves Formation 

is the uppermost Carboniferous unit in this study. With a time range of 435–2684 ms (TWT), the 

shallow areas are found in the southern Fitzroy Trough and deep areas in the Oobagooma Sub-basin. 

The Reeves Formation gently deepens down-dip onshore, but steeply deepens downdip into the offshore 

Canning Basin. It has a maximum thickness of ~550 ms (TWT) on the north-eastern end of the Fitzroy 

Trough but rapidly thins towards the Broome Platform (Fig. 3.5a). Similar to the Anderson Formation, 

the Reeves Formation has weak seismic reflectors (Yule & Spandler 2022b: Supplementary material A: 

YullerooSouth_11) that made mapping difficult, but the offshore well Pearl 1 made it possible for 

offshore mapping. 
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3.5.4 Permian Units 

3.5.4.1 Grant Group (Asselian–Sakmarian) 

By far the thickest unit in this study, the Grant Group is mapped across the onshore Canning, offshore 

Canning, Browse, Roebuck and Northern Carnarvon basins (Fig. 3.6c). It consists of several units 

composed of sandstone, siltstone, mudstone and minor conglomerate. The Grant Group has a large time 

range where the top of the unit varies between -278–8074 ms (TWT), where it is above sea level further 

inland of the Canning Basin and deepest in the Roebuck Basin near the Argo Abyssal Plain. It is also 

thick, reaching up to ~1000 ms (TWT); however, it may be thicker in the Roebuck basin, but the lower 

boundary is unclear (Fig. 3.5c). The Grant Group has two regional trends: the first is a shallow dip in 

the Canning Basin that causes the Grant Group to deepen down-dip and secondly, it is steeply dipping 

in the Browse and Roebuck basins where the Grant Group rapidly deepens down-dip. There are more 

subtle trends including being found deeper in the Fitzroy Trough than in the rest of the Canning Basin 

and an anomaly in a depocentre southeast of the Bedout High. Also, the Grant Group is not present 

where the Bedout High is prominent and on shallower parts of the Browse Basin. The Grant Group can 

be easily identifiable in seismic data because of its strong reflectors and the top boundary is often 

marked by a regional scale unconformity where Mesozoic strata unconformably overly (Fig. 3.3a).  

3.5.4.2 Noonkanbah Formation (Sakmarian–Kungurian) 

The Noonkanbah Formation is a siliciclastic unit with grain sizes varying from conglomerate to 

mudstone. It has not previously been mapped offshore but is now mapped across the Fitzroy Trough 

and Oobagooma Sub-basin (Fig. 3.6e). The top of this unit has a time range between 65–1734 ms (TWT) 

where it is shallowest south of the Fitzroy Trough and deepest in the Oobagooma Sub-basin. The 

maximum thickness reaches ~350 ms (TWT) but is highly variable and often much thinner (Fig. 3.5c). 

The Noonkanbah Formation is split into three major parts and a minor part in a small depocentre 

offshore (Fig. 3.6e). This formation is relatively flat but is steeper down-dip in the southern-most part. 

The Noonkanbah Formation does not have the strongest reflectors but has been drilled by several wells 

which has assisted mapping. It is often absent above the Grant Group (Yule & Spandler 2022b: 

Supplementary material A: LowerFitzroy04) which is likely due to erosion as marked by a regional 

unconformity (Fig. 3.5). 

3.5.4.3 Liveringa Group (Roadian–Changhsingian) 

Similar to the Noonkanbah Formation, the Liveringa Group is now mapped offshore across the Fitzroy 

Trough and Oobagooma Sub-basin (Fig. 3.6e). The Liveringa Group is compositionally a little different 

from the Noonkanbah Formation, consisting of sandstone, siltstone and shale. The Liveringa Group is 

slightly shallower at 118–1569 ms (TWT) time where it is shallowest at the boundary of the Fitzroy 

Trough and deepest towards the centre of the Oobagooma Sub-basin. The maximum thickness is ~300 
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ms (TWT) but it is often much thinner (fig. 3.5c). Erosional unconformities (Figs. 3.5a and 3.5b) and a 

small depocentre offshore (Fig. 3.5c), has split this unit into two major parts that gradually become 

deeper downdip towards the centre of the Oobagooma Sub-basin (Fig. 3.6e). Seismic characteristics 

and trends of the Liveringa Group are similar to the Noonkanbah Formation, but it is not found on the 

southern Fitzroy Trough. 

3.5.5 Mesozoic  

The top Mesozoic horizon is found across the offshore Canning, Browse, Roebuck and Northern 

Carnarvon basins and represents the surface of the coastal onshore Canning Basin (Fig. 3.6f). It is 

shallowest near the coastline and deepest towards the Argo Abyssal Plain with a time range of -71.6 to 

4353 ms (TWT). The Top Mesozoic horizon has a very low dip in the down-dip direction in the offshore 

Canning Basin and southern Browse Basin, but the dip increases at a consistent rate further offshore 

(Fig. 3.5c). Offshore, the top Mesozoic horizon is identifiable from high amplitude reflectors and 

unconformities and because it is shallow, the reflector is higher resolution than lower units (Yule & 

Spandler 2022b: Supplementary material A: AGSO119_12). Intersections of several offshore wells 

greatly assisted with mapping (Fig. 3.6f). The maximum thickness measured in this study ~1500 ms 

(TWT). This large thickness value is due to the addition of the many Mesozoic strata that comprise this 

unit. Strata above the Mesozoic horizon are Cenozoic and found exclusively offshore because it is likely 

Cenozoic strata were eroded from the onshore Canning Basin and deposited offshore. 

3.5.6 Mafic Igneous Units 

A suite of mafic igneous rocks consisting of several units, comprise the North West Shelf MMP. The 

mafic igneous units were mapped continuously across the onshore Canning, offshore Canning, Browse, 

Roebuck and Northern Carnarvon basins (Fig. 3.7). The time range of the North West Shelf MMP is 

172–5865 ms (TWT) where it is shallowest on the southern Browse Basin and northeast Northern 

Carnarvon Basin and deepest towards the Argo Abyssal Plain. The maximum thickness of the mafic 

lava delta system in the Roebuck Basin is ~3700 ms (TWT) (Fig. 3.5c). This thickness is consistent 

with other studies including MacNeill et al. (2018) and Rollet et al. (2019b). The thickest section that 

has been drilled is ~500 m from the Hannover South 1 and Anhalt 1 wells in the Roebuck Basin where 

they have been broadly described as ‘weathered volcanics’ in the well completion reports. Samples of 

mafic igneous units across the study area confirm that these rocks are either intrusive dolerites or 

extrusive basalts and mostly consist of plagioclase, pyroxene and magnetite (Yule & Spandler, 2022a). 

Generally, the North West Shelf MMP is flat onshore and near the coastline and the dip steepens down-

dip. However, it is anomalously deeper in the Fitzroy Trough, shallower on the Bedout High, and absent 

on the Broome Platform. Mafic igneous units are easily identifiable from seismic reflectors that are 

often much stronger than the surrounding sedimentary rocks and feature strong signal attenuation below 

(Fig. 3.3; Yule et al., 2022).  
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Figure 3.7. Interpolated horizon of the North West Shelf mafic magmatic province displaying its depth 

(Yule & Spandler, 2022a). Contours display elevation changes every 500 ms in two-way travel time 

(TWT) and well depths are in metres. The purple line represents the transition from intrusive dolerites 

in the Canning Basin to extrusive basalts in adjacent basins. Contours and well depths display the top 

intersections of each respective unit.  

3.6 Discussion 

3.6.1 Stratigraphy 

Of the 13 units mapped in this study, only four have been previously mapped offshore (Smith et al., 

2013). This study includes the first offshore mapping for seven of these units in published literature, 

totalling 11 units mapped offshore and leaving only two units unidentified in the offshore domain (Table 

3.2). The absence of Paleozoic strata offshore (Smith et al., 2013) gave the appearance that the Canning 

Basin offshore stratigraphy was significantly different from the onshore stratigraphy. Regional 

stratigraphic changes from onshore to offshore are summarised in Figures 3.8 and 3.9 from the regional 
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mapping. From these results, we demonstrate the stratigraphy across the Canning Basin onshore-

offshore transition is similar (Figs. 3.4, 3.5, 3.6, 3.7, 3.8 and 3.9), but there are some differences. 

Generally, strata offshore are deeper than they are onshore (Figs. 3.4, 3.5a and 3.6). Offshore, 

Ordovician units are found on the Broome Platform but they are absent in the Oobagooma Sub-basin 

(Fig. 3.4), whereas all of the younger units (except the Anderson Formation) are interpreted in the 

Oobagooma Sub-basin but they are mostly absent from the Broome Platform (except for the Grant 

Group and Top Mesozoic units) (Figs. 3.4 and 3.6). Onshore in the Fitzroy Trough, most sedimentary 

sequences from the Ordovician through to the Cretaceous are visible in the Coastal Canning Basin Deep 

Reflection Seismic Survey (Fig. 3.3a). However, offshore Ordovician–Devonian units are mostly absent 

(Fig. 3.5b), which could be due to attenuation by thick mafic igneous units (Yule et al., 2022), tectonism 

or the quality of the offshore seismic data (Figs. 3.4, 3.5 and 3.6). Higher quality seismic data is needed 

to better confirm the positioning of strata more extensively across the offshore Canning Basin. With the 

data available and results presented herein, we discuss notable stratigraphic features, changes and trends 

across the study area ordered from oldest units to youngest. 

Ordovician units are laterally continuous across the onshore Canning Basin as seismic 

stratigraphic mapping from this study indicates (Figs. 3.3a and 3.5a). Previous studies have not included 

Ordovician units in the Fitzroy Trough (Fig. 3.8; Mory & Hockey, 2011; Hashimoto et al., 2018), but 

Smith et al. (2013) suggested that they may be present. This study provides the first maps of Ordovician 

units found in the offshore Canning Basin (Figs. 3.4 and 3.5b). Ordovician units found in the offshore 

Willara Sub-basin and Broome Platform are near the coastline, thin and disappear towards the 

Oobagooma Sub-basin (Figs. 3.4a, 3.4b, 3.4c and 3.4d). These trends could be a result of a variety of 

factors including: an unconformity that eroded Ordovician strata outside the mapped horizons, poor 

seismic data quality that fails to image Ordovician units in deep depocentres such as the Oobagooma 

Sub-basin (Figs. 3.5b and 3.9) or strong seismic signal attenuation caused by overlying mafic igneous 

units which prevents deeper imaging (Sun et al., 2010; Cortez et al., 2016; Eide et al., 2017). It is likely 

a combination of poor seismic data quality and attenuation from mafic igneous units have prevented 

further mapping of Ordovician strata. Seismic surveys such as the Coastal Canning Basin Deep 

Reflection Seismic Survey (Fig. 3.3a) were acquired to image deep strata at high resolution and 

successfully imaged Ordovician units in the study area. Thus, Ordovician units may be present in the 

Oobagooma Sub-basin and other parts of the Canning Basin but have yet to be imaged or drilled. 
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Figure 3.8. Comparison of basin scale Paleozoic chronostratigraphy of Mory and Hocking (2011) with 

the onshore cross section presented in this study (Figs. 3.2 and 3.5a). The highlight is the addition of 

Ordovician units within the Fitzroy Trough. The grey Paleozoic units were not mapped in this study 

because they were either not; resolvable in seismic data, appeared in enough well logs or prominent in 

other mapping studies. 
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The Canning Basin is famous for its Devonian reef systems and there are many carbonate units, 

including the Mellinjerie Limestone, Luluigi Formation, Clanmeyer Siltstone, Gogo Formation, Pillara 

Sequence, Virgin Hills Formation and Nullara Sequence (Smith et al., 2013). For simplification, these 

units were grouped together and mapped as the ‘Devonian Reef Complex’ in this study. The Devonian 

Reef Complex is present throughout the Fitzroy Trough but appears to pinch out with shallowing 

basement near the coastline in the Oobagooma Sub-basin (Figs. 3.4e and 3.5c) and towards the Broome 

Platform (Figs. 3.4e and 3.5a). The Devonian Reef Complex consists of major unconformities on both 

upper and lower boundaries in the Willara Sub-basin and Broome Platform (Figs 3.4, 3.5 and 3.6; Smith 

et al., 2013). This is likely due to the Rodingan Movement (Craig et al., 1984; Keep et al., 2007) and 

Cimmerian Block rifting (Li & Powell, 2001; Müller et al., 2005; Mathews et al., 2016) tectonic events 

preceding and following deposition respectively. From stratigraphic relationships surrounding the 

Devonian Reef Complex, three broad Paleozoic mega sequences can be delineated into Ordovician, 

Devonian and Carboniferous-Permian groupings derived from regional scale unconformities.  

Carboniferous units, including the Fairfield Group, Anderson Formation and Reeves 

Formation, are only present in the Fitzroy Trough and Oobagooma Sub-basin (Figs. 3.4f, 3.6a and 3.6b). 

This is a consequence of sag subsidence that deepened the basement of these areas to create 

accommodation space for these units to deposit and erosion that caused unconformities outside the 

Fitzroy Trough (Keep et al., 2007). Carboniferous units meet unconformities at the edges of the Fitzroy 

Trough and Oobagooma Sub-basin (Figs. 3.5a and 3.5b) but due to poor seismic quality offshore, it is 

unclear how these units interact with other strata towards the Roebuck Basin (Fig. 3.5c). 

The Permian Grant Group is the only stratigraphic unit present throughout the entire study area 

(Fig. 3.6c). Mapping of the Grant Group demonstrates the continuity of strata across the onshore and 

offshore Canning Basin. The lower boundary of the Grant Group has a consistent unconformity across 

the Canning Basin that ranges from ~80 Ma to ~7 Ma (Smith et al., 2013) likely due to erosion caused 

by the Cimmerian Block rift (Li & Powell, 2001; Müller et al., 2005; Mathews et al., 2016). The upper 

Permian units mapped in this study, the Noonkanbah Formation (Fig. 3.6d) and Liveringa Group (Fig. 

3.6e), are only found in the Fitzroy Trough and Oobagooma Sub-basin. These two units are preserved 

in sag structures and the upper boundary appears to be strongly eroded by the Permian-Triassic 

unconformity caused by the Fitzroy movement (Fig. 3.5; Yeates et al., 1984; Totterdell et al., 2014; 

Laurie et al., 2016).  
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Figure 3.9. Comparison of basin scale onshore-offshore Paleozoic chronostratigraphy of Smith et al. 

(2013) with the onshore-offshore cross section presented in this study (Figs 3.2 and 3.5c). The grey 

Paleozoic units were not mapped in this study because they were either not; resolvable in seismic data, 

appeared in enough well logs or prominent in other mapping studies. *Possible strata location. 

Cenozoic and Mesozoic strata thicken from the coastline outboard towards the continental shelf 

edge (Fig. 3.5c). Onshore Mesozoic strata are typically ~300 ms (TWT) thick (Fig. 3.5a), but thicken 
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up to ~1500 ms (TWT) on the continental shelf edge in the roebuck Basin (Fig. 3.5c). The Roebuck 

Basin initiated from late Carboniferous to early Permian extension, which led to the rifting of the 

Cimmerian Block in the late Permian (Smith et al., 1999). Hence, the Roebuck Basin has no Ordovician 

to mid-Carboniferous strata but due to its deep basement (fig. 3.2), it hosts more Mesozoic and Cenozoic 

strata than the Canning Basin (Fig. 3.6f). 

3.6.2 Regional Cross Sections  

Regional cross-sections illustrate the relationships between units and provide an accessible summary of 

the stratigraphy (Fig. 3.5). Generally, the deepest depocentres have the thickest stratigraphic 

successions and greatest number of mappable units, which is particularly true for the Fitzroy Trough, 

Oobagooma Sub-basin and Roebuck Basin (Figs. 3.2, 3.5a and 3.5c). However, the lack of seismic and 

well data in deep, frontier areas like the Willara Sub-basin has prevented detailed seismic stratigraphic 

mapping, which is why fewer units are mapped in this depocentre, and their coverage is missing from 

Figures 3.4 and 3.6. All units featured in this study were mappable in the Fitzroy Trough but were not 

as apparent and mappable in the connecting Oobagooma Sub-basin (Figs. 3.3 and 3.4), which may be 

due to offshore data quality (Figs 3.6a and 3.6c). Regional stratigraphic changes from onshore to 

offshore are well imaged and mappable above the Grant Group but tend to be poorly imaged below this 

level due to reduction in seismic signal quality (Figs. 3.5b and 3.5c). One such change successfully 

mapped regionally from onshore to offshore is the thickening of Mesozoic and Cenozoic strata from 

the Canning Basin to the Roebuck Basin, until they terminate against the continental slope (Fig. 3.5c). 

 There is a significant unconformity between the Carribuddy Group and Grant Group on the 

Broome Platform (Figs 3.5a and 3.5b, 3.8). This unconformity represents a ~150 Ma time gap (Smith 

et al., 2013) due to erosion on the Broome Platform (which has a shallower basement) as a result of the 

Rodingan Movement, which uplifted strata in the Devonian (Craig et al., 1984). The Grant Group 

records another unconformity, but on its upper boundary with Mesozoic strata. This unconformity is 

regionally extensive (Fig. 3.5) with a varying time gap depending on the depocentre. The Permian-

Mesozoic unconformity on the Broome Platform has the maximum time gap representing ~135 Ma 

(Smith et al., 2013), which is similar to the Ordovician-Permian unconformity in the same depocentre. 

Additionally, the same unconformity has a lower time gap of ~55 Ma (Smith et al., 2013) in the 

Oobagooma Sub-basin where there is a larger depocentre to host more strata (Fig. 3.2). This Permian-

Mesozoic unconformity may have developed from the Fitzroy Movement which caused regional uplift 

(Totterdell et al., 2014). There are several other instances of unconformities such as Devonian and 

Carboniferous strata onlapping the Broome Platform (Figs. 3.5a and 3.5b), the Noonkanbah Formation 

and Liveringa Group onlapping and downlapping the Grant Group (Fig. 3.5) and non-conformities 

caused by igneous intrusions and volcanics throughout the study area (Figs. 3.5 and 3.7).  
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 The mafic igneous units have distinct spatial trends compared to sedimentary units. The 

igneous units transition from intrusive in the Canning Basin to extrusive in adjacent basins (Yule & 

Spandler, 2022a; Figs. 3.5 and 3.7). The intrusive units are always either underneath or within the Grant 

Group, cut across strata and are much thinner than the extrusive mafic units, which always cover the 

Grant Group (Fig. 3.5) and rapidly thicken towards the Argo Abyssal Plain (Fig. 3.5c). There is also a 

~3.5 second (TWT) thick and ~40 km wide intrusion in the Fitzroy Trough that cross cuts Ordovician 

and Devonian units (Figs. 3.5a and 3.5c). 

3.6.3 Well correlations 

Ordovician units such as the Nambeet and Willara formations were difficult to map because they have 

never been drilled in this study area (Totterdell et al., 2014; Hashimoto et al., 2018). The other 

Ordovician units in this study, the Goldwyer Formation and Carribuddy Group, have been intersected 

by a well (Hilltop 1), which provides significantly more mapping confidence than in the upper units. 

This is an example of how the lack of wells impact geological understanding in the Canning Basin. 

 Seismic stratigraphic mapping reveals that some wells used to ground-truth the 3D model 

contain errors in the lithological logs. This was determined by using adjacent wells, seismic data, 

previous interpretations (e.g. Totterdell et al., 2014; Hashimoto et al., 2018) and the stratigraphic 

columns of Mory & Hocking (2011) and Smith et al. (2013). The lithological log from Tappers Inlet 1 

does not match the logs from the nearby Padilpa 1, Moogana 1, Minjin 1, Kambara 1 and Perindi 1 

wells, as indicated by seismic horizon mapping (Fig. 3.10). Tappers Inlet 1 appears to have the greatest 

discrepancy where the lithological log has interpreted Ordovician units, and yet these are not intersected 

in the nearby wells, the stratigraphic column of Smith et al. (2013) makes no mention of in this area 

and there is no mechanism for a potential unconformity of this scale. Tappers Inlet 1 was drilled in 1971 

when data was limited and only small samples/wall plugs were taken. In this study, we updated the 

lithological log for Tappers Inlet 1 from our seismic interpretations, which better reflect the geology 

(Fig. 3.10). For example, the Grant Group is now placed 274 m deeper than originally picked and the 

Nambeet Formation has been removed. 
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Figure 3.10. Lithostratigraphic representation of lithological logs from wells Minjin 1, Tappers Inlet 1 

and Moogana 1. The left side is what was originally recorded in the well lithological logs and the right 

side includes adjustments for Tappers Inlet 1 based on seismic stratigraphic interpretations from this 

study (Yule & Spandler 2022b: Supplementary material A: F78A_02). 

 At the boundary of the Fitzroy Trough and Broome Platform, Hilltop 1 has stratigraphic 

inconsistencies relative to the adjacent wells Crab Creek 1, Pearl 1, Barlee 1, Yulleroo 1 and Ungani 1. 

Hilltop 1 has a total depth of 1740 mKB but has recorded basement in its lithological log, despite the 

top of basement being measured at over 2000 m depth in the same location on the basement map (Fig. 

3.2). Subsequently, Ordovician units were interpreted in the lithological log and by Hashimoto et al. 



Chapter 3 

109 
 

(2018) to be much shallower than in the adjacent wells. The interpretation by Hashimoto et al. (2018) 

has Hilltop 1 being at a similar depth to that in East Crab Creek 1, which drilled more than 1000 m 

deeper to a total depth of 2812 mKB. The depth-time model can have the time axis arbitrarily set as 

either one way travel time (OWT) or two way travel time (TWT). In this case, it appears that the data 

for Hilltop 1 was in TWT but defined as OWT, making it appear up to twice as deep as it should be. 

 Thorough seismic stratigraphic mapping and analysis of well data revealed that well use is 

most effective when directly intersecting a seismic line. Rocks can stratigraphically vary significantly 

across distances of ~10 km as illustrated in Figure 3.10. However, it is industry practice to apply well 

data to seismic interpretations from >10 km away (Hashimoto et al., 2018). The approach adopted in 

this study was to ensure each well was intersected by a seismic line (Fig. 3.1) to facilitate direct 

interpretations 

3.6.4 Mafic Igneous Units 

The mafic igneous units are more continuous and widespread than previously suggested (Yule & 

Spandler, 2022a). Our initial interpretation from this study hypothesised a widespread sheeted sill 

complex with dikes intruding into onshore and offshore Canning Basin strata. These intrusions may be 

part of a Large Igneous Province (LIP) plumbing system that would likely have formed during the 

rifting of the Cimmerian block (Rollet et al., 2019; Yule & Spandler, 2022a). An older LIP such as this 

would have had the surface basalts eroded away, leaving only a regional scale unconformity and 

intrusions as evidence of the LIP (Wingate et al., 2004; Ernst et. al., 2005; Xu et al., 2014). However, 

there is insufficient evidence to classify these observed mafic igneous units as a LIP, but rather a mafic 

magmatic province (Yule & Spandler, 2022a).  

 Widespread mafic igneous units, such as those from a mafic magmatic province, can 

severely impact seismic imaging (Yule et al., 2022; Yule & Spandler 2022a). The Canning Basin 

SEEBASE basement map (de Vries et al., 2007; Frogtech, 2014) indicates the presence of significant 

sediment depocentres within the Browse Basin and Oobagooma Sub-basin (Fig. 3.2) below mafic 

igneous units (Yule et al., 2022). However, historical seismic datasets have not adequately imaged these 

systems (Fig. 3.11). Mafic igneous units are known to be up to 500 m thick from drill core in the 

neighbouring Roebuck Basin, as drilled by Hannover South 1 (and Anhalt 1, which was not included in 

this study because it lacked the metadata to include in the 3D model) and ~10,000 m thick from 

geophysical data (MacNeill et al., 2018; Rollet et al., 2019b) and as a result, have the potential to cause 

significant seismic signal attenuation owing to their relatively high acoustic impedance (Maresh et al., 

2006). Modern seismic reflection surveys may improve sub-igneous rock imaging, which could reveal 

hidden depocentres (Yule et al., 2022). This could include imaging of Ordovician and Devonian units 

that could not be mapped with the historical regional seismic datasets, but which contain effective 

petroleum systems in the onshore Canning Basin (Fig. 3.3). 
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 Mafic igneous units in the offshore Browse, Roebuck and Northern Carnarvon basins are 

generally simple to trace in seismic data because they have continuous, strong reflectors with a 

consistent dip and downdip direction (Fig. 3.7). Previous seismic interpretations (AGSO, 2001: latest 

Permian horizon representing some of the igneous units), suggest that strata above igneous units are 

largely parallel with the igneous units, which highlights a basin-wide unconformity where strata below 

the igneous units dip at a different angle offshore (Fig. 3.5c). Compared to the aforementioned basins, 

seismic horizon mapping of igneous units in the Canning Basin was more difficult because of more 

chaotic seismic signals (Figs. 3.3 and 3.7); however, collating seismic and well data into an integrated 

3D model produced robust, large-scale interpretations across the onshore-offshore transition. 

 

Figure 3.11. Leveque 1 well intersecting a mafic igneous unit in the AGSO 119 and Wyla 2D seismic 

surveys. The well report suggests the mafic igneous unit is basement. However, the AGSO survey 

reveals sedimentary horizons below the mafic igneous unit. 

 Minjin 1, Perindi 1 and Tappers Inlet 1 all intersected doleritic intrusions within a large 

carbonate mound composed of Devonian reef, but the intrusion is not emplaced in Mesozoic strata 

(Yule & Spandler 2022b: Supplementary material A: F79A_22, LevequeShelf_111 and F78A_02). 

Additionally, all dolerite intrusions appear to be found either within or below the Grant Group (Fig. 

3.3). This stratigraphic relationship implies the mafic igneous units are older than the Mesozoic strata, 

as they do not appear to intrude into Mesozoic strata. Typically, carbonate units such as the Devonian 
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Reef Complex attenuate seismic reflection data (Schlager, 1981; Kosa et al., 2015), but in this case, 

adjacent wells and seismic data confirm the presence of mafic igneous material below carbonates. 

 Interpretations of igneous units (consisting of the North West Shelf MMP) are consistent 

across the onshore-offshore transition as there is a prominent reflector from a disconformity that many 

of the wells signify the top of a mafic igneous unit (Fig. 3.7). There is a clear distinction in the wells 

between true basement and the mafic unit, as the well BMR 04A Mandora has intersected a granitic 

gneiss that was determined to be Precambrian (NOPIMS, 2022). Prominent seismic reflectors below 

mafic igneous units may be basement. For consistency, it is also important to consider where mafic 

igneous units are absent. Analysis of seismic and well data, including thermal maturation profiles, 

showed that mafic igneous rocks are not present on the Broome Platform (Yule & Spandler, 2022a); 

however, further drilling and seismic acquisition is needed to better understand the location, geometry 

and composition of mafic igneous rocks across the Canning and Roebuck basins (Yule et al., 2022). 

Understanding these rocks is important because the extent and composition of the North West Shelf 

MMP makes it a good candidate for large scale hydrogen storage (Bischoff et al., 2021; Muhammed et 

al., 2022; Yule & Spandler, 2022a) and CO2 sequestration (Goldberg et al., 2008), where porous 

reservoirs are needed to store these gases to enable a renewable economy and help mitigate the global 

climate crisis.  

3.7 Conclusion 

Seismic stratigraphic mapping, basin-scale maps and regional cross-sections were utilised to identify 

key strata across the Canning Basin onshore-offshore transition. Connecting strata across the onshore-

offshore transition assists in de-risking frontier basins, delivers a framework for future exploration and 

provides a better understanding of the Canning Basin’s geological history. Key results from this study 

are: 

1. Seven units were mapped offshore for the first time, meaning 11 out of the 13 units mapped in 

this study are now identified offshore.  

2. Additional mapping of poorly understood Ordovician strata from this study can assist with the 

prospectivity and exploration potential of associated petroleum systems both onshore and 

offshore.  

3. Mafic igneous units found throughout the study area are more interconnected than previously 

thought and are understood to make up the North West Shelf MMP. The North West Shelf 

MMP has broad implications for basin evolution, petroleum prospectivity and the geological 

history of the Canning Basin. 
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4. Lastly, seismic stratigraphic mapping of 13 key strata has shown many similarities between the 

onshore and offshore domains, but offshore strata are generally deeper. Further mapping with 

new data is needed to correlate more units across the North West Shelf.  

 The results in this study can be used refine petroleum prospectivity by using the interpolated 

horizons as a guide for the location and depth of petroleum systems elements. To improve the results 

presented in this study, new seismic data capable of imaging beneath mafic igneous units, well data 

with core samples for stratigraphic correlation and radioisotope geochronology for temporal correlation, 

are needed to better constrain interpretations and improve our understanding of the Canning Basin.  
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4.1 Abstract 

Mafic igneous units within sedimentary basins can be widespread and severely attenuate seismic 

reflection data. Attenuation obscures imaging of sub-igneous sedimentary units, impeding exploration 

in prospective and frontier basins. This study compared historical 2D seismic surveys and found two 

seismic acquisition parameters that have the greatest influence when imaging beneath mafic igneous 

rocks in offshore and onshore basins from Australia’s Northwest Shelf. These parameters were found 

by using a 3D model developed with integrated 2D seismic and well data in the Browse, North 

Carnarvon, Onshore and Offshore Canning basins. Simultaneously comparing the 2D seismic lines in 

3D space revealed that the surveys with the longest, streamer length and the most receivers are the most 

effective at imaging beneath igneous units. Additionally, we identified potential depocenters obscured 

by igneous horizons from a regional basement map. These depocenters correlate with older basins that 

are infilled by pre-rift, Paleozoic sediment and capped by mafic igneous rocks formed during late 

Permian-Mesozoic rifting events. Much of the Northwest Shelf maintains a frontier status, but 

exploration outcomes can be improved. Therefore, maximising streamer length and number of receivers 

to future seismic surveys can result in more effective exploration opportunities in basins with known 

igneous occurrences.  
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4.2 Introduction 

Thick, widespread igneous units inhibit seismic wave propagation into underlying strata, obscuring 

potential hydrocarbon reservoirs (Gallagher and Dromgoole, 2007; Rohrman, 2007; Eide et al., 2017) 

and increasing exploration risk (Rohrman, 2007; Kutovaya et al., 2019). Known hydrocarbon reservoirs 

in Northwest Shelf basins of Western Australia are hosted in Mesozoic stratigraphic units, often above 

widespread and thick mafic igneous units (Blevin et al., 1997; Kelman et al., 2013), but sub-igneous 

hydrocarbon potential remains largely unexplored (Totterdell et al., 2014). Conventional exploration 

approaches assume poor seismic signal returns from beneath mafic igneous rocks (Maresh et al., 2006; 

Gallagher and Dromgoole, 2007; Eide et al., 2017; Schofield et al., 2017). However, a review of over 

100 historical seismic lines from 27 surveys indicates surprising variations in sub-igneous imaging 

(Yule and Daniell, 2019). Modern open-source programs such as OpenDtect (dGB Earth Sciences, 

2020) allow for integration of 2D seismic and well data into 3D models and simultaneous seismic line 

comparison with fixed display parameters such as gain, vertical scaling and coordinate geometry. Fixed 

display parameters in 3D allow us to discriminate between seismic lines and determine which lines are 

capable of imaging below igneous rocks. The seismic acquisition parameters associated with these lines, 

indicate optimal parameters for deep basin exploration. These parameters can be used to screen existing 

seismic data sets to select the most effective surveys and be applied to future seismic surveys. Adjusting 

acquisition parameters can be a simple method to improve seismic imaging beneath mafic igneous units 

and allow for overlooked areas to be revisited thus, expanding exploration opportunities.  

 

Figure 4.1. Basement map of the study area displaying the depth of the basement from sea level. 

Includes the seismic and well data used in this study. 
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The purpose of this study was to investigate seismic acquisition parameters for imaging beneath 

igneous units. A 70-year history of seismic exploration targeting Mesozoic reservoirs has left a legacy 

collection of publicly available 2D seismic datasets (Purcell, 1984). Using these public datasets, we 

compared acquisition parameters of several 2D seismic surveys integrated into 3D models from the 

Browse, North Carnarvon and Canning Basins (Fig. 4.1). This study focusses on seismic acquisition 

parameters rather than seismic processing strategies because processing is non-standardised and 

complex to compare for historical seismic data. However, processing is important for seismic image 

quality, so the impacts of processing are briefly discussed. 

Additional to their seismic attenuation properties, igneous units in Northwest Shelf frontier 

basins are enigmatic. Their distribution, thickness, emplacement timing, source and role in basin 

evolution is unknown (Totterdell et al., 2014). Mafic igneous units have been identified in the study 

area, which includes parts of the Browse, Roebuck, Canning and North Carnarvon Basins (Fig. 4.1) 

with estimated thicknesses up to 10 km from well, seismic, gravity and magnetics data (MacNeill, 

Marshall, and McNamara, 2018; Rollet et al., 2019; Yule and Spandler, 2021). These igneous units can 

form unusual signals and degrade the quality of seismic data, especially in deep depocenters (Symonds 

et al., 1998; Rohrman and Lisk, 2010). There have been very few modern geochemical analyses to 

constrain the age and determine the tectonic source of the mafic igneous units, but recent geophysical 

studies have indicated they may have formed in Late Permian – Early Triassic during rifting (Totterdell 

et al., 2014; Rollet et al., 2019; Yule and Spandler, 2021). How the mafic igneous units impact basin 

evolution and petroleum systems is unclear because they obscure much of the Paleozoic history and 

there are few wells reaching those depths (Holford et al., 2013; Rohrman, 2015; Rollet et al., 2019). 

An absence of surface exposure onshore and their emplacement offshore at depths between 330 

m and 4500 m (Corbett 1 and Hannover South 1 wells, respectively) contributes to the geological 

uncertainty (Gleadow and Duddy, 1984; Reeckmann and Mebberson, 1984; Middleton, 1990; Braun, 

1992; Holford et al., 2013; Rollet et al., 2019). The only way to sample these rocks is by drilling wells 

but there is limited well data in most of the Northwest Shelf because the presence of mafic igneous 

rocks introduces an exploration risk (Rohrman, 2007; Kutovaya et al., 2019). Furthermore, seismic 

mapping of igneous units remains ambiguous without wells to confirm seismic interpretations. To 

reduce ambiguity, a classification for the seismic expression of mafic igneous rocks is needed. Thus, 

improved resolution and seismic expression of igneous units, with better understanding of their 

distribution, will enhance the hydrocarbon exploration outcomes on the Northwest Shelf (Magee et al., 

2015). 

Finally, the impact of igneous rocks on Northwest Shelf petroleum systems is unclear 

(Totterdell et al., 2014). There are many studies that investigate the physio-thermal effects of igneous 

intrusions on pre-existing hydrocarbon reservoirs (Fjeldskaar et al., 2008; Arnes et al., 2011; Grove, 
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2014; Schofield et al., 2016; Iyer et al., 2017; Sydnes et al., 2018), but these impacts are difficult to 

quantify without sufficient mapping of igneous units (Kutovaya et al., 2019). Emplacement of magmas 

may positively impact petroleum systems by heating source material to the oil window, create migration 

pathways and form secondary fracture reservoirs, traps and seals (Schutter, 2003; Rabbel et al., 2018; 

Spacapan et al., 2018). Conversely, emplacement of magmas can structurally destroy reservoir, trap and 

seal integrity, overheat source material and block migration pathways (Senger et al., 2017). The full 

hydrocarbon potential of the Northwest Shelf is unknown because much of the deeper strata and 

petroleum systems are obscured in seismic data, limiting the understanding of Paleozoic basin and 

structural evolution (Planke, Alvestad, and Eldholm, 1999; Gorter and Deighton, 2002; Klarner and 

Klarner, 2012; Totterdell et al., 2014). Structural features that host petroleum systems such as the 

Fitzroy Trough and the mobile belts in between the King Leopold Orogen and Lennard Shelf, could be 

better understood with enhanced seismic data (Kovac et al., 2013; Rollet et al., 2016). Encouraging 

better data acquisition to image below igneous rocks may reveal the geometry of older sedimentary 

basins, clarifying the relationship between igneous units and hydrocarbon reservoirs. 

4.2.1 Seismic attenuation by mafic igneous rocks 

One of the main limiting factors of sub-igneous basin exploration is seismic signal attenuation. 

Attenuation is the dissipation of sound waves and commonly occurs with increasing depth and at the 

boundary of rocks with significantly different densities. For example, the density change between thick, 

mafic igneous rocks (typically extrusive lava flows and intrusive dykes and sills) and bounding 

sedimentary strata (Christensen and Stanley, 2003) creates a large acoustic impedance contrast that 

results in high amplitude seismic reflectors (Sun et al., 2010; Cortez and Cetale Santos, 2016; Eide et 

al., 2017). This impedance reflects much of the energy otherwise transmitted into deeper strata. The 

seismic waves that are transmitted are strongly attenuated, thus obscuring imaging of the underlying 

strata (Davison et al., 2010). Other igneous rocks can also cause attenuation due to acoustic impedance 

contrasts. The magnitude of the impedance contrast is determined by a broad range of possible velocities 

for different rock types (e.g., basalt, andesite, granite), which depends on variation in mineralogy, 

pressure and temperature (Christensen and Mooney, 1995; Christensen, 1996). Therefore, in the same 

pressure and temperature conditions, rock types can be distinguished from one another based on seismic 

response; however, determining these parameters and how they impact attenuation is challenging in 

practice.  

Sub-salt imaging encounters similar challenges with seismic attenuation to those of igneous 

rocks (O’Brien and Gray, 1996). Salt rich strata result in high seismic velocities, which can cause 

significant disruption to seismic images (O’Brien and Gray, 1996; Jones and Davison, 2014). 

Recommendations to improve sub-salt imaging include adjustment of seismic acquisition parameters 

to incorporate larger offsets and develop processing techniques, particularly around migration, to reduce 
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noise (O’Brien and Gray, 1996; Jackson and Lewis, 2012; Jones and Davison, 2014). These 

recommendations for salt may also assist in imaging beneath mafic igneous units. If seismic acquisition 

parameters are not optimised, it is likely little to no sub-igneous signal will be obtained. Conventionally, 

complex seismic processing techniques are used to enhance sub-igneous imaging (Davison et al., 2010; 

Cortez and Cetale Santos, 2016; Eide et al., 2017) with the employment of large offsets, low frequency 

and high energy source seismic surveys (Gallagher and Dromgoole, 2007; Rohrman, 2007; Sun et al., 

2010). However, low frequencies can reduce image resolution (Magee et al., 2015). Currently, the 

industry method is to conduct a test line or use geological forward modelling (Magee et al., 2015) to 

determine the acquisition parameters needed for specific areas, but this can be time consuming and 

there are no general standards for imaging beneath mafic igneous units. Thus, easily implementable 

recommendations are needed to image beneath mafic igneous units that reduce the effect of attenuation. 

Targeted exploration beneath mafic igneous units in sedimentary basins has yielded 

commercial hydrocarbon deposits in the Neuquén Basin in Argentina and the Faroe-Shetland Basin in 

the UK (Senger et al., 2017). Like the Northwest Shelf, both basins host overlying productive Mesozoic 

reservoirs (Rodriguez Monreal et al., 2009; Schofield et al., 2017). The Faroe-Shetland Basin especially 

had obscured strata in older seismic datasets due to the compounding attenuation effects of large depths 

and abundant igneous intrusions and basaltic lava flows, but modern 3D seismic data and advanced 

processing techniques were capable of sub-igneous imaging (Maresh et al., 2006; Schofield et al., 

2017). The success in locating new reservoirs in older strata obscured by igneous units offers some 

optimism for similar hidden reservoirs in the Northwest Shelf. Reducing deep exploration risk in the 

Northwest Shelf is the first step in testing this idea. This study, therefore, aims to identify optimised 

seismic acquisition parameters for future sub-igneous exploration, characterise the seismic and 

geophysical expression of the mafic igneous units and identify obscured depocenters. These outcomes 

will lead to improved structural and stratigraphic interpretations of Paleozoic basin evolution with the 

acquisition of more effective seismic data. 

4.3 Geological Background 

4.3.1 Northwest Shelf 

The Northwest Shelf is Australia’s largest hydrocarbon producing region (Hackney et al., 2015). Aside 

from the few highly productive basins, most of it is frontier because of its size and remoteness 

(Totterdell et al., 2014). Mesozoic and late Paleozoic stratigraphy is well established and contains strata 

that produce commercial quantities of hydrocarbons in the Browse, North Carnarvon and Canning 

basins (Blevin, Stephenson, and West, 1994; Blevin et al., 1998; Fig 4.1) whereas the lower to middle 

Paleozoic stratigraphy is obscured and not well understood (Mory and Haines, 2013).  
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The Northwest Shelf’s thick stratigraphy and widespread igneous units relate to its complex 

tectonic history. It experienced three sets of continental rifting including the Tarim Block in the 

Cambrian (Li and Powell, 2001; Keep, Harrowfield, and Crowe, 2007; Li et al., 2008), the Cimmerian 

block in the Permian (Li and Powell, 2001; Matthews et al., 2016) and the Mawgyi Terrane in the 

Jurassic (Yeates et al., 1984; Müller, Goncharov, and Kritski, 2005; Metcalfe, 2006) that separated from 

the Northwest margin of Australia. From the Upper Cretaceous onwards, the Northwest Shelf evolved 

as a passive margin influenced by mild N-S compression from ongoing interactions between the 

Australian Plate and the Banda Arc (Keep, Harrowfield, and Crowe, 2007; DiCaprio, Gurnis, and 

Müller, 2009). 

The distribution of mafic igneous units across the Northwest Shelf remains unclear but recent 

studies have been using a variety of geophysical methods to map and determine their origins. The 

current understanding is that most mafic igneous units are derived from the Late Permian rifting event 

that emplaced igneous rocks along the Northwest Shelf continental margin from the Carnarvon to 

Browse basin. This is evidenced by regional gravity and magnetics potential field data, 2D and 3D 

seismic mapping (Rohrman, 2013; Belgarde et al., 2015; MacNeill, Marshall, and McNamara, 2018; 

Rollet et al., 2019; Yule and Spandler, 2021) and historical geochronological data that suggests much 

of the igneous units may have been emplaced during the Permian (Gleadow and Duddy, 1984; 

Reeckmann and Mebberson, 1984). The Late Permian rifting event is thought to have initiated from a 

mantle plume which caused large scale uplift, crustal stretching and a regional unconformity overlying 

Late Permian - Early Triassic strata. The geometry of the crust changed to include a triple junction 

where the Fitzroy Trough/Oobagooma Sub-basin represent the failed arm. The stretching of the crust 

may provide a mechanism for the emplacement of mafic igneous rocks which include facies such as 

flood basalts, extensive dolerites and lava deltas. The maximum recorded thickness of igneous material 

is up to 10 km on the margin of the Roebuck Basin (MacNeill, Marshall, and McNamara, 2018; Rollet 

et al., 2019). All these features indicate the presence of a Large Igneous Province hosted in a 

sedimentary basin (Yule and Spandler, 2021), but further work is required to confirm this (Rohrman, 

2013; MacNeill, Marshall, and McNamara, 2018; Rollet et al., 2019). Mafic igneous units obscure 

deeper seismic signals and more effective data is required to image beneath them. New surveys are 

needed to reveal Paleozoic strata including and petroleum systems and provide a better understanding 

of basin evolution (MacNeill, Marshall, and McNamara, 2018; Rollet et al., 2019). 

4.3.2 Browse Basin 

The Browse Basin has two main depocenters; the ~15,000 m thick Caswell Sub-basin and ~12,000 m 

Barcoo Sub-basin. The Caswell Sub-basin is host to several giant gas and condensate fields, but the 

Barcoo Sub-basin is considered frontier with limited data and only minor gas shows (Totterdell et al., 

2014). NNW extension during the Carboniferous resulted in NE/SW orientated depocenters. Passive 
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subsidence from the Upper Jurassic to the Paleogene maintained sediment accommodation until the 

Australian and Eurasion plates collided in the Miocene, causing ongoing fault inversion and 

compression deformation. Sedimentary units in the Browse Basin are typically shallow to deep marine 

clastics with carbonate intervals and are known to be intruded by mafic igneous rocks. A prevalent 

mafic igneous unit in the Browse Basin, the Bedout Volcanics, formed a series of lava flows and 

intrusions during continental break-up in the Permian (Middleton, 1990; Totterdell et al., 2014), but 

more dating is required to get an accurate emplacement age (Mory and Haines, 2013). The impact of 

mafic igneous units on Northwest Shelf petroleum systems is unknown (Blevin et al., 1997).  

4.3.3 North Carnarvon Basin 

The North Carnarvon Basin is Australia’s most prolific hydrocarbon-producing basin with discoveries 

made continuously from the 1950s to present, accounting for 60% of Australia’s petroleum production. 

The exploration success of this basin is due to an abundance of data and accessibility of shallow 

reservoirs. The Paleozoic, Mesozoic and Cenozoic strata consist of deltaic and marine siliciclastics and 

shelf carbonates hosted in depocenters up to 15,000 m thick. The depocenters include the Beagle, 

Dampier, Barrow and Exmouth sub-basins which formed in an intracontinental basin in the Paleozoic, 

rifting in the Mesozoic and passive subsidence in the Cenozoic. The mafic igneous units have been 

imaged extensively with 2D and 3D seismic data in some areas but the distribution across the entire 

basin is poorly understood (Symonds et al., 1998; Holford et al., 2013; Magee and Jackson, 2020) hence, 

their mechanistic relationship with petroleum systems is unknown (Hocking, 1988; McClay, Scarselli, 

and Jitmahantakul, 2013). 

4.3.4 Canning Basin 

The Canning Basin extends both onshore and offshore (Fig. 4.1) and is classified as a frontier basin 

with unknown hydrocarbon potential. There are minor Ordovician deposits onshore and no hydrocarbon 

shows offshore (DMP, 2017).  It comprises three depocenters; the Willara Sub-basin, Broome Platform 

and Fitzroy Trough that becomes the Oobagooma Sub-basin offshore. Basin infill ranges from 

Paleozoic to Cenozoic and the thickness ranges from ~2,000 m on the Broome Platform up to ~18,000 

m in the Fitzroy Trough. Sedimentation initiated in the Canning Basin during the Ordovician with the 

onset of NE/SW extension and rapid subsidence. From the Devonian to Jurassic, the Canning Basin 

experienced NW/SE orientated rifting and subsidence which developed the deep depocenters of the 

Fitzroy Trough and Willara Sub-basin. The Canning Basin then transitioned into a passive margin 

during the Cretaceous onwards. Strata consists of marine and non-marine siliciclastic units, thick 

carbonate packages and mafic igneous units. The mafic igneous units heavily intrude the Paleozoic 

strata in the Fitzroy Trough and Oobagooma Sub-basin which may have affected Paleozoic hydrocarbon 

reservoirs (Totterdell et al., 2014).  
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4.4 Method 

Twelve seismic lines and four wells from publicly available data (NOPIMS, 2019; WAPIMS, 2019) 

across three basins were integrated into one 3D model using OpenDtect (dGB Earth Sciences, 2020). 

The seismic lines were thoroughly processed by industry and the processing workflows can be found 

in Supplementary Material A (Yule, 2021). Four seismic lines intersect the Leveque 1 well in the 

Browse Basin, four lines intersect the Hauy 1 well in the North Carnarvon Basin and three lines intersect 

Fraser River 1 in the Canning Basin (Fig. 4.1). Only one seismic line intersects the Perindi 1 well in the 

offshore Canning Basin, but this well includes downhole geophysical logs, giving additional analytical 

capability. These wells were chosen because they intersect mafic igneous units (as recorded in their 

respective lithological logs) and align with the selected seismic surveys for lithological calibration. 

Lastly, as well control of deep basement is limited, a regional depth to basement map (Frogtech, 2014; 

Fig. 4.1) was used to estimate the thickness of sedimentary packages and highlight hidden depocenters 

below the igneous units. The basement map is an inversion model derived from magnetics, gravity, 

seismic and well data to estimate the location of crystalline basement for the Australian continent. Each 

of the contributing datasets have limitations that can influence the model (igneous intrusions, varied 

resolutions etc.) but this is currently the best model to measure depocenter thickness in the Northwest 

Shelf. 

Mafic igneous units near the wells were mapped in the 3D model. Mapping involved tracing 

the top boundary of igneous units in seismic data, starting from the well lithological logs and published 

seismic interpretations (AGSO, 2001; Hashimoto, Bailey, and Chirinos, 2018; Yule and Spandler, 

2021). This is known as the well tie method where a velocity or time-depth model is used to convert 

the depth of the well from metres to seconds, so it matches with the time dimension of the seismic data 

and the lithological unit can be correctly identified. These velocity models (or checkshot data) can be 

found in seismic survey reports from NOPIMS and WAPIMS and can also be used in conjunction with 

the dominant frequency and depth to measure the resolution of seismic data at particular depth intervals 

(Equations 1 and 2). In this study, dominant frequency and depth in two-way travel time were measured 

from where the igneous units were mapped near the well intersections. 
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Equations 1 and 2. Rv is vertical resolution (m), Rh is horizontal resolution (m), v is velocity (m/s), f is 

dominant frequency (Hz) and t0 is vertical two-way travel time (s) (Yilmaz 2001). 

Once the mafic igneous units were mapped (Yule, 2021; Supplementary Material B), the 

seismic lines were compared and acquisition parameters of the three most effective seismic lines (one 

from each basin) at imaging beneath mafic igneous units were compared to identify common 

parameters. Additionally, the mapped units were compared against the downhole geophysical logs in 

Perindi 1 to see if there were correlations between lithology, downhole geophysical and seismic signals. 

Intrusive and extrusive mafic igneous rocks are differentiated in Yule and Spandler (2021), where 

intrusive rocks are found within the Canning Basin and extrusive rocks are dominant in adjacent basins. 

Finally, the basement map (Fig. 4.1) was used to determine how much strata was hidden beneath the 

mafic igneous units.  

4.5 Results 

4.5.1 Browse Basin Seismic Surveys 

Four seismic lines from different surveys intersect the well Leveque 1 (Fig. 4.2) which intersects a 

mafic igneous unit at 896 m depth from the drilling platform/rotary table (R.T., all well depths are given 

from this datum) (Table 4.1). These lines are AGSO119-11, Aratoo-3952, Leveque Shelf-206 and 

Wyla-09 (Table 4.2). Variations in acquisition parameters between the seismic surveys lead to different 

images of the same stratigraphic section. Simultaneous comparison of these seismic lines in 3D reveals 

that the igneous unit obscures deeper stratigraphic units in some of the seismic surveys (Fig. 4.2).  

AGSO119-11 shows the most detail beneath the igneous unit, which is characterised by irregular, high 

amplitude reflectors (Fig. 4.2a). Below the igneous unit are non-horizontal reflections of sedimentary 

units (Figs. 4.2a and 4.2c). In contrast, the other seismic lines are strongly attenuated below the igneous 

unit showing reduced detectability (Figs. 4.2b and 4.2d). The differences between these seismic surveys 

can be explained by their acquisition parameters (Table 4.2). Interestingly, AGSO119 has the lowest 

fold number, is the oldest and has a similar resolution to the other surveys. 
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Age Lithology Depth (R.T.) 
Quaternary Calcarenite 87 m 

Tertiary Sandstone 255 m 
Dolomite 302 m 

Cretaceous 

Calcisiltite, calcilutite 335 m 
Claystone 415 m 
Sandstone, Siltstone, claystone 674 m 
Silty Claystone 703 m 
Shaly Sandstone 732 m 
Glauconitic, Claystone, Sandstone 765 m 

Upper 
Jurassic 

Shale 844 m 
Conglomerate 888 m 

Unknown Gabbro? 896 m 
B.O.H. 900 m 

Table 4.1. Lithological log from Leveque 1. R.T. is drill depth from the rotary table and B.O.H. is 

bottom of hole.  (Modified from Leveque 1, 1970).  

Parameter AGSO 119 Aratoo Leveque Shelf Wyla 
Year 1993 1997 1998 2001 
Line name 11 3952 206 09 
Record length 16 s 3 s 4 s 3 s 
Sample interval 2 ms 1 ms 2 ms 2 ms 

Source Airgun 1500cu Airgun 1600cu Airgun 320cu Airgun 
720cu 

Shot interval 50 m 12.5 m 12.5 m 12.5 m 
Receivers 192 120 120 160 
Receiver spacing 25 m 12.5 m 12.5 m 12.5 m 
Streamer length 4800 m 1500 m 1500 m 2000 m 
Fold number 48 60 60 80 
Horizontal Resolution 239.2 m 223.7 m 223.7 m 239.2 m 
Vertical Resolution 21.4 m 18.8 m 18.8 m 21.4 m 
Frequency 4-100 Hz 10-180 Hz ? 3-200 Hz 
Dominant Frequency 35 Hz 40 Hz 40 Hz 35 Hz 
Line length 202.4 km 119.8 km 119.1 km 53.2 km 
Line orientation NW SW NW NE 

Table 4.2. Seismic acquisition parameters of surveys from the Browse Basin. Parameters from survey 

operations reports in the NOPIMS database. 
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Figure 4.2. Featured seismic surveys from the Browse Basin that intersect the Leveque 1 well. a) AGSO 

119-11. b) Wyla-09. c) Leveque Shelf-206. d) Aratoo-3952. The bottom of Leveque 1 is a mafic igneous 

unit which assisted in ground truthing seismic stratigraphic interpretations. 
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4.5.2 North Carnarvon Basin Seismic Surveys 

Seismic lines AGSO136-15, Dampier Well Tie-01, Lambert Shelf-33 and Leveque Shelf-302 intersect 

Hauy 1 (Fig. 4.3) which records a mafic igneous unit of unknown age at 825 m depth (Table 4.3). These 

seismic surveys have widely varying acquisition parameters and provide different images of the same 

area. Two seismic lines, AGSO136-15 (Fig. 4.3a) and Dampier Well Tie-01 (Fig. 4.3c), image below 

the igneous unit. These lines are subparallel allowing for comparison of the same stratigraphic section. 

AGSO136-15 images sedimentary horizons infilling at least two fault blocks beneath the mafic igneous 

unit (Fig. 4.3a). Dampier Well Tie-01 shows sedimentary infill of several fault blocks with higher 

resolution (Fig. 4.3c).  The quality difference is explained by the acquisition parameters (Table 4.4) 

where Dampier Well Tie has the largest record length, streamer length, fold number, the most receivers, 

but has the coarsest resolution. Record length, streamer length and receivers are three common 

parameters between Dampier Well Tie and AGSO119 of the Browse Basin. 

Age Lithology Depth (R.T.) 
Unknown Claystone 259 m 
Cretaceous Claystone 492 m 
Cretaceous Sandstone 591 m 
Triassic Claystone 680 m 
Triassic Sandstone 782 m 

Unknown Mafic igneous 
rock 808 m 

B.O.H. 825 m 
Table 4.3. Lithological log of Hauy 1.  R.T. is drill depth from the rotary table and B.O.H. is bottom of 

hole (Modified from Hauy 1, 1972).  

Parameter AGSO 136 Dampier well 
tie 

Lambert 
Shelf Leveque Shelf 

Year 1994 1995 1980 1998 
Line name 15 01 33 302 
Record length 5.5 s 9 s 3 s 4 s 
Sample interval 2 ms 2 ms 2 ms 2 ms 
Source Airgun 1200cu Airgun  4297cu Airgun 1360cu Airgun 320cu 
Shot interval 25 m 25 m 50 m 12.5 m 
Receivers 240 480 124 120 
Receivers spacing 12.5 m 12.5 m 25 m 12.5 m 
Streamer length 3000 m 6000 m 900 m 1500 m 
Fold number 60 120 42 60 
Horizontal Resolution 195.6 m 225.8 m 209.1 m 195.6 m 
Vertical Resolution 18.8 m 25 m 21.4 m 18.8 m 
Frequency 4-180 Hz 3-125 Hz 12-128 Hz ? 
Dominant Frequency 40 Hz 30 Hz 35 Hz 40 Hz 
Line length 136.1 km 113.6 km 53.6 km 353.0 km 
Line orientation NW NW NW SW 

Table 4.4. Seismic acquisition parameters of surveys from the North Carnarvon Basin. Parameters from 

operations reports in the NOPIMS database. 
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Figure 4.3. Featured seismic surveys from the North Carnarvon Basin that intersect the Hauy 1 well. a) 

AGSO 136-15. b) Leveque Shelf-302. c) Dampier Well Tie-01. d) Lambert Shelf-33. The bottom of 

Hauy 1 is a mafic igneous unit which assisted in ground truthing seismic stratigraphic interpretations. 
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4.5.3 Onshore Canning Basin Seismic Surveys 

The seismic lines used for the onshore Canning Basin include Lower Fitzroy-04, Northcliffs-C74-1L 

and L205 Canning Coastal S.S.-14GA_CC1 which are near the well Fraser River 1 (Fig. 4.4). Fraser 

River 1 bottoms at 3092 m depth in a coarse-grained dolerite intrusion (Table 4.5). The three seismic 

surveys have vastly different seismic acquisition parameters, but only the Canning Coastal survey 

images beneath the mafic igneous unit (Fig. 4.4a). It has the largest record length, streamer length, fold 

number, the most receivers and similar resolution (Table 4.6). However, the Canning Coastal surveys 

is 40-47 years younger than the other two surveys and advances in technology can play a significant 

role in seismic imaging quality. 

The common parameters between AGSO119, Dampier Well Tie and Canning Coastal are 

record length, streamer length and receivers. Based on these surveys, the ideal seismic acquisition 

parameters to image strata beneath mafic igneous rocks are 9 - 20 second record length, 6000 m streamer 

length and 600 receivers.  

Age Lithology Depth (R.T.) 
Jurassic Jowlaenga Formation 12 m 
Permian Grant Formation 219 m 
Carboniferous Unnamed sandstone 1380 m 
Carboniferous Unnamed siltstone 2436 m 
Unknown Dolerite Intrusion 3062 m 
B.O.H. 3092 m 

Table 4.5. Drilled stratigraphy of Fraser River 1. R.T. is drill depth from the rotary table and B.O.H. is 

bottom of hole.  (Modified from Fraser River 1, 1956).  

Parameter L205 Canning Coastal Lower Fitzroy Northcliffs 
Year 2014 1967 1974 
Line name 14GA_CC1 LF-04 C74-1L 
Record length 20 s 5 s 6 s 
Sample interval 2 ms 4 ms 4 ms 
Source 3 x Hemi vibrators 2.2 Kg explosives 3 x Hemi vibrators 
Shot interval 40 m 134 m 6 m 
Receivers 600 24 36 
Receivers spacing 20 m 67 m 7.5 m 
Streamer length 6000 m 1608 m 127.5 m 
Fold number 150 6 22.5 
Horizontal Resolution 467.4 m 432.7 m 467.4 m 
Vertical Resolution 33 m 28.3 m  33 m 
Frequency 1-200 Hz ? 8-56 Hz 
Dominant Frequency 30 Hz 35 Hz 30 Hz 
Line length 507.6 km 92.8 km 38.0 
Line orientation NE NE NW 

Table 4.6. Seismic acquisition parameters of surveys from the Canning Basin. Parameters from survey 

operations reports in the WAPIMS database. 
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Figure 4.4. Featured seismic surveys from the Canning Basin that intersect the Fraser River 1 well. a) 

Canning Coastal-1 which is nearby to the well. b) Lower Fitzroy-04. c) Northcliffs-1. The bottom of 

Fraser River 1 is a mafic igneous unit which assisted in ground truthing seismic stratigraphic 

interpretations. 

4.5.4 Hidden depocenters below the igneous units 

Basement (Fig. 4.1) is much deeper than maximum well depths and there are many more strata beneath 

the mafic igneous units (Table 4.7). This is especially true for Fraser River 1 where the bottom of the 

well (3092 m) penetrates only half the sediment package (~6000 m). The igneous unit in the Browse 

Basin is emplaced below a Jurassic unit with possible Triassic to Devonian age strata beneath (Blevin 

et al. 1997). Similarly, the Canning Basin may host Devonian, Silurian and Ordovician units below 

Fraser River 1 (Mory and Hockey, 2011). The igneous unit in the North Carnarvon Basin is emplaced 

in a Lower Triassic unit that is in the lowest part of the established Beagle Sub-basin stratigraphy 

(Kelman et al., 2013) but the seismic data indicates further potential strata beneath (Fig. 4.3). Mafic 



Chapter 4 

139 
 

igneous units appear to be widespread across the Northwest Shelf and there remains significant potential 

for deep, pre-rift depocenter exploration on the Northwest Shelf by utilising more effective seismic 

exploration strategies when acquiring targeted 3D seismic surveys. 

Well Well Depth (m) Basement Depth (m) Strata below well (m) 
Leveque 1 900 1350 450 
Hauy 1 825 1000 175 
Fraser River 1 3092 6000 2908 

Table 4.7. Well depths, the basement depth below the wells and the thickness of stratigraphy not drilled 

by the wells. Tops of wells are near sea level and the basement depth is from the basement map (Fig. 

4.1) which is also referenced to sea level. The wells terminate at the igneous units. 

4.5.5 Seismic textures and geophysical signals of mafic igneous units 

Throughout the study area, mafic igneous units appear in the seismic data as thick, high amplitude 

reflectors with irregular surfaces. The reflectors are often hummocky with the formation of small 

anticlines (Figs. 4.2b and 4.2d) and generally “rougher” in appearance than the surrounding sedimentary 

units (Figure 4.2c). Mafic igneous units are associated with attenuated signals beneath so they may be 

present when the resolution of deeper strata rapidly decreases (Fig. 4.3a). The mafic units mostly follow 

the geometry of the strata with some variation (Fig. 4.4c); however, some intrusions produce anomalous 

reflectors that erratically cut across the stratigraphy (Fig. 4.5).  

Perindi 1, located in the Offshore Canning Basin, is the only well in the study area that intersects 

a mafic igneous unit with downhole geophysical data (Fig. 4.5). Perindi 1 penetrated nearly 300 m of a 

dolerite intrusion that intrudes several stratigraphic units. The two geophysical logs (Fig. 4.5) are 

density (left) and velocity (right). Near the centre of the intrusion are high density and velocity positive 

anomalies. These anomalies occur when transitioning from relatively low density siliciclastic 

sedimentary units to high density igneous units. The geophysical anomalies at the bottom of the well 

represent the Pillara Formation which consists of dense limestone. Geophysically distinguishing mafic 

igneous rocks and limestone may require a magnetics log, which was not available in this dataset. The 

Perindi 1 geophysical data also includes gamma and resistivity, but the gamma log has no recognisable 

patterns and the resistivity record is missing from the section containing the intrusion. Thus, with the 

current data available, downhole geophysical logs can be used as basic indicators for mafic igneous 

rocks, but a more comprehensive dataset is required to increase their utility across the Northwest Shelf.   
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Figure 4.5. Intersection of seismic line Leveque Shelf-198 with the well Perindi 1. This line displays a 

dolerite dike intruding through the Pillara Formation. The dike has associated density and velocity 

anomalies in the downhole geophysics. The thin density anomaly may be due to dolerite dike being 

strongly weathered, which would reduce its density on the upper and lower boundaries (Leveque 1 

1970). 

4.6 Discussion 

4.6.1 Seismic acquisition parameters 

Ongoing studies are attempting to uncover the Paleozoic geological history of the Northwest Shelf by 

analysing seismic data, but Paleozoic strata are often obscured (Rohrman and Lisk, 2010; Paschke et 

al., 2018; I’Anson, Elders, and McHarg, 2019). Seismic surveys that can image deep, pre-rift strata 

below mafic igneous units are needed. In this study, the surveys that are best able to image beneath the 

igneous units are Dampier Well Tie M.S.S. and L205 Canning Coastal S.S. as they clearly display 

geological features that are hidden or obscured in other surveys. Of all the seismic surveys used in this 

study, these two surveys (along with AGSO119) have the longest record length (up to 20 seconds), 

streamer length (6000 m) and the most receivers (up to 600). Record length is tied to streamer length 

because the minimum record length should be enough time for seismic signal to reach the furthest 

receiver from the source. Therefore, for this study, record length is incorporated into streamer length, 

but parameters from the above seismic surveys (Tables, 4.2, 4.4 and 4.6) indicate a longer record length 

could assist sub-igneous imaging if it does not introduce too much noise (Yilmaz, 2001).  
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Long streamer lengths and many receivers ensure that deep, attenuated signals can be captured 

with enough resolution to discern detail beneath igneous units which are typically difficult to image 

(Bruno and Castiello, 2009). Long streamer lengths result in long/wide offset seismic data, which 

facilitate more accurate velocity analysis and increased signal to noise ratios (Yilmaz, 2001) beneath 

mafic igneous units (Colombo, 2005).  In addition, the two seismic surveys that best imaged beneath 

mafic igneous units lie in similar frequency (between 1 and 200 hertz) and resolution (less than 10% 

difference) ranges, which aresimilar to the other surveys in this study (Tables 4.2, 4.4 and 4.6). Past 

studies have focussed on the impact of seismic frequency to penetrate beneath mafic igneous rocks 

(Gallagher and Dromgoole, 2007; Rohrman, 2007; Sun et al., 2010), but this study shows that when 

frequency is somewhat constant, the streamer length and the number of receivers can enhance the 

penetrative capability of the seismic signal. Modern seismic acquisition systems can reach these 

specifications by simply extending the streamer length and adding more receivers if possible.  

Another acquisition property to consider is seismic line orientation. For fine, steeply dipping 

features, the orientation of the seismic line could impact the way it is imaged. However, surveys that 

record multi-azimuth reflections are used for extracting the most information from a seismic survey as 

possible to characterise challenging small-scale features and faults (Long et al., 2006; Olneva et al., 

2019). In this study, there are several seismic lines that run near parallel, so the effect of differing 

reflection angles is reduced and direct comparisons of large-scale igneous features can be made (Fig. 

4.1; Supplementary Materials B).   

4.6.2 Seismic data processing 

Most of the seismic surveys in this study have had through processing workflows applied to them (Yule, 

2021; Supplementary Material A). All surveys are accompanied by a processing report except for 

Dampier Well Tie (NOPIMS 2019; WAPIMS 2019). Although a variety of processing techniques were 

applied to the seismic data, there are several functions that were consistently used across most surveys 

including predictive deconvolution, velocity analysis, NMO, migration (kirchhoff, FX, wave equation, 

explicit, F.D., omega-x), muting, filtering (bandpass, FK, zero-phase, tau-p, anti-alias) and CDP 

gathers. Other functions such as de-multiple (radon, FK, residual), spherical divergence and noise 

attenuation (multiple, radon, FK, random noise, wave equation) were also applied to some surveys. 

These functions represent an array of pre and post stack processes that were often used more than once 

in the same processing workflow. Understanding how each of these processing functions impact sub-

igneous imaging for a variety of seismic surveys requires further study. 

Small variations to the way seismic data is processed can lead to significant changes in sub-

igneous imaging (Gallagher and Dromgoole, 2007). To determine if the processing strategy is the 

primary factor for sub-igneous seismic imaging, we visually compared seismic data from the Browse 

Basin and their processing workflows. The Browse Basin has three intersecting seismic surveys that 
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have been processed to a high quality. AGSO119 and Leveque Shelf (Figs. 4.2a and 4.2c) have been 

reprocessed since their acquisition by industry and have had more modern processing techniques 

applied to them. These two surveys should be at parity with Wyla (Fig. 4.2b) in terms of processing 

quality. All three surveys had comprehensive processing workflows applied to them, sharing many of 

the same functions and techniques (Yule, 2021; Supplementary Material A). Despite the level of 

processing the surveys received, AGSO119 has a greater capacity to image beneath mafic igneous units, 

even though Leveque Shelf has had a little more done to it and Wyla is similarly processed. Therefore, 

it is possible that the survey acquisition parameters are what differentiate these surveys in terms sub-

igneous imaging.  

4.6.3 Mafic igneous unit thickness 

Igneous unit thickness is important to consider when attempting to image beneath them. The thicker the 

igneous unit, the more the seismic signal is attenuated and penetrative capability lowered (Sun et al., 

2010; Senger et al., 2017). For this reason, only the top boundary of the igneous units was mapped 

because the bottom boundary is too obscured (Magee et al., 2015). Drilling efforts in other basins 

revealed that low amplitude reflectors directly underneath high amplitude reflectors can also be igneous 

(Archer et al., 2005). Additionally, up to half the thickness of igneous units is undetectable due to the 

vertical resolution of seismic data (Schofield et al., 2017). Therefore, attempts to measure the thickness 

of igneous units from seismic data alone can result in underestimated values. The most accurate strategy 

to determine igneous unit thickness is to drill to the bottom boundary. 

In terms of the Northwest Shelf, thickness estimates of mafic igneous units can vary widely as 

most wells did not completely penetrate them. Hannover South 1 in the Roebuck Basin drilled the 

deepest, extracting more than 500 m of igneous material, but did not reach the bottom. Some wells only 

have thin occurrences of igneous rock, such as Corbett 1 (~10 m), but there are several wells that have 

drilled through more than 100 m (Lagrange 1, Wamac 1, Moogana 1, Padilpa 1).  Given the variability 

of thicknesses in the study area and absence of well control, Magee et al. (2015) and Senger et al. (2017) 

suggests using a constant velocity of 5.5 km/s for time/depth conversions if a broad estimate is needed, 

but it may be more appropriate to calculate a range of values as igneous velocities can vary from ~3 - 

6.7 km/s (Sun et al. 2019). For the resolution calculations (Equations 1 and 2), velocities of 3 km/s were 

used for Leveque 1 and Hauy 1 because the well logs did not record velocities for the igneous units and 

they are relatively shallow, whereas a velocity of 3.962 km/s was recorded for Fraser River 1. Without 

well calibration, it is difficult to determine the true thickness of igneous units (Rohrman, 2007) and they 

may be thicker than the seismic data can resolve (Archer et al., 2005; Schofield et al., 2017). 
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4.6.4 Past acoustic basement interpretations 

Leveque 1, Hauy 1 and Fraser River 1 reached depths of 900 m, 825 m and 3092 m respectively and is 

also where they intersect mafic igneous rocks (Table 4.7). Many of the seismic surveys in these areas 

failed to image below these depths (Figs. 4.2b, 4.2d, 4.3b, 4.3d, 4.4b and 4.4c). This suggests past 

exploration could have been limited where igneous units were present, including in the Browse Basin 

where the igneous unit drilled in Leveque 1 was initially interpreted to be Pre-Cambrian, gabbroic 

basement (Table 4.1; Leveque 1, 1970). The Pre-Cambrian interpretation may infer the basement is 

crystalline because the Browse Basin formed in the Paleozoic (Nicoll et al., 2009). The gabbro basement 

interpretation may have been based on the seismic data acquired and processed in 1970 that shows no 

signal from beneath the high amplitude reflector (Fig. 4.6). On the contrary, AGSO119-11 clearly shows 

more strata underneath the high amplitude reflector (Figs. 4.2a and 4.6), which contradicts the 

crystalline basement interpretation. It is more likely that the igneous unit intersected by Leveque 1 is 

either a basalt flow or dolerite sill that is underlain by sedimentary rocks. The underlain sedimentary 

rocks correlate with negative gravity and magnetic anomalies originating from the King Leopold 

Orogen and Lennard Shelf extension (Rollet et al., 2019). Therefore, there may be other misleading 

basinal and structural evolution assumptions based on the data currently available. 
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Figure 4.6. Top: Exploration seismic line, Tryal-Evans 70-479, acquired in 1970 to investigate the drill 

site for Leveque 1 (Modified from Leveque 1, 1970). Bottom: The same section from AGSO119-11 

that contains additional detail below the initial basement interpretation from 1970. 

4.6.5 Recent acoustic basement interpretations 

The basement interpretation surrounding the Leveque 1 well in the Browse Basin persists into recent 

studies. Hengesh and Whitney (2016) interpreted the basement from a coarse, high amplitude reflector 

where there is little to no signal beneath for a large portion of the seismic line. The seismic survey used 

is AGSO MS 175/Browse Basin High Resolution MSS and the interpreted seismic line is 175/BBHR-

04 which is parallel to AGSO119-11 (Fig. 4.1). AGSO MS 175 has a 3000 m streamer length and 240 

receivers. These specifications are lower than AGSO119 which was able to image structures and 

stratigraphy beneath the mafic igneous unit (Fig. 4.2a). The impact of the mafic igneous unit on AGSO 

MS 175 may have influenced the known tectonic history. A future seismic survey in the Browse Basin 

may reveal more of the Triassic and Paleozoic strata hidden beneath mafic igneous units which may 

improve the geological history and petroleum prospectivity of the area. 

4.7 Conclusion 

Widespread igneous units can inhibit our ability to map deep strata because they cause strong signal 

attenuation that prevents seismic imaging. We analysed the acquisition parameters of seismic surveys 

in the Northwest Shelf that successfully imaged beneath mafic igneous units and found that surveys 

with long streamer lengths and many receivers reduced the effect of attenuation. This was determined 

by simultaneously comparing several seismic surveys in 3D space that intersect wells with mafic 

igneous units across three basins. The benefit of constructing a 3D model from many vintage datasets 

is the capability to identify features not visible in individual surveys. Maximising these acquisition 

parameters to future seismic surveys provides an opportunity for more effective hydrocarbon 

exploration in frontier sedimentary basins such as the Canning, Browse and Roebuck basins that host 

known mafic igneous units.  
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5.1 Abstract 

The formation of mafic magmatic provinces are significant geological events that can drive mass 

extinctions and continental rifting and can influence basin evolution, petroleum prospectivity and 

mineralisation. Buried magmatic provinces, however, are rarely identified and difficult to define. The 

Northwest Shelf of Australia contains large volumes of potentially interconnected mafic igneous 

material across several sedimentary basins. However, limited study and a lack of surface exposure have 

prevented detailed description and classification of these rocks. In this study, the distribution and 

composition of these mafic igneous rocks are described using an integrated geophysical and 

geochemical approach, which included over 10,000 km line length of 2D seismic data, well log data 

and chemical analysis of samples from 14 wells across the Browse, Roebuck, Canning and North 

Carnarvon basins. Using this combined dataset, I demonstrate interconnectivity of buried mafic igneous 

rocks across the Northwest Shelf and calculate a total surface area exceeding 280,000 km2 and a 

cumulative minimum volume of ~140,000 km3. Petrology and geochemistry of samples indicate they 

are basaltic and doleritic with alkaline and sub-alkaline compositions and formed in a continental rift 

setting. Collectively, the igneous rocks meet the criteria for classification as a mafic magmatic province 

(MMP) and closely match the criteria required for classification as a large igneous province (LIP). 

Emplacement of the newly defined Northwest Shelf MMP may represent hotspot magmatism that could 

have initiated rifting of the Cimmerian Block from NW Australia during the Permian and could have 

potential for future, large scale CO2 sequestration and storage. 

5.2 Plain Language Summary 

Magmatic provinces are large bodies of igneous rock often tied to significant changes in Earth’s history 

such as mass extinction events and continental rifting. Many magmatic provinces are exposed on the 

surface and can be studied directly; however, studying magmatic provinces that are buried under 

hundreds to thousands of metres of sedimentary rock becomes increasingly difficult. In this paper, I 

indirectly map and characterise igneous rocks buried within the Northwest Shelf of Australia using 

seismic data and drilled rock samples. Combining these results, I found the igneous rocks all formed 

together, most likely during supercontinent break-up around 250 million years ago. I conclude that these 

rocks represent a new magmatic province, named the Northwest Shelf Mafic Magmatic Province. 

Recognition of this magmatic province is exciting because it may have contributed to an important 

global extinction event, presents new mineral resource opportunities and may be suitable for large scale 

CO2 sequestration to combat climate change. 
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5.3 Introduction 

The emplacement or eruption of large volumes of mafic magma over relatively short timescales is well 

recognised as important geological phenomena that has influenced mass extinctions, continental 

breakup, and metalliferous ore formation across Earth’s history (Ernst, 2014). The most voluminous of 

these events, classified as Large Igneous Provinces (LIPs), are characterised by extensive flood basalts 

associated with dolerite dyke and sill networks that are genetically related to a mantle plume, and/or 

continental break-up geodynamics (Ernst et al., 2005). To classify a LIP, a mafic igneous suite must 

cover an area of at least 100,000 km2, have a minimum volume of 100,000 km3 and be emplaced within 

a 50-million-year time period, the bulk of which in a 30-million-time period (Coffin and Eldholm, 1994; 

Ernst and Buchan, 2001; Ernst et al., 2005). An episode of mafic magmatism that meets some, but not 

all, of these requirements can be classified as a Mafic Magmatic Province (MMP) rather than a LIP, 

given the same surface area and volume requirements are met (Ernst 2014). 

 Historically, most LIPs have been classified primarily on exposed extrusive components, 

although characterising pre-Mesozoic magmatic provinces, even when exposed at Earth’s surface, can 

be challenging due to the high tendency of mafic igneous rocks to weathering and erosion (Wingate et 

al., 2004; Xu et al., 2014). Identifying buried mafic igneous rocks within sedimentary basins is also 

challenging due to the lack of surface exposure and access to rocks samples (Eide et al., 2017; Schofield 

et al., 2017). Therefore, it is likely that the number of recognised LIPs and MMPs within ancient 

sedimentary basins is underestimated. Nevertheless, the emplacement of LIPs or MMPs into basins may 

have important implications for basin formation and evolution, and for global climate. Basin evolution 

can be controlled by uplift during igneous emplacement, followed by increased subsidence as the 

igneous units cool (Houseman, 1991; Zeyen et al., 1997; Pirajno and Santosh, 2015). Continental break-

up, which is known to correlate with LIP emplacement (Wingate et al., 2004; Ernst et al., 2005; Glass 

and Phillips, 2006; Kravchinsky, 2012), can affect basement structures, leading to the further 

development of sedimentary depocenters (Ernst et al., 2005; Muller et al., 2005). Hydrocarbon systems 

can be severely impacted by magmatic intrusions. The additional heat can thermally mature source 

material into the oil window, and igneous rocks can form effective seals (Schutter, 2003; Totterdell et 

al., 2014). Conversely, intrusions can thermally decay source material and compartmentalise reservoirs 

which restricts hydrocarbon migration (Augland et al., 2019; Black and Gibson, 2019). Thermal and/or 

mechanical modification to hydrocarbons and sedimentary host rocks can release significant volumes 

of greenhouse gasses into the atmosphere causing disruptions to the global climate and global mass 

extinctions, such as the end-Permian mass extinction event caused by a LIP (Wingate et al., 2004; Ernst 

et al., 2005; Glass and Phillips, 2006; Kravchinsky, 2012; Burgess et al., 2017; Augland et al., 2019). 

LIPs and MMPs are also known to host significant orthomagmatic Ni-Cu-platinum group element 

(PGE) deposits (Wingate et al., 2004) and, hence, are targeted for mineral exploration.  
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 Mafic igneous rocks have been reported from sedimentary basins across the Northwest Shelf 

of Australia, identified primarily from hydrocarbon exploration data (Table 5.1). Igneous rocks are often 

overlooked or avoided during hydrocarbon exploration (Schutter, 2003; Kutovaya et al., 2019) and no 

outcrop of these igneous rocks has yet been identified from the region. Few studies have investigated 

these units specifically, so they remain poorly understood. Recent studies by Rohrman (2013) Magee 

et al. (2016), Eide et al. (2017), Schofield et al. (2017), MacNeill et al. (2018), Rollet et al. (2019) and 

Magee and Jackson (2020) used geophysical techniques (i.e., seismic, gravity and magnetics) to 

estimate the thickness and distribution of igneous units in the sedimentary basins of the Northwest Shelf. 

Initially proposed by Symonds et al. (1998) and later suggested by MacNeill et al. (2018), the igneous 

units emplaced within these basins may constitute a mafic magmatic province (MMP), while Rollet et 

al. (2019) proposes the presence a large igneous province (LIP). However, no previous work has been 

able to demonstrate that the igneous units fully meet the criteria of a magmatic province.     

 Geophysical techniques are the primary means of imaging and understanding subsurface 

geology at a broad (>1 km) scale. Of these, reflection seismic surveying is the only method for imaging 

geological features with a reasonable resolution and for estimating lithologies several km below the 

surface (Yilmaz, 2001). Nevertheless, like most geophysical techniques, inversion of reflection seismic 

signals requires lithological inputs (Austin et al., 2014), which may lead to ambiguous results if the 

lithology is poorly known (Yilmaz, 2001; Luke et al., 2003). Hence, optimal results are obtained when 

geophysical interpretations are integrated with geological and geochemical data. In this study, reflection 

seismic interpretations are supported by geological context and geochemical datasets, which together 

provide robust constraints on the extent, composition, and tectonic setting of the mafic igneous units. 
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Emplaced Formation 
Period 

Early Triassic 

Permian 

Early Carboniferous 

Triassic 

Triassic 

Triassic 

Triassic 

Triassic 

Permian 

Devonian 

Early Carboniferous 

Early Carboniferous 

Early Carboniferous 

Early Carboniferous 

Early Carboniferous 

Early Carboniferous 

Permian 

Permian 

Permian 

Ordovician 

Early Carboniferous 

Early Carboniferous 

Early Carboniferous 

Early Carboniferous 

Lithology 

Sandstone 

Sandstone, siltstone 

Limestone, shale 

Sandstone 

Sandstone 

Sandstone 

Sandstone 

Sandstone 

Sandstone 

Limestone 

Limestone, shale 

Limestone, shale 

Limestone, shale 

Shale/Siltstone 

Shale/Siltstone 

Shale/Siltstone 

Sandstone 

Mudstone, siltstone 

Mudstone, siltstone 

Sandstone 

Sandstone 

Sandstone 

Sandstone 

Sandstone 

Name 

? 

Liveringa Group 

Fairfield Group 

Keraudren Formation 

Keraudren Formation 

Keraudren Formation 

? 

Keraudren Formation 

Grant Group 

Pillara Formation 

Fairfield Group 

Fairfield Group 

Fairfield Group 

? 

? 

? 

Grant Group 

Noonkanbah Formation 

Noonkanbah Formation 

Nambeet Formation 

Anderson Formation 

Anderson Formation 

Anderson Formation 

Anderson Formation 

Previous Dates (Ma) 

- 

- 

163 ± 13 (Fission track) 

- 

- 

- 

- 

253 ± 3 (K-Ar) 

- 

- 

336 ± 2 (K-Ar) 

336 ± 2 (K-Ar) 

336 ± 2 (K-Ar) 

249 ± 2 (K-Ar) 

249 ± 2 (K-Ar) 

249 ± 2 (K-Ar) 

291 ± 2 (K-Ar) 

224.19 ± 2.95 (Ar-Ar) 

- 

- 

- 

228 ± 5 (K-Ar)  

- 

- 

Lithology 

Basalt 

Dolerite 

Dolerite 

Mafic volcanics 

Mafic volcanics 

Mafic volcanics 

Basic igneous 

Bedout volcanics 

Dolerite 

Metadolerite 

Dolerite 

Dolerite 

Dolerite 

Dolerite 

Dolerite 

Dolerite 

Dolerite 

Dolerite 

Dolerite 

Metabasalt 

Dolerite 

Dolerite 

Dolerite 

Dolerite 

Depth (m) 

3042.5 

332 

3069.3 

5200 

5300 

5400 

821.7 

3245 

1415 

2165 

1987 

2174 

1815 

2037.5 

2037.5 

2185 

1590 

693.2 

675.55 

2855.4 

2250 

2375 

2675 

2725 

Sample 
Type 

Core 

Cuttings 

Core 

Cuttings 

Cuttings 

Cuttings 

Core 

Cuttings 

Cuttings 

Cuttings 

Cuttings 

Cuttings 

Core 

Cuttings 

Cuttings 

Cuttings 

Cuttings 

Core 

Core 

Core 

Cuttings 

Cuttings 

Cuttings 

Cuttings 

Sample Name 

Bedout 1 

Corbett 1 

Fraser River 1 

Hannover South 1 

Hannover South 2 

Hannover South 3 

Hauy 1 

Lagrange 1 

Minjin 1 

Moogana 1 

Padilpa 1 

Padilpa 2 

Padilpa 3 

Pearl 1A 

Pearl 1B 

Pearl 2 

Perindi 1 

SD 1 

SD 2 

Tappers Inlet 1 

Wamac 1 

Wamac 2 

Wamac 3 

Wamac 4 

Table 5.1. W
ell report inform
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(see section 2.3.2), and sedimentary units the mafic igneous rocks were emplaced in (NOPIMS 2019; 

WAPIMS 2019). The lithologies included in this table are as described from the well reports. Note, 

sample names differ to well names as all well names end in 1. Well completion reports can be found as 

links to NOPIMS in the Supplementary Materials (Yule and Spandler, 2021). Well completion reports 

for onshore wells can be found in the WAPIMS database (https://wapims.dmp.wa.gov.au/WAPIMS). 

 To investigate the hypothesised presence of a LIP or MMP buried across the Northwest 

Shelf of Australia, I integrated over 10,000 km line length of 2D seismic data and 24 well logs (Fig. 

5.1a) into a single 3D model. This model was used to map the distribution and interconnectivity of 

mafic igneous units across four basins of the Northwest Shelf. Furthermore, I studied 24 rock samples 

from 14 different exploration wells (Table 5.1) for their petrography and bulk geochemical composition 

to shed light on the origins and composition of these mafic units. Identification of a LIP or MMP in the 

Northwest Shelf of Australia is not only important for understanding basin evolution, but also has 

implications for assessment of hydrocarbon (Augland et al., 2019, Black and Gibson, 2019) and Ni-Cu-

PGE mineralisation (Wingate et al., 2004) potential in the region, as well as targeting of CO2 

sequestration projects (e.g., Goldberg et al., 2008). The broader application of the integrated 

geophysical and geochemical approach used in this study may aid in the discovery of similar features 

that remain hidden in other basins worldwide. 
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Figure 5.1. a) Northwest Shelf study area and locations of seismic and well data used. All featured wells 

were used for seismic stratigraphic mapping, whereas only some wells were sampled for geochemical 

analyses (Appendix F). b) Basement map of the study area, which was compiled from magnetics, 

gravity, geological and well data by Frogtech (2014). Basement elevation is an approximation and can 

by be influenced by, for example, mafic igneous rocks. 
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5.4 Geological Background 

Australia’s Northwest Shelf region is a passive margin consisting of several Paleozoic-Mesozoic basins 

that range in thickness from 1 to 18 kilometres. The region itself covers >1,500,000 km2 and is 

renowned for hosting Australia’s richest hydrocarbon resources (Totterdell et al., 2014). These basins 

include (north to south) the Browse, Roebuck, Canning, and North Carnarvon Basins. Major 

hydrocarbon resources are found in the North Carnarvon and Browse Basins (Blevin et al., 1994; Blevin 

et al., 1998; Hackney et al., 2015), and minor hydrocarbon discoveries have been identified in the 

intervening Canning and Roebuck Basins (Fig. 5.1a; Totterdell et al., 2014). Extensive hydrocarbon 

exploration means the Cenozoic and Mesozoic geological history is well understood across these basins. 

However, the Paleozoic stratigraphy is frequently underrepresented because overlying igneous rocks 

obscure deep seismic imaging (Mory and Haines, 2013; Totterdell et al., 2014). The basins of the 

Northwest Shelf host Paleozoic and Mesozoic strata that record a rich geological history, characterised 

by several regional tectonic events. 

5.4.1 Tectonic History 

The tectonic development of the Northwest Shelf can be broadly characterised by three episodes of 

continental rifting. 1) During the Cambrian, the Tarim Block rifted from the Northwest Shelf region in 

a north-westerly direction and later coalesced to become part of what is now the Xinjiang Province in 

north-western China (Li and Powell, 2001; Keep et al., 2007; Li et al., 2008; Merdith et al., 2021). This 

event led to the onset of subsidence and sedimentation in the oldest basin in the region, the Canning 

Basin.  2) Permian rifting of the Cimmerian Block, a group of continental fragments that formed during 

the Devonian and were part of the northern Gondwana margin (Li et al., 2008). This rifting event, 

referred to as the Bedout Movement (Muller et al., 2005), was likely initiated by impingement of a 

mantle plume beneath the continental lithosphere resulting in the formation of a tectonic triple junction, 

a raised basement structure in the Roebuck Basin called the Bedout High, and a regional unconformity 

(Muller et al., 2005; Rohrman and Lisk, 2010; MacNeill et al., 2018; Rollet et al., 2019). 3) Northward 

rifting of the Mawgyi Terrane at ca. 155 Ma in the Jurassic, initiated further subsidence across the 

Northwest Shelf. This rifting event resulted in the formation of the Argo Abyssal Plain, the oceanic 

crust adjacent to the Northwest Shelf (Heirtzler et al., 1978; Yeates et al., 1984; Muller et al., 2005; 

Metcalfe, 2006). Lastly, throughout the Cenozoic, the Northwest Shelf has existed as a passive margin 

subject to mild north-south compression as the Australia plate moves northward into the Banda arc 

(Keep et al., 2007; DiCaprio et al., 2009).  
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5.4.2 Basins 

5.4.2.1 Browse Basin 

The Browse Basin (Fig. 5.1) is an offshore, petroleum producing basin that represents a significant 

portion of Northwest Shelf’s depositional history (Geoscience Australia, 2019). Strata within the 

Browse Basin is dominated by sandstones from the Carboniferous to Middle Jurassic, claystones from 

the Middle Jurassic to Upper Cretaceous and limestones throughout the Cenozoic. Sedimentation 

initiated during the early Carboniferous as half-graben extensional structures. A series of rifting and 

subsidence events throughout the Paleozoic and Mesozoic facilitated the development of significant 

depocenters, the thickest of which is up to 15 km (Nicoll et al., 2009). 

5.4.2.2 Roebuck Basin 

Formation of the Roebuck Basin (Fig. 5.1) is attributed to multiple phases of rifting throughout the 

Paleozoic and Mesozoic and from thermal sag in the Triassic (Totterdell et al., 2014). The Roebuck 

Basin is dominated by limestone, mudstone and siltstone that first deposited in the Middle Devonian 

but are thickest in the Mesozoic intervals. Although sediment thickness is up to 6 km, a basaltic lava 

delta with a maximum estimated thickness of 10 km has been recognised along the continental shelf 

edge (Rollet et al., 2019). The Roebuck Basin is also partly defined by the Bedout High, a basement 

high in the Bedout Sub-basin that is capped by basalt and appears as a major anomaly in potential field. 

The Roebuck Basin is a frontier petroleum basin that is understudied but is recognised to contain 

significant quantities of igneous material (Muller et al., 2005; Totterdell et al., 2014). 

5.4.2.3 North Carnarvon Basin 

Most units in the North Carnarvon Basin (Fig. 5.1) consist of sandstones, siltstones, claystones, 

limestones and marls. Sedimentation initiated in the early Carboniferous due to continental rifting, but 

widespread sediment deposition did not occur until the late Permian – Early Triassic when all the basin 

elements developed. Depocenters formed by rifting and subsidence that created thick sedimentary 

packages up to 15 km thick. Hosted in some sedimentary units are basalts, but detailed mapping is 

limited, and their extent is not fully understood (McClay et al., 2013). Despite the presence of igneous 

rocks, the North Carnarvon Basin is Australia’s largest producer of hydrocarbon resources and contains 

a complex stratigraphy that requires further exploration (Geoscience Australia, 2019). 

5.4.2.4 Canning Basin 

The Canning Basin is divided into onshore and offshore components (Fig. 5.1). Near continuous 

deposition from Ordovician to present has produced thick, mostly Paleozoic stratigraphic packages, 

including the regionally extensive and up to 2500 m thick Grant Group (Yeates et al., 1984; Smith et 

al., 2013; Totterdell et al., 2014). These packages contain a variety of sedimentary rocks including 
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limestone, sandstone, mudstone and siltstone. A tectonic history of crustal sag, subsidence and 

continental rifting has produced one of the largest depocenters in the Northwest Shelf that contains up 

to 18 km of strata. Within the strata are basalt flows and dolerite dykes and sills. The Canning Basin is 

a vast, frontier basin that lacks well control and preserves much of the geological record that is missing 

from other areas (e.g, the Silurian; Brown et al., 1984; Totterdell et al., 2014). 

5.4.3 Mafic Igneous Rocks 

Mafic igneous units are known to extend from the Carnarvon Basin in the south, throughout the Canning 

and Roebuck basins and north into the Browse Basin (Symonds et al., 1998; Rohrman and Lisk, 2010; 

Rohrman, 2013; MacNeill et al., 2018; Rollet et al., 2019; Magee and Jackson, 2020). The maximum 

thickness of these rocks is ~10 km along the continental shelf edge of the Roebuck Basin, and is 

associated with a lava delta. This measurement is based on seismic, magnetic and gravity data (MacNeill 

et al., 2018; Rollet et al., 2019) but the igneous units thin towards the Canning Basin. The main 

challenge of investigating these mafic igneous rocks is that they are only known from sparse drill core 

and cuttings from hydrocarbon exploration wells (Table 5.1) and geophysical observations (Totterdel 

et al., 2014). A better understanding of the nature and extent of these magmatic intrusions is crucial 

because they are a critical risk to petroleum prospectivity across the Northwest Shelf, particularly with 

respect to over-maturation from thermal decomposition (Smith et al., 1999; Holford et al., 2013; 

Totterdell et al., 2014; Augland et al., 2019; Black and Gibson, 2019). 

5.4.3.1 Geophysics 

Using seismic data, Symonds et al., (1998) was the first to propose that mafic igneous rocks along the 

Northwest Shelf may constitute a magmatic province. MacNeill et al., (2018) later identified over 

100,000 km2 of mafic igneous rocks up to 10 km thick in the Roebuck Basin using 2D and 3D seismic 

data. The most recent study of mafic units in the Northwest Shelf was that of Rollet et al., (2019), who 

combined regional gravity and magnetic surveys with seismic data to map the extent of the mafic units 

along the offshore margin. Findings from this study support the previous thickness estimate of 10 km 

by MacNeill et al., (2018) but also used changes in calculated rock density through vertical sections to 

map the distribution of the mafic units. This work was the first to comprehensively demonstrate the 

mafic units are interconnected. The size of the mafic units suggests a buried LIP that formed during the 

late Permian-Early Triassic as determined by stratigraphic relationships.  

5.4.3.2 Radiometric Geochronology 

Previous geochronological studies of mafic igneous units in the study area (Fig. 5.1) employed fission 

track and 40K/39Ar geochronology on rocks from 6 well samples in the Canning Basin (Gleadow and 

Duddy, 1984; Reeckmann and Mebberson, 1984). Fission track dating of apatite indicates a thermal 

event occurred at ~270 Ma in the middle Permian (Gleadow and Duddy, 1984), whereas 40K/39Ar data 
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suggests mafic igneous rocks were emplaced between early Permian and Jurassic (~291 Ma to ~176 

Ma), but are likely Permian in age (Reeckmann and Mebberson, 1984). These dates have been crucial 

for providing broad constraint on the emplacement of these igneous rocks, but more precise 

geochronology is required to confidently correlate the emplacement of these rocks with geological 

events such as the continental break-up of the Cimmerian Block in the Permian (Mory and Haines, 

2013). Additionally, relative dating of the nearby Exmouth Plateau LIP suggests a Jurassic 

emplacement (Rohrman 2013; Magee and Jackson 2020). Although the Exmouth LIP and igneous units 

from this study are separate, a Jurassic emplacement age should be considered until more radioisotope 

geochronology data is acquired. 

5.4.3.3 Geochemistry 

The mineralogical and chemical composition of the mafic igneous units found across the Northwest 

Shelf is poorly understood, most likely due to the highly restricted availability of rock samples as 

expressed in the NOPIMS and WAPIMS databases. The only investigation of the chemical composition 

of these rocks is a dataset acquired by Chemostrat (2016) involving four basalt samples from the Bedout 

1 well with no interpretations accompanying the data. No previous studies have addressed the 

geochemistry or mineralogy of mafic igneous rocks on a regional scale. The primary impediment to 

geochemical investigations is the deep emplacement of mafic igneous units where sample collection is 

restricted to a handful of hydrocarbon exploration wells. Well samples vary between drill core and 

cuttings (Table 5.1), but cuttings present contamination issues from material up well, and the few core 

samples that are available are strongly geochemically altered.  

5.5 Methods 

5.5.1 Seismic interpretations 

The geophysical approach of this study integrated 24 well logs and over 10,000 km line length of 2D 

seismic data (Fig. 5.1) into a regional 3D model. Well logs contain lithological data that is crucial for 

seismic stratigraphic mapping, but some wells also have geophysical logs such as gamma, density, 

resistivity and sonic logs, which can assist in differentiating rock types. The wells and seismic lines 

were analysed in 3D space using the OpendTect software package to map the extent of the buried mafic 

igneous units across the study area (Yule and Daniell, 2018; 2019). Mafic igneous units are typically 

expressed as high-amplitude seismic reflections relative to the surrounding sedimentary rocks and 

appear as three types: flows, dykes and sills (Magee and Jackson, 2020). Flows are emplaced above 

older strata whereas dykes and sills crosscut them. Dykes orient vertical to sub-vertical to the bedding 

plane and disrupt seismic signal and sills have a stratiform orientation (Phillips et al., 2018; Magee and 

Jackson, 2020).  Strong magnetic signals can differentiate mafic units from other geological units, 

which is useful for seismic stratigraphic mapping (Sun et al., 2010; Cortez and Cetale Santos, 2016; 
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Eide et al., 2017). Mapping involved laterally tracing high amplitude seismic reflectors between well 

logs that intersected mafic igneous rocks and using published seismic interpretations (AGSO, 2001; 

Hashimoto et al., 2018; Rollet et al., 2019) to create 2D horizons (Fig. 5.2; Appendix A). The 2D mafic 

igneous horizons were imported into Generic Mapping Tools (GMT) to be interpolated into 3D 

surfaces. After testing a variety of interpolation functions and parameters including nearest neighbour 

and triangulation, a spline with a tension factor of 0.75 was the optimal function as it produced a smooth 

and consistent surface. The interpolated surface was then imported to R to create a boundary using the 

concaveman function to remove data outside the extent of the seismic lines (Appendix G). The result is 

a continuous 3D surface generated from seismic and well data that displays the location and depth of 

the mafic igneous rocks across the study area (Fig. 5.3). Using this 3D surface and estimates of mafic 

igneous rock thickness across the study area (MacNeill et al., 2018; Rollet et al., 2019), a volume of 

magmatic material was calculated.  

 

 

 

 

 

 

 

 

 

 

Figure 5.2. Illustration of how the top reflector 

of mafic igneous rocks were mapped in 

seismic data by linking well lithology logs 

that are tied using a synthetic seismogram. 

The lower boundary of mafic igneous rocks 

are ambiguous and could not be mapped due 

to strong attenuation. 
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5.5.2 Mafic rock sample analysis 

Sampling of igneous rocks is hampered in the study area due to the lack of surface exposure and well 

control in these frontier basins. Well density in the offshore Canning Basin is 0.8/10,000 km2, which is 

>500 times less than, for example, North American Paleozoic basins (Cadman et al., 1993; GSWA, 

2017). These differences in well density shows a data disparity in large areas of the Northwest Shelf. 

Thus, the approach to sampling in this study was to sample as many wells that contained mafic igneous 

material as possible. Some of the wells displayed in Figure 5.1 did not have enough material for analysis 

(less than 30 grams), so the wells listed in Table 5.1 represent the most comprehensive sampling for 

mafic igneous units in the study area.   

 The well samples consist of drill core and drill cuttings (Appendix F). Pieces of core were 

made into standard thin sections and epoxy pucks for textural analysis and mineral identification using 

a petrographic microscope and an energy dispersive spectrometer-equipped scanning electron 

microscope (SEM-EDS) (Appendix E) at the Advanced Analytical Centre, James Cook University, 

Townsville, Australia. The cuttings were thoroughly cleaned using a sonic bath to remove drilling mud 

and organic matter, then both core and cuttings were crushed to <500 µm using a tungsten-carbide disc 

mill. The crushed samples were submitted to Bureau Veritas Minerals laboratories, Vancouver, Canada, 

where they were milled and then analysed for major and trace elements using a combination of 

inductively-coupled plasma mass spectroscopy (ICP-MS) and inductively-coupled plasma optical 

emission spectroscopy (ICP-OES). More detail on these methods are described by Slezak and Spandler 

(2020). Full analytical results are presented in Appendix B. 

 Bulk mineralogy of the samples was determined using X-ray diffraction (XRD) at the North-

West University Centre for Water Science and Management laboratory, Potchefstroom, South Africa. 

XRD data were collected using a PANalytical X’Pert Pro with a Cu X-ray anode (Kα) that measures 

diffraction angles from 4º - 100º (Appendix D). 

5.6 Results 

5.6.1 Seismic Correlation 

The igneous units show a surprising level of connectivity in the seismic data. Mapping from well to 

well, the mafic igneous rocks are found throughout the study area, except on the Broome Platform in 

the Canning Basin (Fig. 5.3). Igneous horizons are found from the eastern edge of the North Carnarvon 

Basin through to the Southern area of the Browse Basin and are continuous across the onshore-offshore 

transition in the Fitzroy Trough/Oobagooma and Willara Sub-basins (Appendix A). There is also a 

general stratigraphic trend where the igneous units are above the early Permian Grant Group outside 

the Canning Basin, but are underneath the Grant Group in the Canning Basin (Fig. 5.3).  
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Figure 5.3. Interpreted depth and distribution of the Northwest Shelf mafic magmatic province (MMP) 

across the Northwest Shelf, covering ~280,000 km2 across four basins. Contours represent depth to the 

top of the MMP in milliseconds two-way travel time (TWT) and wells that intersect the MMP are 

labelled with depth in meters from the rotary table to the top of the MMP. Not all wells from Figure 5.1 

were used because some wells only reported contact metamorphism from lower intrusions or did not 

intercept igneous units. Striped areas indicates the possible extent of the MMP. The dark pink line 

approximates an interpreted change in lithology where northwest of the line is interpreted as extrusive 

basalt and southeast is intrusive dolerite based on stratigraphic relationships shown in Figure 5.11.  

 In this study, the mafic rocks are expressed as two types: intrusions that cross-cut Paleozoic 

strata or as lava flows overlain by Triassic strata (Table 5.1; Appendix A). These two types are 

expressed in seismic data where intrusions appear as high amplitude reflectors that cut across and 

influence other reflections (Fig. 5.4a), whereas lava flows generally conform with adjacent strata but 

can be differentiated by higher amplitudes (Fig. 5.4b). Additional well control in the form of thin-

section petrography highlights the intrusions are fine- to medium-grained dolerites, and the lava flows 

are basalts (Section 4.2). 
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Figure 5.4. Evidence of large scale igneous structures in the study area. a) Igneous intrusion imaged in 

GA Coastal S.S. measuring at ~40 km across the base and ~4,000 milliseconds (TWT) in height. The 

red line above the intrusion is interpreted as the top of the MMP. b) Bedout High in seismic data as 

imaged in AGSO120 M.S.S. in line 01. It is approximately 150 km in diameter and more than 4000 

milliseconds (TWT) in height. The red line is interpreted as the top of the MMP. 

 Figure 5.3 represents the top of either type of igneous unit by interpolating 2D seismic 

horizons. The calculated minimum and maximum depths are 172 ms and 5918 ms two-way travel time 

(TWT). The depth of the igneous rocks is as shallow as 300 m onshore and becomes steadily deeper 

offshore trending NW, but there are anomalies to this trend. The igneous units are found deeper in the 

Fitzroy Trough/Oobagooma Sub-basin of the Canning Basin than in the adjacent Willara Sub-basin and 

Browse Basin (Fig. 5.3) and the centre of the Fitzroy Trough contains ~4000 ms tall intrusions (Buried 

igneous intrusion: Fig. 5.4a) that are visible on the basement map (Fitzroy Trough anomalies: Fig. 5.1b). 

The other major anomaly is the Bedout High (Fig. 5.4b) in the Roebuck Basin, which is a structural 

high with volcanic origins, as indicated by wells Bedout 1 and Lagrange 1 where the latter intersected 

over 300 m of basalt into the structure (Table 5.1). It appears that basalt was emplaced over the Bedout 

High as expressed in the seismic data (Fig. 5.4b; Appendix A), which resulted in a depth anomaly in 

the interpolated horizon (Fig. 5.3).  

 The total area covered by mafic igneous units from seismic stratigraphic mapping is 

~280,000 km2 (Fig. 5.3). The surface area was calculated by importing the interpolatedhorizon of mafic 

igneous rock into ArcGIS with the same coordinate system as OpendTect (WGS84, UTM 51S) and 

running a surface area query. The value of ~280,000 km2 is regarded as the minimum surface area 

because it is likely that the igneous units extend further outside the study area. To better understand the 

surface area of the igneous units, further improvements to the interpolated seismic model can be made 

with targeted seismic surveys and new wells to ground-truth the interpretations presented within this 

study. 



C.T.G. Yule 

170 
 

5.6.2 Mineralogy and Petrography 

The dolerite samples analysed in thin sections (Fig. 5.5), SEM-EDS (Fig. 5.5) and XRD (Fig. 5.6) 

(Appendices D and E) have typical doleritic textures with lathic plagioclase typically 0.5-2 mm long 

(50% to 70%), pyroxene (mostly clinopyroxene; up to 40%), magnetite (5%) and alteration phases such 

as quartz, calcite, chlorite and sulfides (up to 20%) (Figs. 5.5 and 5.6). Several samples are porphyritic 

with plagioclase phenocrysts up to 5 mm in length. The basaltic samples are fine grained with 

plagioclase, pyroxene, quartz and magnetite grains visible from petrographic examination (Fig. 5.5), 

but these samples are also heavily altered (up to 60%) with the same alteration phases as the dolerites. 

All thin section samples are strongly magnetic. 

 Primary magmatic phases include plagioclase, pyroxene and magnetite, and accessory 

ilmenite and titanite, and alteration phases include quartz, calcite, chlorite, pyrite, chalcopyrite and K-

feldspar (Table 5.2). Olivine is preserved in some samples but is rare due to its susceptibility to 

alteration (Figs. 5.5a and 5.5b). Three abundant types of alteration in these samples are chloritic, 

carbonate and silicic alteration (Figs. 5.5c, 5.5d, 5.5e and 5.5f). Chloritic alteration has altered mafic 

minerals into chlorite, which gives some samples a green hue in plane polarised light (Fig. 5.5c). 

Carbonate alteration has partially to fully consumed plagioclase grains (Fig. 5.5c), and silicic alteration 

takes the form of quartz veins and interstitial hydrothermal quartz grains (Fig. 5.5d). One of the samples 

contains euhedral, “maltese cross” iron-titanium oxides (Fig. 5.5g), carbonate (dolomite and calcite) 

and quartz filled vugs (Fig. 5.5h).  
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Figure 5.5. Thin section petrography under cross-polarised (XPL) light and SEM-EDS analysis of 

samples. a) SD2, the freshest dolerite in this study under XPL. b) SD1 under XPL, is abundant in 

magnetite, lathic plagioclase and calcite. c) Bedout 1 shown in XPL with large plagioclase grains and 
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flow banded texture. d) Hauy 1, fine grained basalt with a quartz vein running horizontally across the 

image in XPL. e) SD2 displaying a variety of minerals with rims in a backscatter image. f) Backscattered 

electron image of Hauy 1with weathered mineral phases. g) Backscattered electron image of sample 

SD1 showing maltese crosses of Fe-Ti oxides. h) Backscattered electron image of a dolomite-quartz 

vug in SD1. Mineral abbreviations, Cal: Calcite, Ccp: Chalcopyrite, Chl: Chlorite, Dol: Dolomite, Ilm: 

Ilmenite, Mag: Magnetite, Ol: Olivine, Plg: Plagioclase, Px: Pyroxene, Py: Pyrite, Qtz: Quartz. 

 

Figure 5.6. Simplified plot of the XRD mineralogical data for igneous rock samples examined herein.  
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Sample Coordinates Texture Primary Minerals Alteration Minerals Rock Type 

SD 1 X: 314287 

Y: 7807958 

Lathic Plagioclase, pyroxene, 

magnetite, olivine, ilmenite 

Calcite, quartz, chlorite, 

chalcopyrite 

Dolerite 

SD 2 X: 314287 

Y: 7807958 

Lathic Plagioclase, pyroxene, 

magnetite, olivine, spinel 

Calcite Dolerite 

Bedout 

1 

X: 117132 

Y: 7979128 

Lathic Plagioclase, pyroxene, 

magnetite 

Chalcopyrite, pyrite, chlorite, 

calcite 

Dolerite 

Hauy 1 X: -102591 

Y: 7801025 

Aphanitic Plagioclase, pyroxene, 

magnetite 

Chlorite, quartz, calcite, 

pyrite 

Basalt 

Tappers 

Inlet 1 

X: 456408 

Y: 8135986 

Aphanitic Plagioclase, pyroxene, titanite Chlorite, calcite, K-feldspar, 

chalcopyrite 

Basalt 

Table 5.2. Summarised description and location (UTM 51S) of thin section samples.  

5.6.3 Major and trace element geochemistry  

The samples have a wide range of SiO2 (37% to 59%), LOI (1.4% to 12.6%), total carbon (0.04%-

2.69%) and other major element contents (Fig. 5.7; Appendix B), which is consistent with varying 

intensities of alteration. Loss on ignition (LOI) correlates with K, Ba and Sr indicating these elements 

have been mobilised during alteration, and the total carbon correlates with the abundance of Ca-Fe-Mg 

carbonate alteration minerals seen in the thin sections (Fig. 5.5). Traditionally, a total alkali vs silica 

(TAS) diagram is used to classify volcanic rocks (Fig. 5.8a), but due to the extensive alteration, other 

major and trace elements are used to determine the composition and origins of the igneous units (Fig. 

5.8b). The samples can be divided into two distinct groups based on major element compositions (Fig. 

5.7), with Group 1 having higher K2O, Fe2O3, TiO2 and P2O5 and lower MgO than Group 2 samples. 

Group 2 samples also have a wider range of CaO and MgO contents. These sample groups are spatially 

distinct with Group 1 distributed exclusively in the offshore basins, whereas Group 2 includes all the 

onshore Canning Basin samples (Fig. 5.8). 

 Trace element compositions are used to further distinguish the two sample groups. Group 1 

is characterised by relatively high Nb, Zr, Ti and Nb/Y (Figs. 5.8c, 5.8d, 5.8e) and has fairly smooth 

NMORB-normalised trace element pattern with a positive slope (i.e., LREE-enriched REE patterns) 

(Fig. 5.9a), which is similar to within plate alkali basalts (Neumann et al., 2011; Pearce 1996). Group 

2 samples are characterised by Nb and Ta negative anomalies and relatively flat (but variably enriched) 

REE patterns (Fig. 5.9b). Tectonic discrimination based on immobile trace elements (Fig. 5.8c) place 

the Group 1 samples within the ocean island basalt (OIB) field, and Group 2 samples across MORB 

and island arc basalt (IAB) fields. 
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Figure 5.7. Major element scatter plots of the studied samples. Note the distinction of the two groups, 

particularly for TiO2 and P2 O5 contents.  
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Figure 5.8. Elemental discrimination diagrams for mafic igneous rocks used to define sample lithology 

and tectonic setting. a) TAS diagram. b) Modified rock classification diagram using Nb/Y and Zr/Ti 

ratios to remove the effects of alteration. c) Basalt Ti vs V diagram to detect crustal contamination from 

an attenuated continental lithosphere tectonic setting. d) TiO2 vs Zr and e) Nb vs Th bivariant plots 

show fractionation and clear distinction between sample groups. 
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Figure 5.9. Trace element plots of Group 1 (a) and Group 2 (b) samples. Insets display simplified trace 

element plots as described in Pearce (1996). Circles represent offshore wells, triangles onshore wells 

and crosses are data from Chemostrat (2016). 
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5.7 Discussion 

5.7.1 Is there a LIP or MMP in the Northwest Shelf? 

Rollet et al., (2019) proposed the presence of a large igneous province (LIP) on the Northwest Shelf, 

although that study lacked sufficient data to meet the criteria to formally define a LIP. With this new 

data, I can now re-evaluate the validity of a Northwest Shelf LIP. Criteria required to define a LIP, as 

described by Coffin and Eldholm (1994) and Ernst et al., (2005), include:  

1) Flood basalts and extensive dolerite intrusions that collectively have a surface area of >100,000 km2 

and volume of >100,000 km. 

2) Bulk of magma emplaced in a 30 Myr period with an emplacement rate reaching at least 1 km3 per 

year. 

3) Links to regional unconformities, triple junctions, mantle plumes and mass extinctions (Wingate et 

al., 2004; Ernst et al., 2005; Glass and Phillips 2006; Kravchinsky 2012).  

 A well-established model for LIP formation invokes two major phases of volcanism via 

mantle plume upwelling and continental rifting (Ernst et al., 2005; Burgess et al., 2014; Augland et al., 

2019; Black and Gibson, 2019). In this model, the first phases of magmatism occur prior to rifting and 

tends to be of alkaline composition. The second magmatic phases, which produce the bulk of the 

magma, tends to be sub-alkaline in composition and can occur up to 50 Myr later during rifting and 

after initial doming. The mantle plume which initiates magmatism and rifting also uplifts the overlying 

crust, resulting in the development of a regional unconformity (Houseman, 1991; Zeyen et al., 1997; 

Pirajno and Santosh, 2015). Based on the criteria of size, geological setting, geochemistry and timespan 

of formation, I now assess whether the mafic units of the Northwest Shelf can be classified as a LIP.  

5.7.2 Surface area and volume of the Northwest Shelf mafic units 

Seismic stratigraphic mapping (Fig. 5.10) revealed ~280,000 km2 of buried mafic igneous material (Fig. 

5.3). This value is considered to represent a minimum value as dykes would contribute more volume 

than is currently measurable and the igneous units may extend further into the North Carnarvon and 

Browse Basins, which were not fully investigated in this study. This study only mapped the eastern 

fringe of the North Carnarvon Basin and the results are not representative of the entire basin, including 

those areas known to contain igneous units of Jurassic-Cretaceous age (Rohrman, 2013; Magee and 

Jackson, 2020). Additionally, MacNeill et al. (2018) identified ~100,000 km2 of igneous material in an 

area that only partially overlaps this study. Using this area estimate of ~280,000 km2 and inferred 

thickness, I can calculate an approximate volume of the mafic igneous rocks. Here, I assume an average 

thickness of 500 m based on the thickest interval drilled by a well (the Hannover South 1 well), which 

did not penetrate all the way through (Appendix F). 500 m is considered to be a minimum average 
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thickness for several reasons. Firstly, some areas have igneous material up to 10 km thick (Rollet et al., 

2019), while other areas may have more igneous material than previously thought due to limitations of 

seismic data (Schofield et al., 2017). Secondly, physical limitations of seismic data related to its vertical 

resolution (greater than 100 m) and attenuation by dense rocks (e.g., mafic igneous rocks), can obscure 

lower seismic boundaries (Davison et al., 2010; Eide et al., 2017; Schofield et al., 2017). Schofield et 

al. (2017) determined that up to half the thickness of mafic igneous rocks in modern, high resolution 

seismic data is undetectable and even more so in lower quality legacy data, such as much of the data 

used in this study. Thirdly, poor preservation of Paleozoic mafic igneous rocks can remove much of the 

original material due to its susceptibility to weathering and erosion (Wingate et al., 2004; Ernst et al., 

2005; Xu et al., 2014). Considering all these factors, including inferred thicknesses of up to 10 km 

(MacNeill et al., 2018; Rollet et al., 2019), it is reasonable to suggest the igneous units are more than 

500 m thick on average across the study area. Multiplying the 500 m thickness value with the mapped 

~280,000 km2 gives a minimum volume of ~140,000 km3. Given the connectivity and these surface 

area and volume estimates, the collective mass of the mafic igneous material within the Northwest Shelf 

is large enough to meet the size criteria for classification as a LIP. 
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Figure 5.10. Seismic stratigraphic correlations across the study area. The vertical axis is in milliseconds 

two-way travel time (TWT). The white horizon is the top of Mesozoic strata, the brown horizon is the 
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Permian Grant Group and the red horizon represents mafic igneous units. Mafic igneous units above 

and below the Grant Group are interpreted as extrusive basalt and intrusive dolerite respectively. a) 

Seismic line Leveque Shelf 302 acquired in the North Carnarvon Basin. b) Seismic line AGSO 119 12 

acquired in the Browse Basin. c) Seismic line Browse 2001 02 acquired in the Roebuck Basin. d) 

Seismic line Offshore Fitzroy Graben JN88 06 acquired in the offshore Canning Basin. All other seismic 

stratigraphic correlations are presented in Appendix A. 

5.7.3 Geochemical signatures 

All measured samples are mafic in major element composition, which is consistent with basalt/dolerite 

descriptions from petrographic analysis. For the most part, the basalts and dolerites belong to Group 1 

and Group 2 samples, respectively. The exceptions to this are samples from the Hauy 1 and Pearl 1 

wells, where the opposite relationship between geochemical group and rock-type is observed (Figs. 5.5, 

5.7, 5.8 and 5.9; Appendices B and E). The reason for these differences between the two wells is 

unknown, but it may relate to localised changes in intrusive vs extrusive nature of the emplacement of 

the magmatic suites. 

 The geochemistry of mafic igneous rocks are particularly useful as indicators of their 

tectonic setting of formation, provided care is taken to evaluate chemical changes due to post-

emplacement alteration (Pearce, 1996). To avoid issues of alteration on the mafic rocks of the Northwest 

Shelf, I use alteration immobile elements to provide lithological and tectonic classification of the 

igneous rocks (Fig. 5.8b). My results indicate that the Group 1 samples are basalts to alkali basalt, with 

relative enrichment in incompatible trace elements, as is typical of ocean island-type basalts (Fig 5.9c, 

5.10). Group 2 rocks are also enriched in incompatible elements compared to MORB, except for relative 

depletions in Nb, Ta, P and Ti. This distinctive signature is indicative of volcanic arc basalts 

(Hawkesworth et al., 1993). However, the Northwest Shelf does not have any association with a 

subduction-zone tectonic setting (Matthews et al., 2016). The trace element signature may reflect melt 

generation from a lithospheric mantle source that was previously enriched via ancient convergent 

margin activity (e.g., Proterozoic Halls Creek Orogen; Tyler et al., 2012), or represents crustal 

contamination of the magma during migration and emplacement in the upper crust. The latter is 

supported by the extensive silica and carbonate alteration (Section 4.2); observed in most samples. The 

mafic igneous rocks from this study share similar geochemical features to mafic magmas that comprise 

LIPs, including incompatible-element enriched trace element patterns (Fig. 5.9) and Nb, Ti, P and Ta 

anomalies relative to MORB (Wingate et al., 2004; Ernst et al., 2005; Glass and Phillips, 2006; 

Neumann et al., 2011; Zhang and Zou, 2013; Li et al., 2014; Xu et al., 2014; Augland et al., 2019). The 

alkali and incompatible-element enriched feature is attributed to low degree mantle melting and/or 

melting of enriched mantle sources, while negative Nb, Ta and Ti anomalies have been interpreted to 
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be indicative of crustal contamination by the LIP magmas (Ernst et al., 2005; Glass and Phillips, 2006; 

Neumann et al., 2011; Zhang and Zou, 2013; Xu et al., 2014; Augland et al., 2019).  

5.7.4 Timing of magma emplacement 

40Ar/39Ar and 40K/39Ar geochronological analyses of igneous units from the Northwest have produced 

a variety of ages (i.e., Table 5.1; Gleadow and Duddy, 1984; Reeckmann and Mebberson, 1984; 

Appendix C). These range from 98 ±0.5 Ma (Appendix C) to ca. 830 Ma (Reeckmann and Mebberson, 

1984). This variety may be attributed to argon loss and excess initial argon (McDougall and Harrison, 

2000). Open system behaviour relating to alteration, metamorphism and weathering may explain 

anomalous young ages via post-crystallisation argon loss. Unexpectedly older ages may arise from 

assumptions in calculating the initial, non-radiogenic isotope composition (i.e., when the initial 
40Ar/39Ar ratio is greater than atmospheric composition, which is called excess initial argon). 

Petrographic observations in section 4.2 indicate a high degree of alteration in the mafic igneous rocks 

examined in this study (Fig. 5.5), which may partly explain the age variations. Nevertheless, the 

necessity of future geochronologic work is highlighted by the lack of consensus on the age of this large 

scale feature. Furthermore, a suite of new ages could facilitate quantitative temporal correlation of 

isolated occurrences of igneous rocks across the Northwest Shelf.  

 Although radiogenic isotopic age control is poor, stratigraphic relationships can be used to 

provide relative temporal constraint. The basaltic and doleritic components have differing stratigraphic 

positions that meet along the boundary of the north-western offshore Canning Basin (Figs. 5.10 and 

5.11). The basalts are above the Grant Group in the Browse, Roebuck and North Carnarvon Basins 

(Figs. 5.10b, 5.10c and 5.10d) whereas the dolerites intrude into the Grant Group and lower units in the 

Canning Basin (Figs 5.10a and 5.10d), constraining the stratigraphic age of the dolerites to Permian or 

older (Fig. 5.11; Appendix A). The basalts overlap more of the Grant Group in the Oobagooma and 

Willara Sub-basins which may be due to localised subsidence throughout the Paleozoic and Mesozoic 

(Craig et al., 1984; Muller et al., 2005). Moreover, basalts above the Grant Group in the Canning Basin 

may be absent due to erosion as the top of the Grant Group is marked by a regional unconformity that 

persists into the Triassic (Luck, 1991; Kelman et al., 2013; Smith et al., 2013; Rollet et al., 2019; 

Appendix A). Therefore, using these stratigraphic relationships and available geochronological data 

(Table 5.1; Gleadow and Duddy, 1984; Reeckmann and Mebberson, 1984), the basalt component is 

interpreted to have been emplaced with a 50 Myr time window in the Permo-Triassic. The surface area 

of the basalt component tied to the Permo-Triassic is ~187,000 km2, which on its own is sufficient to 

meet a criterion of a LIP.  However, using the 500 m minimum thickness, ~93,500 km3 does not meet 

LIP volume criteria, but given this is a minimum estimate and the basalt component reaches up to 10 

km thick in some areas (Rollet et al., 2019), it is likely that the basalt component meets LIP volume 

requirements.  
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Tying the stratigraphic relationships with geochemical findings indicates a significant proportion, if not 

all, of the igneous rocks were emplaced by a rifting event during the Permo-Triassic period.  

Figure 5.11. Intersection of the interpolated MMP and Grant Group horizons in 3D. The component of 

the MMP above the Grant Group can be classified as extrusive basalt and the MMP component beneath 

the Grant Group as intrusive dolerite. The vertical axis of the MMP is expressed as seconds in two-way 

travel time (TWT). 

 Permo-Triassic emplacement is also supported by observations of force folds from igneous 

intrusions. Force folds are anti-form structures that force strata upward to create space for magma 

emplacement. Force folds appear above igneous intrusions, do not change the thickness of overlying 

strata that do not onlap with the intrusion itself, and can be temporally constrained by the oldest 

onlapping unit (Magee et al., 2013; Magee et al., 2017). Force folds appear to only influence the 

Permian Grant Group (F78A 13, F79A 01A, F79A 22, Leveque Shelf 198, Leveque Shelf 301, Leveque 

Shelf 302, Offshore Fitzroy Graben JN88 05, Appendix A) and not Mesozoic strata (Leveque Shelf 

113, Leveque Shelf 302 and Wyla 09, Appendix A), which broadly suggests emplacement may have 

occurred in the Permo-Triassic between the deposition of the Grant Group and Mesozoic units. 
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 Studies from the neighbouring North Carnarvon Basin identified a LIP on the Exmouth Plateau and 

suggested emplacement occurred during the Jurassic to Cretaceous (Magee and Jackson, 2020). 

Although the Exmouth Plateau LIP does not overlap with the igneous units in this study, it is 

conceivable that the two magmatic provinces are related (Rohrman, 2013; Magee and Jackson, 2020). 

Like this study, research from the North Carnarvon Basin lacks geochronological constraint to 

confidently assign age values to the igneous rocks, but a Jurassic to Cretaceous age should be considered 

because it coincides with rifting of the Mawgyi Terrane from the Northwest Shelf (Yeates et al., 1984; 

Muller et al., 2005; Metcalfe, 2006). 

 In the greater geological context, the event that most likely formed the mafic igneous rocks 

in the study area was the late Permian - Early Triassic continental break-up of the Cimmerian Block 

with the Northwest Shelf. Continental break-up is interpreted to have been initiated by a magma plume 

upwelling under the lithosphere, which thinned the crust and developed a triple junction (Li and Powell, 

2001; Matthews et al., 2016; Rollet et al., 2019). The triple junction formed a NE/SW trending rift zone 

across the North Carnarvon, Roebuck and Browse Basins and a perpendicular failed rift arm that is now 

the Oobagooma Sub-basin/Fitzroy Trough (Fig. 5.1; MacNeill et al., 2018). Mantle plumes and triple 

junctions are often associated with large scale volcanism that occurs in two stages; an initial alkali 

eruption and a later, but much larger eruption of sub-alkaline magma (Ernst et al., 2005; Burgess et al., 

2014; Augland et al., 2019; Black and Gibson, 2019). I identified an alkali group (Group 1) and a sub-

alkaline group (Group 2) of mafic rocks that may represent pre-rift and syn-rift magmatic phases, 

respectively. After large scale rifting events, continental rebound occurs due to the reduction in 

lithostatic load, leading to uplift and erosion (Houseman, 1991; Zeyen et al., 1997; Pirajno and Santosh, 

2015). This uplift may have formed the regional unconformity above the Grant Group and the 

subsequent erosion of basalts in the Canning Basin (Appendix A). Therefore, a Permo-Triassic mantle 

plume driving continental break-up, voluminous emplacement of two magma types, a regional 

unconformity, and formation of a triple junction (Houseman, 1991; MacNeill et al., 2018), could be the 

mechanism that formed a potential LIP on the Northwest Shelf.  

5.7.5 Summary of Characteristics 

The mafic igneous rocks examined in this study meet many LIP criteria. Surface area (~280,000 km2) 

and volume (~140,000 km3) estimates of widespread basalt flows and dolerite networks exceed the 

minimum requirements of a LIP (Coffin and Eldholm, 1994). The Northwest Shelf mafic igneous rocks 

have both alkaline and subalkaline phases of volcanism (Fig. 5.8, 5.9) as is characteristic of LIPs, and 

contemporary basin wide unconformity and triple junction tectonism is consistent with the lithospheric 

responses to mantle plume upwelling (MacNeill et al., 2018; Rollet et al., 2019). However, a crucial 

component to identifying a LIP that is not adequately addressed with my data relates to timescales of 

magma emplacement. Available geochronological data (Table 5.1; Appendix C) and structural 
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constraints on magma emplacement (Section 5.4), indicate that a significant proportion of magma was 

emplaced over a relatively short time period across the Permo-Triassic (Gleadow and Duddy, 1984; 

Reeckmann and Mebberson, 1984). Future studies focussing on geochronology will be needed to 

determine eruption timing and magma emplacement rates and, hence, test this final criterion for LIP 

classification. 

 In summary, current information on the Northwest Shelf mafic igneous units meet most, but 

not all, of the criteria for LIP classification, but do meet all the criteria for classification as a mafic 

magmatic province (MMP) (Ernst, 2014). This MMP, herein named the Northwest Shelf MMP, 

represents a new geological feature that is buried across much of the Northwest Shelf and hence, has 

important implications for the geology and exploration and resource potential of the Northwest Shelf.  

5.7.6 MMP Implications: Resources and geological understanding of the Northwest Shelf.  

The presence of a buried MMP in the Northwest Shelf has implications for; 1) hidden depocenters; 2) 

the lack of hydrocarbon deposit discoveries in the Canning Basin; 3) contributions to the end Permian 

mass extinction event, and; 4) new Ni-Cu-PGE exploration opportunities. Igneous rocks are typically 

denser than the surrounding sedimentary rocks, which causes seismic wave attenuation that blocks the 

signal of depocenters below igneous rocks (Davison et al., 2010; Holford et al., 2013; Eide et al., 2017; 

Schofield et al., 2017). Therefore, a widespread MMP in the Northwest Shelf obscures deep depocenters 

(Appendix A) in areas with poor seismic quality such as the offshore Canning Basin, which limits 

geological understanding and resource potential. Targeted surveys may reveal more depocenters and 

improve imaging of the Northwest Shelf MMP, including thinner intrusions. 

 MMP sills intruding into petroleum systems not only disrupts reservoirs, but can lead to 

thermal decomposition of hydrocarbons (or carbonates in host sedimentary rocks) and potential release 

of large volumes of CO2 into the atmosphere (Augland et al., 2019; Black and Gibson, 2019). The 

Canning Basin has many known Paleozoic petroleum systems, but none are of sufficient size and 

integrity to produce large commercial deposits (Purcell, 1984; Cadman et al., 1993; Xu et al., 2014). It 

is conceivable that voluminous mantle plume magma emplacement into the Canning Basin from the 

Permian to Triassic, may have decimated many of the Palaeozoic hydrocarbon reservoirs (Burgess et 

al., 2017; Augland et al., 2019; Black and Gibson, 2019). Release of a large quantity of CO2 during 

emplacement of the Northwest Shelf MMP is evident from extensive, interstitial carbonate phases found 

during petrographic analysis (Fig. 5.5). This CO2 may have been derived from the crystallising mafic 

magma itself or may have been produced by contact metamorphism of carbonate-rich sedimentary host 

rocks, or their contained hydrocarbons. A major punctuated CO2 release may have contributed to rapid 

global climate change such as the end Permian mass extinction (Wingate et al., 2004; Ernst et al., 2005; 

Glass and Phillips, 2006; Kravchinsky, 2012; Burgess and Bowring, 2015; Burgess et al., 2017; 

Augland et al., 2019). Additionally, the Tarim LIP (Li et al., 2014; Xu et al., 2014) may be related to 
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the Northwest Shelf MMP as the Tarim Block rifted from the Northwest Shelf in the Permian (Yang et 

al., 2013; Zhang and Zou, 2013).  

 MMPs and/or LIPs are globally recognised for their potential to host significant Ni, Cu and 

PGE (Wingate et al., 2004) as orthomagmatic sulfide deposits (Pirajno and Hoatson, 2012). These 

metals are essential for a growing technology market (Bleiwas and Wilburn, 2004), so the onshore 

Canning Basin may have potential for hosting these resources. The Northwest Shelf, and particularly 

basalts of the Browse Basin (Rollet et al., 2016), may also be suitable for large scale CO2 sequestration 

and storage, as CO2 can be stored in stable minerals when it reacts with basalt under sediment cover 

(Goldberg et al., 2008). 

5.8 Conclusion 

Analysis of the mafic igneous rocks in the Northwest Shelf has revealed they comprise an 

interconnected magmatic mass that can be classified as a buried MMP. The only criteria not met for 

classification as a LIP is eruption timing and calculated magma emplacement rates due to a lack of 

available geochronological data. Emplacement of the Northwest Shelf MMP has geological and 

exploration implications for the Northwest Shelf, including a reduction in hydrocarbon potential for 

some areas, new metalliferous resource possibilities onshore, and potential contributions to the end 

Permian mass extinction event.  
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Aims of the thesis 

This thesis aimed at better understanding the onshore/offshore Canning Basin stratigraphy by: 

- Conducting regional scale seismic stratigraphic mapping across the onshore/offshore transition 

using a seamless 3D model (Chapter 3). 

- Recognising hidden depocenters that could host more Paleozoic strata (Chapter 4). 

- Gathering any new information about mafic igneous units (Chapter 5). 

These goals were achieved by implementing novel strategies to solve large scale problems which are 

presented in this thesis. 

Seismic stratigraphic mapping across the onshore/offshore transition of sedimentary basins is 

rarely done. Seismic mapping across the onshore/offshore transition is dependent on seismic data and 

wells being available near both sides of the coastline, which many basins do not have. This often leads 

to differing stratigraphic and geological histories on either side of the coastline, despite being part of 

the same geological feature. Fortunately, the Canning Basin has sufficient data to facilitate mapping 

across the coastline as demonstrated in Chapter 3. However, the Canning Basin is frontier and does not 

have enough data for basin scale mapping. Hence, I integrated over 10,000 km of 2D seismic data and 

24 wells from the Canning Basin and adjacent basins into a seamless 3D model. With this model, 

regional scale mapping was conducted for 12 key units across the Northwest Shelf. Seven of these units 

were mapped offshore for the first time. Interpolated seismic horizons were developed into regional 

scale maps and cross-sections that show the continuous relationship of strata across the 

onshore/offshore transition. These results can be used as a baseline for future research and exploration 

in the Canning Basin and provide a more wholistic picture of Canning Basin stratigraphy. 

 Seismic stratigraphic mapping revealed mafic igneous rocks are common throughout the 

study area. These igneous rocks have inhibited seismic exploration in onshore and offshore areas alike 

because they reflect so much seismic signal, by preventing as much wave energy from being transmitted 

deeper. Therefore, it is likely there are hidden depocenters underneath igneous units in the Northwest 

Shelf, especially in frontier regions such as the Canning Basin where data quality can be poor. Not 

being able to effectively image the entire stratigraphic package inhibits the understanding of early basin 

development and limits mapping efforts. In Chapter 4, I determined which seismic lines could image 

beneath the igneous units most effectively and compared their seismic acquisition parameters. The most 

effective seismic surveys had three key parameters in common: the most receivers, longest trace length 

and longest streamer length. This result appears to be independent of the survey fold number, which is 

a proxy for seismic resolution and data density. The impact of these parameters is absent in scientific 

literature and maximising them may improve seismic imaging quality. The seismic surveys with these 
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parameters were able to image depocenters that were historically hidden as verified by the basement 

map. Applying the recommendations made in Chapter 4 to future seismic surveys in the Northwest 

Shelf (and other basins), can assist in imaging deeper depocenters by accounting for attenuation caused 

by mafic igneous units. Improved seismic data can also better image crystalline basement for more 

accurate basin modelling. Depocenters and basement geometries are important characteristics that can 

be improved for the Canning Basin  

 Chapters 3 and 4 showed mafic igneous units are found throughout the study area. Seismic 

stratigraphic mapping indicated igneous units are continuous and may be part of a single unit. 

Ultimately, the scale of this igneous unit may qualify it as a large igneous province (LIP) with additional 

confirmation significantly contributing to the Northwest Shelf’s geological history, resource potential 

and impact on global paleoclimates. To determine if the igneous units of the Northwest Shelf are a LIP, 

sampling of many wells as possible was undertaken to conduct an array of geochemical analyses. The 

geochemical results from Chapter 5 suggest the igneous units formed from two magmatic phases that 

may represent a voluminous extrusive phase and an intrusive phase. Combining these results with 

seismic stratigraphic mapping and previous geological research indicating triple junction rifting, it 

appeared likely there is a LIP buried in the Northwest Shelf. However, a of lack geochronological 

constraint due to geochemically altered samples means the igneous units could not be classified as a 

LIP at present, but it does meet the criteria for a mafic magmatic province (MMP), which is a more 

generalised geological feature. The Northwest Shelf MMP shares many characteristics with a LIP and 

that includes implications for the Northwest Shelf. Prior to this study, there was little research conducted 

on the Northwest Shelf igneous units, especially across the onshore/offshore transition of the Canning 

Basin. Chapter 5 presents a rare instance of classifying a new MMP that is completely buried, which 

enhances the applicability of integrated seismic horizon mapping to other basins. The emplacement and 

abundance of igneous material may have affected the petroleum potential of the Canning Basin and 

could explain why there are so few hydrocarbons adjacent to the highest producing region in Australia. 

Available age data also suggests the MMP was emplaced during the Permian and Early Triassic and 

overheating of petroleum systems could have released a large quantity of CO2 that may have contributed 

to the end Permian global mass extinction event.  

Remaining questions and Future Work 

Many questions still remain for the Canning Basin. Many questions remain. For example, what is true 

extent of Ordovician units offshore? How much further inland do the mapped strata persist? What is 

the geometry of the crystalline basement rather than acoustic basement (which is sometimes wrongly 

attributed to mafic igneous units)? What stratigraphic units are hosted in hidden depocenters? Is the 

Northwest Shelf MMP actually a LIP? To address these questions, I propose the following: 
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1) More wells drilled in the offshore Canning Basin to sample mafic igneous units, Ordovician 

strata and if possible, crystalline basement.  

2) New seismic data that incorporates the recommendations made in Chapter 4 to better image 

hidden depocenters, Ordovician strata and mafic igneous units.  

3) Combining new wells and seismic data to improve and refine seismic interpretations from 

Chapter 3. These interpretations are limited by the available data. Additionally, the stratigraphic 

maps could be useful for expanding seismic mapping further into the onshore Canning Basin 

and adjacent basins. 

4) Obtaining accurate and precise radiometric ages of mafic igneous units from new well samples. 

This is the last hurdle for classifying the Northwest Shelf MMP as a LIP because it is crucial to 

determine if the mafic igneous units are coeval or an amalgamation of many igneous events. 
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Appendix A showcases four years of seismic data collation and interpretation. The maps below display 

the seismic line name and the legend below is applicable for all the following 74 interpreted seismic 

lines. Within the seismic line images are vertical blue rectangles that represent wells, which guided  

seismic stratigraphic mapping. 
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Raw XRD data can be found in an opensource data repository (Yule and Spandler, 2021: https://doi.org/10.5061/dryad.1c59zw3vx). 
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Sample Youngest Step Age (Ma) Total Gas Age (Ma) TG. 2σ er. (Ma) Preferred Age (Ma) 

Fraser River 1 265 361.43 0.56 <265 

Tappers Inlet 1 316 615.74 2.34 <316 

Padilpa 3 506 698.11 1.08 <506 

SD 1 98 164.68 0.50 >165 

SD 2 205 279.29 0.54 <205 

Summary of 40Ar /39Ar dating results. Sample alteration produced highly varied results with no definitive ages or isochrons so minimum and maximum ages 

are provided in the preferred age column. These preferred ages are not accurate but are consistent with excess argon causing overestimated ages and argon loss 

which underestimates the age (SD 1). 
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Raw XRD data can be found in an opensource data repository (Yule and Spandler, 2021: https://doi.org/10.5061/dryad.1c59zw3vx). 

 

 

 

 

Mineral Phase  Simplified name Percentage 

Albite, Anorthite Plagioclase 71.8 

Vermiculite, chlorite Clay 17.3 

Enstatite Pyroxene 9.1 

Magnetite Magnetite 1.8 

Simplification of XRD results. Due to detection limits, be wary of anything below 2%. 

Position [°2θ] (Cobalt (Co))
10 20 30 40 50 60 70 80 90

Counts

0

100

400

900

1600

 Bedout 1
Albite 27.4 %
Vermiculite 2M 0.3 %
Magnetite 1.8 %
Enstatite 9.1 %
Anorthite 44.4 %
Chlorite IIb-4 17.0 %
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Position [°2θ] (Cobalt (Co))
10 20 30 40 50 60 70 80 90

Counts

0

100

400

900

1600  Hannover South 1
Hematite 12.2 %
Calcite 11.7 %
Vermiculite 1.2 %
Augite 24.5 %
Anorthite 48.9 %
Trimethylammonium Dihydrogendodecabromocarbadodecaborane 1.5 %

Mineral Phase  Simplified name Percentage 

Anorthite Plagioclase 48.9 

Augite Pyroxene 24.5 

Hematite Iron Oxide 12.2 

Calcite Calcite 11.7 

Vermiculite, ??? Clay 2.7 
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Position [°2θ] (Cobalt (Co))
10 20 30 40 50 60 70 80 90

Counts

0

100

400

900

1600

 Hannover South 2
Albite 60.4 %
Vermiculite 2M 0.7 %
Ilmenite 5.0 %
Hatrurite 3.6 %
Quartz 7.7 %
Hematite 5.4 %
Diopside 17.3 %

Mineral Phase  Simplified name Percentage 

Albite Plagioclase 60.4 

Diopside Pyroxene 17.3 

Hematite, ilmenite Iron oxide 10.4 

Quartz Quartz 7.7 

Hatrurite Calcite 3.6 

Vermiculite Clay 0.7 
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Position [°2θ] (Cobalt (Co))
10 20 30 40 50 60 70 80 90

Counts

0

100

400

900

1600
 Hannover South 3

Albite 63.1 %
Vermiculite 2M 0.9 %
Ilmenite 7.0 %
Hatrurite 2.3 %
Quartz 3.6 %
Hematite 2.8 %
Diopside 20.2 %

Mineral Phase  Simplified name Percentage 

Albite Plagioclase 63.1 

Diopside Pyroxene 20.2 

Hematite, ilmenite Iron oxide 9.8 

Quartz Quartz 3.6 

Hatrurite Calcite 2.3 

Vermiculite Clay 0.9 
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Position [°2θ] (Cobalt (Co))
10 20 30 40 50 60 70 80 90

Counts

0

400

1600

 Hauy 1
Quartz 14.1 %
Chamosite 1MIIb 40.5 %
Albite 41.9 %
Dolomite 2.3 %
Vermiculite 0.1 %
Montmorillonite-(Li) 1.1 %

Mineral Phase  Simplified name Percentage 

Albite Plagioclase 41.9 

Chamosite? (altered Px) Pyroxene 40.5 

Quartz Quartz 14.1 

Dolomite Calcite 2.3 

Vermiculite, montmorillonite Clay 1.2 
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Position [°2θ] (Cobalt (Co))
10 20 30 40 50 60 70 80 90

Counts

100

400

900

1600

 Lagrange 1
Quartz 4.1 %
Diopside 12.2 %
Anorthite 35.3 %
Augite 24.1 %
Albite 16.5 %
Kaolinite 2M 7.6 %
Vermiculite 2M 0.2 %

Mineral Phase  Simplified name Percentage 

Albite, Anorthite Plagioclase 51.8 

Augite, Diopside Pyroxene 36.3 

Vermiculite, Kaolinite Clay 7.8 

Quartz Quartz 4.1 
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Position [°2θ] (Cobalt (Co))
10 20 30 40 50 60 70 80 90

Counts

0

100

400
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1600

 Minjin 1
Quartz 20.9 %
Augite 46.1 %
Anorthite 30.6 %
Kaolinite 1A 2.4 %

Mineral Phase  Simplified name Percentage 

Augite Pyroxene 46.1 

Anorthite Plagioclase 30.6 

Quartz Quartz 20.9 

Kaolinite Clay 0.9 
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Position [°2θ] (Cobalt (Co))
10 20 30 40 50 60 70 80 90

Counts

0

100

400

900

1600
 Pearl 1A

Magnetite 9.4 %
Quartz low 12.6 %
Anorthite 49.8 %
Kaolinite 1A 8.4 %
Clinoenstatite 19.9 %

Mineral Phase  Simplified name Percentage 

Anorthite Plagioclase 49.8 

Clinoenstatite Pyroxene 19.9 

Quartz Quartz 12.6 

Magnetite Magnetite 9.4 

Kaolinite Clay 8.4 
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Position [°2θ] (Cobalt (Co))
10 20 30 40 50 60 70 80 90

Counts

0

400

1600

 Pearl 1B
Quartz low 19.7 %
Anorthite 48.9 %
Augite 22.4 %
Muscovite 2M1 8.5 %
Zeolite 0.5 %

Mineral Phase  Simplified name Percentage 

Anorthite Plagioclase 48.9 

Augite Pyroxene 22.4 

Quartz Quartz 19.7 

Muscovite, Zeolite Clay 9 
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Position [°2θ] (Cobalt (Co))
10 20 30 40 50 60 70 80 90

Counts

0

100

400

900

1600

 Pearl 2
Quartz low 13.1 %
Albite 42.7 %
Diopside 8.7 %
Anorthite 33.3 %
Kaolinite 1A 2.3 %

Mineral Phase  Simplified name Percentage 

Albite, Anorthite Plagioclase 76 

Quartz Quartz 13.1 

Diopside Pyroxene 8.7 

Kaolinite Clay 2.3 
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Position [°2θ] (Cobalt (Co))
10 20 30 40 50 60 70 80 90

Counts

400

1600

3600

6400

 Perindi 1
Quartz 70.9 %
Calcite 1.9 %
Anorthite 24.3 %
Kaolinite 1A 2.9 %

Mineral Phase  Simplified name Percentage 

Quartz Quartz 70.9 

Anorthite Plagioclase 24.3 

Kaolinite Clay 2.9 

Calcite Calcite 1.9 
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Position [°2θ] (Cobalt (Co))
10 20 30 40 50 60 70 80 90

Counts

0

400

1600

3600  Wamac 1
Quartz 40.1 %
Albite 27.6 %
Kaolinite 1A 12.5 %
Augite 19.8 %

Mineral Phase  Simplified name Percentage 

Quartz Quartz 40.1 

Albite Plagioclase 27.6 

Augite Pyroxene 19.8 

Kaolinite Clay 12.5 
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Position [°2θ] (Cobalt (Co))
10 20 30 40 50 60 70 80 90

Counts

400

1600

3600

 Wamac 2
Quartz 42.0 %
Anorthite 28.1 %
Augite 10.2 %
Kaolinite 1A 12.0 %
Muscovite 2M1 7.4 %
Vermiculite 2M 0.3 %

Mineral Phase  Simplified name Percentage 

Quartz Quartz 42 

Anorthite Plagioclase 28.1 

Kaolinite, Muscovite, Vermiculite Clay 19.7 

Augite Pyroxene 10.2 
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Position [°2θ] (Cobalt (Co))
10 20 30 40 50 60 70 80 90

Counts

0

100

400

900

1600

 Wamac 3
Quartz 25.2 %
Anorthite 38.1 %
Augite 14.9 %
Muscovite 2M1 13.6 %
Vermiculite 2M 0.2 %
Kaolinite 1A 8.1 %

Mineral Phase  Simplified name Percentage 

Anorthite Plagioclase 38.1 

Quartz Quartz 25.2 

Kaolinite, Muscovite, Vermiculite Clay 21.8 

Augite Pyroxene 14.9 

 



C.T.G. Yule 

320 
 

Position [°2θ] (Cobalt (Co))
10 20 30 40 50 60 70 80 90

Counts

0

100

400

900

 Wamac 4
Quartz 19.9 %
Gupeiite 1.1 %
Anorthite 63.6 %
Kaolinite 1A 15.3 %

Mineral Phase  Simplified name Percentage 

Anorthite Plagioclase 63.6 

Quartz Quartz 19.9 

Kaolinite Clay 15.3 

Gupeiite ? 1.1 
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Position [°2θ] (Cobalt (Co))
10 20 30 40 50 60 70 80 90

Counts

0

400

1600

 Corbett 1
Quartz 46.0 %
Anorthite 25.0 %
Diopside 20.3 %
Muscovite 2M1 8.7 %

Mineral Phase  Simplified name Percentage 

Quartz Quartz 46 

Anorthite Plagioclase 25 

Diopside Pyroxene 20.3 

Muscovite Clay 8.7 
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Position [°2θ] (Cobalt (Co))
5 10 15 20

Counts

400

900

1600

2500

3600
 Fraser River 1

Quartz 26.3 %
Anorthite 48.7 %
Ilmenite 2.3 %
Zeolite 1.3 %
Cordierite 2.0 %
Diopside 12.0 %
Muscovite 2M2 6.0 %
Vermiculite 2M 0.2 %
Kaolinite 1.2 %

Mineral Phase  Simplified name Percentage 

Anorthite Plagioclase 48.7 

Quartz Quartz 26.3 

Diopside Pyroxene 12 

Kaolinite, Muscovite, 
Vermiculite, zeolite 

Clay 8.7 

Ilmenite Iron oxide 2.3 
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Position [°2θ] (Cobalt (Co))
10 20 30 40 50 60 70 80 90

Counts

400

900

1600

2500

 Moogana 1
Quartz low 41.9 %
Magnesioferrite 11.1 %
Montmorillonite-(Li) 0.9 %
Spinel 7.0 %
Zeolite 4.6 %
Baddeleyite 2.4 %
Feldspar 26.9 %
Chalcophanite 4.9 %
Vermiculite 0.3 %

Mineral Phase  Simplified name Percentage 

Quartz Quartz 41.9 

Feldspar Plagioclase 26.9 

Magnesioferrite, Spinel Magnesium oxide 18.1 

Baddeleyite, Chalcophanite ??? 7.3 

Vermiculite, zeolite, montmorillonite Clay 5.8 
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Position [°2θ] (Cobalt (Co))
10 20 30 40 50 60 70 80 90

Counts

0

100

400

900

1600  Padilpa 1
Quartz low 6.3 %
Ilmenite 14.8 %
Dolomite 5.9 %
Cuprite 0.7 %
Anorthite 71.0 %
Chalcopyrite 1.4 %

Mineral Phase  Simplified name Percentage 

Anorthite Plagioclase 71 

Ilmenite Iron oxide 14.8 

Quartz Quartz 6.3 

Dolomite Calcite 5.9 

Chalcopyrite Sulphide 1.4 

Cuprite ??? 0.7 
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Position [°2θ] (Cobalt (Co))
10 20 30 40 50 60 70 80 90

Counts

0

100

400

900

 Padilpa 2
Albite 38.5 %
Phillipsite 8.7 %
Richterite, potassic ferrian ferroan 28.1 %
Anorthite 24.8 %

Mineral Phase  Simplified name Percentage 

Albite, Anorthite Plagioclase 63.3 

Richterite Amphibole 28.1 

Phillipsite Clay 8.7 
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Position [°2θ] (Cobalt (Co))
10 20 30 40 50 60 70 80 90

Counts

0

100

400

900

1600

 Padilpa 3
Anorthite 61.4 %
Quartz 1.6 %
Cordierite 5.0 %
Augite 8.6 %
Vermiculite 2M 0.7 %
Hornblende 22.7 %

Mineral Phase  Simplified name Percentage 

Anorthite Plagioclase 61.4 

Hornblende Amphibole 22.7 

Augite Pyroxene 8.6 

Cordierite Cordierite 5 

Quartz Quartz 1.6 

Vermiculite Clay 0.7 
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Position [°2θ] (Cobalt (Co))
10 20 30 40 50 60 70 80 90

Counts

0

100

400

900

1600

 SD 1
Anorthite 59.8 %
Montmorillonite 2.4 %
Calcite 18.6 %
Mica 3.0 %
Diopside 16.2 %

Mineral Phase  Simplified name Percentage 

Anorthite Plagioclase 59.8 

Calcite Calcite 18.6 

Diopside Pyroxene 16.2 

Montmorillonite, Mica Clay 5.5 

Quartz Quartz 3.6 
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Position [°2θ] (Cobalt (Co))
10 20 30 40 50 60 70 80 90

Counts

0

100

400

900

 SD 2
Augite 38.1 %
Anorthite 47.0 %
Albite 14.9 %

Mineral Phase  Simplified name Percentage 

Albite, Anorthite Plagioclase 61.9 

Augite Pyroxene 38.1 
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Position [°2θ] (Cobalt (Co))
10 20 30 40 50 60 70 80 90

Counts

0

100

400

900

1600  Tappers Inlet 1
Actinolite 44.0 %
Dolomite 12.9 %
Albite 21.9 %
Phillipsite 5.8 %
Clinochlore IIb-2 10.8 %
Anorthite 4.6 %

Mineral Phase  Simplified name Percentage 

Actinolite Amphibole 44 

Albite, Anorthite Plagioclase 26.5 

Phillipsite, Clinochlore Clay 16.6 

Dolomite Calcite 12.9 
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Optical Petrographic and SEM EDS Data 
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Tappers Inlet 1 (CY14) polished 

section under plane polarised, 

reflected and cross polarised light 

respectively. 
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Tappers Inlet 1 (CY14) polished 

section under plane polarised, 

reflected and cross polarised light 

respectively. 
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Fraser River 1 (CY18) polished 

section under plane polarised, 

reflected and cross polarised light 

respectively. 
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Hauy 1 (CY53) polished section 

under plane polarised, reflected and 

cross polarised light respectively. 
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Hauy 1 (CY53) polished section 

under plane polarised, reflected and 

cross polarised light respectively. 
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Bedout 1 (CY75) polished section 

under plane polarised, reflected and 

cross polarised light respectively. 
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SD 1 (CY87) polished section under 

plane polarised, reflected and cross 

polarised light respectively. 
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SD 1 (CY87) polished section under 

plane polarised, reflected and cross 

polarised light respectively. 
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SD 1 (CY91) polished section under 

plane polarised, reflected and cross 

polarised light respectively. 
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SD 1 (CY91) polished section under 

plane polarised, reflected and cross 

polarised light respectively. 
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SD1 (CY87) full polished 

section under cross polarised 

light. 
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RAW SEM-EDS data can be found in an opensource data repository (Yule and Spandler, 2021: 

https://doi.org/10.5061/dryad.1c59zw3vx). 

 

SEM image of SD 1 (CY91) polished section. EDS gave relative elemental composition to determine 

mineralogy. 

 

SEM image of SD1 (CY91) polished section. EDS gave relative elemental composition to determine 

mineralogy. 



C.T.G. Yule 

344 
 

 

SEM image of SD 1 (CY91) polished section.  

 

SEM image of SD 1 (CY91) polished section. 
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SEM image of SD 1 (CY87) polished section. EDS gave relative elemental composition to determine 

mineralogy. 

 

SEM image of SD 1 (CY86) puck. EDS gave relative elemental composition to determine mineralogy. 
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SEM image of SD 1 (CY86) puck. EDS gave relative elemental composition to determine mineralogy. 

 

SEM image of SD 1 (CY86) puck. EDS gave relative elemental composition to determine mineralogy. 
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EDS elemental mapping of the 

quartz vug in the SD 1 (CY86) 

puck. EDS gave relative 

elemental composition to 

determine mineralogy. 
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SEM image of the hematite vug and sediment boundary in the SD 1 (CY85) puck.  
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SEM image of SD 1 (CY85) puck (top). EDS gave relative elemental composition to determine 

mineralogy (bottom). 
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SEM image of SD 1 (CY85) puck (top). EDS gave relative elemental composition to determine 

mineralogy (bottom). 
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SEM image of SD 1 (CY84) puck. EDS gave relative elemental composition to determine mineralogy. 
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EDS elemental 

mapping of the SD 1 

(CY84) puck. EDS 

gave relative 

elemental composition 

to determine 

mineralogy. Spectrum 

3 is titanite and the rest 

is a mix of O, Si and 

Al. 
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SEM image of a large plagioclase grain (left) and the dolerite boundary (right) in the Bedout 1 (CY75) 

Polished section.  
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EDS elemental mapping of the 

Bedout 1 (CY75) polished section. 

EDS gave relative elemental 

composition to determine 

mineralogy. 
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SEM image of the Hauy 1 (CY53) polished section (top). EDS gave relative elemental composition to 

determine mineralogy (bottom). 

190, 191, 192 = clay 

184, 187, 188, 189 = diopside/pyroxene 
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SEM image of the Hauy 1 (CY36) puck. EDS gave relative elemental composition to determine 

mineralogy. 
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SEM image of the Hauy 1 (CY36) puck. EDS gave relative elemental composition to determine 

mineralogy. 

 

SEM image of sandstone near dolerite from the Fraser River 1 (CY18) polished section. Red square 

represents the area analysed for EDS elemental mapping which is shown in the next image. 
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EDS elemental mapping of the 

Fraser River 1 (CY18) polished 

section. EDS gave relative 

elemental composition to 

determine mineralogy. 
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SEM image of the Tappers Inlet 1 (CY14) polished section (top). EDS gave relative elemental 

composition to determine mineralogy (middle and bottom). 



C.T.G. Yule 

360 
 

 

 

 



  

 

 

 

 

 

 

Appendix F 
 

 

Exploration Well Samples 
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Sample Ar-Ar SEM-EDS Thin section Major and trace elements XRD 
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Bedout 1      
Corbett 1      
Fraser River 1      
Hannover South 1      
Hannover South 2      
Hannover South 3      
Hauy 1      
Lagrange 1      
Minjin 1      
Moogana 1      
Padilpa 1      
Padilpa 2      
Padilpa 3      
Pearl 1A      
Pearl 1B      
Pearl 2      
Perindi 1      
SD 1      
SD 2      
Tappers Inlet 1      
Wamac 1      
Wamac 2      
Wamac 3      
Wamac 4      

Summary of analyses conducted for each well. 
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Scripts 
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R Script: Geographic to UTM coordinate system conversion of seismic data. 

#require(OceanView) 

library(rgdal) 

library(sp) 

  

rm(list=ls()) 

  

### you will need to change the file names, and maybe the number of header lines to skip   

data <- read.table("AGSO120NAV_reformatted2.csv",header=FALSE,sep="\t",skip = 

62,stringsAsFactors=FALSE) 

summary(data) 

 

data_sub <- data[grep("C120/01", data$V1), ] 

summary(data_sub) 

head(data_sub) 

 

LineId = NULL 

Shot = NULL 

East = NULL 

North = NULL 

LonDeg = NULL 

LonMin = NULL 

LonSec = NULL 

Lon = NULL 

LatDeg = NULL 

LatMin = NULL 
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LatSec = NULL 

Lat = NULL 

 

nrows <- length(data_sub) 

 

for (i in 1:nrows)  

 

{ 

i 

 LineId[i] <- substr(data_sub[i], 1,7) 

 Shot[i] <- as.numeric(substr(data_sub[i], 9, 12)) 

 #East[i] <- as.numeric(substr(data_sub[i], xx, xx)) 

 #North[i] <- as.numeric(substr(data_sub[i], xx, xx)) 

 

 LonDeg[i] <- as.numeric(substr(data_sub[i], 24, 26)) 

 LonMin[i] <- as.numeric(substr(data_sub[i], 27, 28)) 

 LonSec[i] <- as.numeric(substr(data_sub[i], 29, 33)) 

 Lon[i] <- LonDeg[i] + LonMin[i]/60 + LonSec[i]/3600  

 

 LatDeg[i] <- as.numeric(substr(data_sub[i], 14, 15)) 

 LatMin[i] <- as.numeric(substr(data_sub[i], 16, 17)) 

 LatSec[i] <- as.numeric(substr(data_sub[i], 18, 22))  

 Lat[i] <- -(LatDeg[i] + LatMin[i]/60 + LatSec[i]/3600)  

 

 if (East[i] < 200000) { 



C.T.G. Yule 

370 
 

   

  East[i] = East[i] + 1000000; 

    } 

} 

 

### concert LatLon coordinated to specific UTM zone  

LatLon <- data.frame(X = Lon, Y = Lat) 

names(LatLon) <- c("X","Y") 

head(LatLon) 

 

xy <- SpatialPoints(coords = LatLon, 

                proj4string =  CRS('+proj=longlat +ellps=WGS84 +datum=WGS84')) 

 

Utm_New <- spTransform(xy, CRS("+proj=utm +zone=51 ellps=WGS84")) 

#Utm_New 

Utm_NewY = Utm_New$Y 

Utm_NewX = Utm_New$X 

 

{if (Utm_NewX < 200000) { 

   

  East[i] = East[i] + 1000000; 

   

} 

 

### convert shot to cdp here 
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cdp <- 4*Shot-494 

 

output = data.frame(LineId, Shot, North, East, Lon, Lat, cdp, Utm_NewX, Utm_NewY)  

 

output$LineId <- sprintf("%9s",output$LineId) 

output$Shot <- sprintf("%5d",output$Shot) 

output$cdp <- sprintf("%5d",output$cdp) 

output$Lat <- sprintf("%010.6f",output$Lat) 

output$Lon <- sprintf("%010.6f",output$Lon) 

output$North <- sprintf("%010.2f",output$North) 

output$East <- sprintf("%010.2f",output$East) 

output$Utm_NewX <- sprintf("%010.2f",output$Utm_NewX) 

output$Utm_NewY <- sprintf("%010.2f",output$Utm_NewY) 

 

write.csv(output, file = "AGSO_120_01_Nav_UTM51v2.csv",row.names=FALSE,quote=FALSE) 

 

GMT script: Interpolate xyz point data into a surface using a spline function. 

# Reduce input data to 250 m grid resolution and apply spatial boundaries in UTM coordinates 

blockmean seismic_horizon_picks.csv -I250 -R-150000/580000/7770000/8450000 -h1 > mafic_volcanics.xyz 

 

# Spline with 0.75 tension 

surface mafic_volcanics.xyz -I250 -R-150000/580000/7770000/8450000 -h1 -T0.75 -

Gmafic_volcanics_T075spline.grd 

 

# Save file 

grd2xyz mafic_volcanics_T075spline.grd -V > mafic_volcanics_T075spline.xyz 
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R script: Apply concave hull to interpolated surface to constrain the surface. 

### Import horizon. 

data <- read.table("seismic_horizon_picks.csv",skip=2,sep="\t") 

 

plot(data$V1,data$V2) 

 

### Set coordinate system for data. 

UTMzone <- "+proj=utm +zone=51 +south +ellps=WGS84 +datum=WGS84 +units=m +no_defs" 

 

### Define spatial extent and resolution of data. 

Zras <- raster(xmn=-150000, xmx=580000, ymn=7770000, ymx=8450000, crs=UTMzone, resolution = 250, 

vals=NULL) 

 

Zras2 <- rasterize(data[,1:2], Zras, data[,3], fun=mean, background=NA) 

data2 <- rasterToPoints(Zras2) 

nrow(data2) 

 

### Convert XY coordinates to spatial points. 

xy_sp <- SpatialPoints(data[,1:2], proj4string=CRS(UTMzone)) 

plot(xy_sp) 

xy_sp 

 

### Bounding hull to eliminate interpolated data outside of initial interpretations. 

cc_hull <- concaveman(xy_sp, concavity = 10000, length_threshold = 0) 

plot(cc_hull) 
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points(data[,1:2]) 

 

### Apply hull to raster 

Pras2 <- rasterize(cc_hull, Zras, field=1) 

plot(Pras2) 

 

### Apply hull to interpolation and export as a new horizon. 

data_T0 <- read.table("mafic_volcanics_T075spline.xyz",skip=1,sep="\t") 

head(data_T0) 

summary(data_T0) 

nrow(data_T0) 

 

T0_ras <- rasterize(data_T0[,1:2], Zras, data_T0[,3], fun=mean, background=NA) 

plot(T0_ras) 

T0_ras_m <- mask(T0_ras,Pras2) 

plot(T0_ras_m) 

writeRaster(T0_ras_m, "T0_ras_m.tif",format="GTiff",overwrite=TRUE) 

T0_ras_mp <- rasterToPoints(T0_ras_m) 

write.table(T0_ras_mp,"Mafic_volcanic_0.75spline_final.xyz",row.names = FALSE,sep="\t") 
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The development of a seamless onshore/offshore seismic stratigraphic model of the Canning Basin, 

Northwest Shelf, Australia  

Christopher Yule(1), James Daniell(1) 

(1) James Cook University (christopher.yule@my.jcu.edu.au) 

 

Abstract 

The Canning Basin in Western Australia is classified as a frontier basin with significant petroleum potential. 

The sediment package is up to 15km thick with ages ranging from Ordovician to Quaternary. The Fitzroy 

Trough of the onshore Canning Basin has been studied extensively and has produced commercial quantities of 

hydrocarbons from Palaeozoic reservoirs, however, its offshore equivalent, the Oobagooma Sub-Basin, 

remains poorly studied. The aim of this project is to develop an improved stratigraphic and structural model 

the Canning Basin with a focus on connecting the onshore stratigraphy of the Fitzroy Trough to the offshore 

Oobagooma Sub-Basin. This will be achieved by using a combination of over 5000km of offshore and onshore 

of 2D seismic data and 20 petroleum wells. This project has been aided significantly by the recent acquisition 

of 705km of coastal reflection seismic data by Geoscience Australia. This dataset has been crucial for linking 

the onshore and offshore stratigraphy and correlations between widely-spaced wells. Initial results from the 

project have demonstrated a laterally pervasive Permian sill that extends from offshore to onshore in both the 

Canning and Browse Basins that was previously thought to be a series of individual sills. The igneous intrusion 

follows major structures throughout the Canning Basin and has developed several laccoliths that may act as 

potential hydrocarbon traps. However, the intrusion may also be detrimental to petroleum systems by over 

maturation of source material and reservoirs as indicated by the lack of hydrocarbon presence in wells that 

intersect the sill. Ultimately, this project aims to improve petroleum exploration outcomes in the offshore 

Canning Basin through an improved understanding of the regional stratigraphy and structures in both 

prospective sub-basins. 

Key words:  Onshore/offshore, Stratigraphy, Canning Basin, Seismic 
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Introduction 

The focus of this project is to enhance the understanding of the Palaeozoic offshore Canning Basin by 

extending the well known onshore stratigraphy to the offshore Oobagooma Sub-basin. This can be achieved 

by developing a seamless 3D model that integrates seismic, well and potential field datasets. This method of 

combining publicly available data can provide new insights into the regional geology of the Canning Basin. 

The aims of this project are to: 

- Map the structures and stratigraphy across the onshore/offshore transition. 

- Map, Ar-Ar date and geochemically fingerprint igneous units throughout the Canning Basin. 

- Refine the stratigraphic column through seismic-stratigraphic mapping.  

 The change in geology from onshore to offshore is poorly understood, including the structural and 

stratigraphic differences. The onshore Canning Basin is better studied with more well, structural and 

stratigraphic publications whereas the offshore Canning Basin is understudied with only 6 wells drilled. The 

basinwide distribution of igneous units in the Canning Basin is unclear and so the effect they may have on 

petroleum systems is unknown. Most of the stratigraphic units in the Canning Basin are poorly constrained 

temporally. This can be improved with stratigraphic mapping and radioisotope geochronology (Laurie et al., 

2016; Lewis and Sircombe, 2013; Mory and Haines, 2013; Mory and Hocking, 2011; Haines, 2009; Cadman 

et al., 1993; Middleton, 1990). 

Geological Background 

The Canning Basin is located on the Northwest Shelf of Western Australia and covers an area of 505,000km2 

with 430,000km2 onshore and 75,000km2 offshore (Fig. 1). The thickness of the sediment package ranges from 

2km on the Broome Platform to 15km in the Fitzroy Trough. The water depths offshore range from 30m-450m 

which classifies the offshore Canning Basin as a shallow marine margin. Outboard, the boundary of the 

Canning Basin meets the Roebuck Basin at the continental shelf edge where a steep continental slope leads to 

the Argo Abyssal plain (Totterdell et al., 2014; Yeates et al., 1984). 

 The Canning Basin experienced multiple tectonic events throughout the Palaeozoic that have made 

it a geologically complex area. From the Ordovician when sedimentation first began to throughout the rest of 

the Palaeozoic, there has been several extension and rifting events that have occurred on the Canning Basin 

such as the rifting of the Cimmerian Block and the Mawgyi Terrane (Mathews et al., 2016; Muller et al., 2005). 

There may also be volcanism/magmatism related to these rifting events, but the mechanism of emplacement 

and the distribution of these igneous units is unknown. (Laurie et al., 2016; Totterdell et al., 2014; Purcell, 

1984). 



C.T.G. Yule 

378 
 

Due to the series of extensional events throughout the Palaeozoic, the Fitzroy Trough (Fig. 1) has 

become the main depocenter of the Canning Basin and is one of the deepest of continental Australia at 15km 

depth (the Fitzroy Trough is part of the Fitzroy Graben structure that deepens to 18km in the Gregory Sub-

basin) (Braun, 1992). Thus, there are now up to 34 major formations across the onshore and offshore Canning 

Basin as described from Geoscience Australia and Australian Stratigraphic Commission (2017). These units 

have recorded a detailed geological history of the Palaeozoic Canning Basin. Up to 30 petroleum systems have 

been identified in the Palaeozoic, many of these may have been compromised due to tectonism, volcanism and 

overmaturation. (GSWA, 2017; Totterdell et al., 2014; Yeates et al., 1984) 

 The Canning Basin is a frontier petroleum basin where there is potential for significant hydrocarbon 

deposits to be found (GSWA, 2017; Totterdell et al., 2014). The offshore Canning Basin is considered 

prospective as major oil deposits have been found in the adjacent Carnarvon and Browse Basins. According 

to the US Energy Information Agency (2013) , the Canning Basin has the largest shale gas potential in Australia 

and 8th in the world based on the Goldwyer Formation alone (GSWA, 2017). It may also be the world’s most 

underexplored Palaeozoic basin with an average 6 wells per 10,000km2 compared to 500 wells per 10,000km2 

in U.S. Palaeozoic basins. Despite nearly one hundred years of petroleum exploration, only 8 small commercial 

hydrocarbon deposits have been found and limited to the onshore area flanking the Fitzroy Trough and no 

deposits have been identified offshore. Thus, the frontier classification remains as the Canning Basin, 

especially the offshore component, is poorly understood (Cadman et al., 1993; Purcell, 1984). 

Figure 1. Location and physiography of the Canning Basin with preliminary seismic and well data. 
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Datasets 

As of 2017, over 90,000km of seismic data has been collected on the Canning Basin since the 1950’s (GSWA, 

2017; Purcell, 1984). The more recent and significant surveys are publicly available from Geoscience Australia 

and the Geological Survey of Western Australia. The Canning Coastal Seismic Survey in particular (Fig. 1) is 

essential for mapping the onshore/offshore transition as it spans the entire coastline of the Canning Basin, 

intersecting several wells and has imaged the stratigraphy from surface to basement in high resolution.  

 Seismic lines intersecting important wells were used to construct a sparse regional map. Important 

wells include those that intersect igneous units, hydrocarbon shows or key stratigraphic units. This regional 

map (Fig. 2) is to be used to correlate wells with seismic by using OpendTect. Once the regional correlation is 

complete, a more extensive suite of seismic data will be introduced to provide detailed mapping of stratigraphic 

horizons.     In addition to the seismic and well data, other datasets to be imported include bathymetry, 

magnetics and gravity for assistance in structural mapping. Preliminary mapping indicates an extensive 

regional sill complex (Fig. 2) may be present throughout the Canning Basin however, significantly more work 

is required to confirm this hypothesis.  

Figure 2. Seismic line AGSO120-11 with wells Hannover South 1 (left) and Wamac 1 (right) 

intersecting and mafic sill interpretation.  
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 Uranium-Lead zircon geochronology via Laser Ablation, Inductively Coupled Plasma Mass 

Spectrometry (LA-ICP-MS) will supplement the stratigraphic interpretations by providing improved age 

constraints on some Palaeozoic stratigraphic units.  This will provide a more accurate geological history of the 

Canning Basin and refine the regional stratigraphy. This method of dating is a precise and efficient means of 

gathering age data for multiple stratigraphic units. The samples will be collected from drill core and the results 

can be incorporated into the 3D model. 

Conclusion 

The offshore Canning Basin is an understudied region with a thick sedimentary sequence. The Oobagooma 

Sub-basin in particular has a high petroleum potential as it is the extension of the Fitzroy Trough which has 

known hydrocarbon deposits and is located in Australia’s most productive hydrocarbon producing region. The 

multi-faceted approach of integrating several well, geophysical and geochronological datasets into 3D space 

can provide regional scale insight into the geological processes of this area. Geological units from wells and 

seismic surveys can be traced across the basin to create a regionally consistent understanding of stratigraphy. 

In this case, what is known from the better studied onshore Canning Basin can be brought offshore through 

seismic interpretations and ground-truthed with wells. For example, a regional mafic sill complex that may 

extend throughout the Canning Basin has been mapped starting from onshore wells and continued offshore in 

seismic (Fig. 2). These sills were initially thought to be small and localised but may have larger geological 

implications. This project will provide the framework for future petroleum exploration outcomes in the 

offshore Canning Basin. 
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Summary 

The Canning Basin in Western Australia is classified as a frontier basin. Of the 345 wells drilled onshore, only 

8 have intercepted small commercial hydrocarbon deposits. The offshore Canning Basin is one of the world’s 

most underexplored Palaeozoic basins with six wells in a 75,000 km2 area with no commercial oil deposits 

discovered. To overcome the limited stratigraphic data from offshore wells, the well-constrained onshore 

stratigraphy has been mapped offshore through the development of a seamless onshore/offshore stratigraphic 

model.  

 The model is an amalgamation of over 5000 km of 2D seismic data, 25 petroleum wells and 

potential field data. Large-scale structures that cross the coastline were mapped and allowed for the transfer of 

stratigraphy from onshore to offshore. Key Palaeozoic stratigraphic units were continuously mapped across 

the onshore/offshore transition and were identified to thin towards the Roebuck Basin as Mesozoic and 

Cenozoic sediments increase in thickness. Thick Ordovician and Devonian units that host commercial 

hydrocarbon deposits onshore could not be confidently identified in the offshore Oobagooma Sub-Basin due 

to the attenuation of the seismic signal by inferred overlying volcanic units. Ordovician sedimentary units, 

however, can be mapped offshore across the adjacent Broome Platform but are comparatively thin (~2 km). 

Geochemical data acquired from mafic volcanic units indicate that they share a similar source and are more 

extensive than previously reported.  

 This model has produced a more accurate stratigraphic model of the offshore Canning Basin. A 

multifaceted approach of mapping stratigraphy and structures across the onshore/offshore transition and 

gathering new geochemical data has provided new insights into the offshore Canning Basin that can inform 

future petroleum exploration activities.  

Key words: Stratigraphy, Seismic, 3D model, Canning Basin, Onshore/offshore transition



 

 

 

Introduction 

Extensive gaps can occur between onshore and offshore seismic reflection datasets for some basins. 

This can create a situation where seismic data quality, coverage and interpreted stratigraphy can be 

different on either side of the coastline. As a result, integrating onshore and offshore regions can provide 

more holistic and rigorous interpretations of basin stratigraphy (Duvail et al., 2005). In the Canning 

Basin, changes in geology across the onshore/offshore transition are poorly understood. The onshore 

Canning Basin is extensively studied with 345 wells drilled and available for analysis. In the offshore 

Canning Basin, there are only 6 wells drilled exclusively in the Oobagooma Sub-basin and none of 

which intersect Ordovician units which are considered significant petroleum system elements. The 

acquisition of the L205 Canning Coastal Deep Crustal Reflection Seismic Survey (CCDCR S.S.) in 

2014 by Geoscience Australia has linked many coastal wells onshore seismic surveys and enabled the 

accurate projection of the onshore stratigraphy offshore. (Middleton, 1990; Cadman et al., 1993; Haines, 

2009; Mory and Hocking, 2011; Mory and Haines, 2013; Laurie et al., 2016). 

 The main premise of this research is to improve the understanding of the structure and 

stratigraphy of the offshore Canning Basin. This is achieved by the development of a seamless 

onshore/offshore stratigraphic model that extends the well-established onshore Palaeozoic stratigraphy 

to the offshore Canning Basin. The model combines a multitude of publicly available datasets to provide 

new insights into the regional geology of the Canning Basin. The aims of the research are: 

5. Develop a 3D model that seamlessly integrates onshore and offshore reflection seismic and 

well data using OpendTect. 

6. Map structures and stratigraphy across the onshore/offshore transition. 

7. Map the distribution of volcanic units throughout the Canning Basin and use geochemistry to 

the determine source. 

8. Provide an improved stratigraphic framework for hydrocarbon exploration. 

Geological Background 

The Canning Basin of Western Australia covers an area of 505,000 km2 with 430,000 km2 onshore and 

75,000 km2 offshore (Fig. 1). The thickness of the sediment package ranges from 2 km on the Broome 

Platform to 15 km in the Fitzroy Trough (Yeates et al., 1984; Totterdell et al., 2014). Offshore, the 

boundary of the Canning Basin meets the Roebuck Basin at the edge of the continental shelf where a 

steep continental slope leads to the Argo Abyssal plain (Fig. 1). The Canning Basin experienced 

multiple tectonic events that deformed much of the Palaeozoic stratigraphy. The first event was NE/SW 

extension that created the Canning Basin during the Ordovician. There was ongoing extension 

throughout the Palaeozoic, however, the rifting of the Cimmerian Block during the Permian and the 
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rifting of the Mawgyi Terrane in the Jurassic (Muller et al., 2005; Mathews et al., 2016) are considered 

important events in the history of the basin. There may be volcanism related to these rifting events, 

however, the mechanism of emplacement and the distribution of these volcanic units is unknown 

(Laurie et al., 2016; Totterdell et al., 2014; Purcell, 1984). 

 The Canning Basin is a frontier petroleum basin where there is potential for significant 

hydrocarbon deposits to be found (GSWA, 2017; Totterdell et al., 2014). The Fitzroy Trough (Fig. 1) 

is the main depocenter of the Canning Basin and is one of the deepest of continental Australia at 15 km 

(Braun, 1992). There are 34 major formations described across the onshore and offshore Canning Basin 

(Geoscience Australia and the Australian Stratigraphic Commission, 2017). Up to 30 petroleum systems 

have been identified in the Palaeozoic, many of these may have been compromised due to tectonism, 

volcanism and over-maturation. (Yeates et al., 1984; Totterdell et al., 2014; GSWA, 2017). The 

Oobagooma Sub-basin is an offshore extension of the Fitzroy Trough and is considered prospective as 

it is thought to share similar stratigraphy and contain Ordovician source rocks (Fig. 1).  

 According to the US Energy Information Agency (2013), the Canning Basin has the largest 

shale gas potential in Australia and 8th in the world based on the Ordovician Goldwyer Formation 

alone. It may also be the world’s most underexplored Palaeozoic basin with an average 6 wells per 

10,000 km2 compared to 500 wells per 10,000 km2 in U.S. Palaeozoic basins (GSWA, 2017). Despite 

nearly one hundred years of petroleum exploration, only 8 small commercial hydrocarbon deposits have 

been found and are limited to the onshore areas flanking the Fitzroy Trough. (Purcell, 1984; Cadman et 

al., 1993). None of the six offshore wells have intersected the Ordovician units that produce oil onshore 

(Totterdell et al., 2014; GSWA, 2017). Volcanic units throughout the Canning Basin have received little 

focussed research. Their distribution, composition, source and age are unclear and, as a result, their 

impact on petroleum systems is also unknown. (Middleton, 1990; Cadman et al., 1993; Haines, 2009; 

Mory and Hocking, 2011; Mory and Haines, 2013; Laurie et al., 2016; Normore et al., 2017 
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Model Development 

The 3D model was developed using OpendTect which can import, display and manipulate seismic and 

well data. The initial task was select suitable datasets to allow for interpretations across the 

onshore/offshore transition. Despite the frontier classification, the Canning Basin has a substantial 

amount of seismic data. As of 2017, over 90,000 km of seismic data has been collected on the Canning 

Basin since the 1950’s (Purcell, 1984; GSWA, 2017). The most recent and significant seismic surveys 

are publicly available from Geoscience Australia and the Geological Survey of Western Australia. 

Important wells were selected based on depth, intersection of key stratigraphic units or volcanic units 

and location. Due to the scarcity of wells in the offshore Canning Basin, wells from adjacent basins 

were also used (Fig. 1). Seismic surveys intersecting these wells were then selected to be part of the 

model (Fig. 1). The Canning Coastal Seismic Survey in particular (Fig. 1) was essential for mapping 

the onshore/offshore transition as it spans the majority of the Canning Basin’s coastline, intersecting 

several wells and has imaged the stratigraphy from surface to basement in high resolution. The chosen 

seismic datasets underwent additional processing using RadExPro to enhance the signal to noise ratio 

using functions such as bandpass filtering, amplitude correction, zero offset de-multiple and muting. 

All seismic data were converted to the UTM zone 51 coordinate system before being imported into 

OpendTect.  

Figure 1. Location and physiography of the Canning Basin with seismic and well data. 
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 Over 5000 km of seismic data and 25 wells were imported into OpendTect, to give a suitable 

coverage across the Canning Basin. 12 of the most prominent units were mapped across the basin. In 

addition to the seismic and well data, other datasets that were imported include bathymetry, magnetics 

and gravity to aid structural mapping. Fault mapping was supported by OpendTect’s auto fault detection 

function. 

 Volcanic units in the Canning Basin are commonly described as fine to medium grained 

doleritic intrusions with thicknesses ranging from 50-500 m (Totterdell et al., 2014). To understand the 

composition and source of volcanic units within the basin, 17 samples of drill cuttings and 7 samples 

of drill core from 14 wells were sampled from the Western Australia Core Library. The drill cuttings 

and core were analysed for their major and trace element geochemistry and XRD. The geochemical 

results were used to determine spatial and temporal relationship between the doleritic intrusions. 

 

 

 

Figure 2. Seismic and wells displayed in OpendTect. The sag subsidence synform is mapped across 

the coastline. The seismic in the foreground is onshore and the seismic in the background adjacent 

and behind the well ‘Pearl 1’ is offshore. 
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Results 

The 3D model (Fig. 2) has provided a stratigraphic framework for the offshore Canning Basin and the 

onshore coastal area. The distribution of the Canning Basin’s most recognised Palaeozoic units have 

been mapped onshore including the Grant Group, Reeves Formation, Anderson Formation, Fairfield 

Group, Devonian reef complexes and Ordovician units (Fig. 2).  

 The Palaeozoic stratigraphy thins offshore as the Mesozoic and Cenozoic sediments thicken 

towards the Roebuck Basin in the northwest. Carboniferous and Permian units were mapped across 

most of the offshore Canning Basin. Mapping of Devonian and Ordovician units is limited in the 

Oobagooma Sub-basin due to signal attenuation, however, Ordovician units are mapped extensively 

across the adjacent Broome Platform.  

 Many of the large-scale structures in the Canning Basin are orientated NW/SE and cross the 

onshore/offshore transition (Craig et al., 1984). The Fitzroy Graben, a significant structure for 

hydrocarbon exploration onshore and can be mapped into the Oobagooma Sub-basin. However, existing 

seismic datasets provide limited insights into its stratigraphy offshore. The Canning Basin SEEBASE 

basement map (de Vries et al., 2007) indicates the presence of a significant sediment depocenter within 

the Oobagooma Sub-basin, however, historical seismic datasets have not adequately imaged this system 

previously. I hypothesize that this could be due to mafic volcanics being more extensive than previously 

thought. These volcanic units are known to be up to 500m thick (as drilled by the ‘Hannover South 1 

well) and, as a result, have the potential to cause significant signal attenuation (Maresh et al., 2006). 

Signal attenuation due to volcanics can be demonstrated by a comparison of the 1998 Leveque Shelf 

M.S.S. and 1997 Aratoo M.S.S. seismic surveys that intersect the Leveque 1 well. The Aratoo survey 

provides indications of sedimentary units beneath the volcanics but little coverage within the basin, 

whereas the regional 1998 Leveque Shelf survey provide no image of stratigraphic units below the 

inferred volcanics. Modern seismic reflection surveys may, however, give improved insights into 

stratigraphy in the deeper parts of the Oobagooma Sub-basin.    

 The geochemical data indicates that mafic volcanics from wells across the Canning Basin 

could be derived from the same source. XRD shows that several of these volcanic units have similar 

mineral assemblages and the bulk rock geochemistry display similar element ratios. Ar-Ar dates are 

being acquired to confirm if the volcanics are a result of a single or multiple volcanic events.  

Conclusions 

The offshore Canning Basin is a frontier petroleum basin with a thick sedimentary sequence. The 

Oobagooma Sub-basin has a high petroleum potential because its onshore equivalent, the Fitzroy 

Trough, has known hydrocarbon deposits and is in Australia’s most productive hydrocarbon producing 

region.  
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 The multifaceted approach of seismic stratigraphic mapping, structural mapping through 

seismic and potential field datasets, and geochemistry of volcanic units can provide new insights into 

the development of the Canning Basin. These datasets have been integrated into a seamless onshore and 

offshore 3D model for the Canning Basin 

 The 3D model developed from this research has provided a framework for future studies by 

mapping key stratigraphic units which are well known onshore and projecting them to the offshore 

region. Strata such as the Grant Group and Reeves formation were mapped continuously throughout the 

study area and across the onshore/offshore transition (Fig. 1). Ordovician and Devonian units are poorly 

imaged within the Oobagooma Sub-basin. This may be due to the presence of extensive volcanic units 

attenuating the seismic signal in many of the historic regional seismic surveys. Modern seismic 

acquisition techniques may image strata below the volcanic units and allow for more extensive 

stratigraphic mapping of older units including the prospective Ordovician strata.  

 Newly acquired geochemical data has revealed that some of the mafic intrusions across the 

Canning Basin may share the same source. Dating of these volcanics will provide much needed insights 

into the geological history of the basin and may have implications for hydrocarbon exploration. 
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