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ABSTRACT 

The tectonic and stratigraphic processes associated with the transition from continental 

rifting to continental breakup and oceanic spreading are poorly understood for the current 

magma-poor southwestern Australian margin. This thesis has quantitatively investigated the 

spatial and temporal evolution of depositional environments, paleo-drainage, detrital 

provenance, subsidence, exhumation and magmatism of the onshore and offshore Perth 

Basin during rifting and breakup of Gondwana, and used these results to interpret the 

underlying tectonic influences. Comprehensive and detailed sedimentological and facies 

analysis of the cored intervals in the GSWA Harvey 1 stratigraphic well has shown that 

Triassic Lesueur Sandstone comprises fluviatile lithofacies characteristic of meandering to 

braided fluvial systems interspersed with overbank lagoons and paleosols. These lithofacies 

are characteristic of Mesozoic formations found elsewhere in the southern and central Perth 

Basin. Lithofacies and depositional environments have had a strong first order control on 

detrital and diagenetic mineralogy, which, in turn, control the petrophysical characteristics of 

stratigraphic formations. The high frequency of facies intercalation coupled with drill hole 

paucity and poor seismic reflection data has prevented meaningful interpretations of the 

fluvial paleo-drainage network in the Perth Basin. However, the Bunbury Basalt lava flows 

were extruded during continental breakup, and a new 3D model reveals that the basalt 

flowed into two paleo-valleys and their tributaries. The 3D model of the Bunbury Basalt 

indicates that the paleo-drainage was predominantly north–south oriented during breakup. 

This provides a new upper age constraint for the transition in drainage patterns in the Perth 

Basin to the modern east–west pattern to soon after breakup. The 3D model of Bunbury 

Basalt also indicates that post-basalt faulting occurred along the Darling Fault, Busselton 

Fault and newly-identified NE- and NW-striking faults, with net normal displacements of 

370 m, 210 m and up to 175 m, respectively. The existence of post-Bunbury Basalt faulting 

challenges the long-held view that the Western Australian margin was quiescent after 

breakup. Three-dimensional structural and stratigraphic modelling of the Perth Basin shows 

that the basin compartmentalized into fault-bound sub-basins before, during and after 

breakup. As a result, the thicknesses of preserved chronostratigraphic formations vary 

significantly spatially and temporally. The presence of several regional and localized 

unconformities indicates that episodic exhumation events occurred in the Perth Basin that 

have at least partially affected the preservation of most formations. The Jurassic Cattamarra 

Coal Measures and Eneabba Formation are not eroded in trough- and terrace-type sub-

basins, so record their full preserved thickness, and were, therefore, used to calculate the 
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subsidence rate between different sub-basins. The subsidence rate in the Jurassic is broadly 

hinged from north to south, with greater subsidence magnitude and rate in the southern Perth 

Basin. Exhumation associated with unconformity-forming events was quantified for Permian 

to Recent stratal packages in the southern and central Perth Basin using sonic transit time 

analysis from all existing well data. Sonic transit time analysis shows that the magnitude of 

exhumation was locally heterogeneous prior to breakup (0–2500 m), which was probably 

caused by fault block rotation at the end of the Permian period and inversion at the end of the 

Triassic period. After breakup, exhumation was more regionally homogeneous (600–1000 

m), which is predominantly attributed to Late Cretaceous and/or Cenozoic epeirogeny with a 

minor component of Cenozoic inversion. During breakup, the magnitude of exhumation, 

however, was consistently less than 1 km, which reflects either marginal flank uplift/fault 

block rotation caused during lithospheric stretching-driven breakup or rapid and transient 

uplift from an underlying mantle plume that resulted in little erosion. For a better explanation 

for less than 1 km of exhumation during breakup, the timing and genesis of proximal and 

distal magmatism to the eastern Gondwana breakup triple junction was considered. In the 

onshore Perth Basin, the Bunbury Basalt lava flows are the only known and most proximal 

volcanism to the relict triple junction, which are dated using 40Ar/39Ar geochronology at 

136.96 ± 0.43 Ma, 132.79 ± 0.42 Ma and 130.45 ± 0.82 Ma. The oldest Bunbury Basalt ages 

are synchronous with the breakup of eastern Gondwana at ca. 137–136 Ma, suggesting a 

common cause for breakup and volcanism. The temporal lag (9 m.y.) and the lateral distance 

(~1000 km) between the Kerguelen plume head and eruptive center(s) in the southern Perth 

Basin suggests that the two magmatic events have different origins. We propose that the 

Bunbury Basalt was generated from a patch of enriched shallow mantle beneath the southern 

Perth Basin by decompression melting resulting from passive rifting between Greater India 

and Australia with no contribution from the Kerguelen hotspot. In contrast, 40Ar/39Ar and U–

Pb dating indicates a portion of the Wallaby Plateau, distal to the triple junction, erupted at 

~124 Ma, at least 6 m.y. after breakup. Geochemical data indicate that the Wallaby Plateau 

volcanic samples are enriched tholeiitic basalt, similar to continental flood basalts, including 

the spatially and temporally proximal Bunbury Basalt in southwestern Australia. Thus, the 

Wallaby Plateau volcanism could be regarded as a (small) flood basalt event on the order of 

104–105 km3. We suggest that magma could not erupt prior to 124 Ma because of the lack of 

space adjacent to the Plateau. Eruption was made possible at 124 Ma, via the opening of the 

Indian Ocean during the breakup of Greater India and Australia along the Wallaby–Zenith 

Fracture Zone. The scale of volcanism and the temporal proximity to breakup challenges the 

prevailing theory that the Western Australian margin formed as a volcanic passive margin.
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Chapter 1 

 

 INTRODUCTION 

Magma-poor passive margins are the locus of complex tectonic and magmatic processes that 

lead from continental rifting to oceanic spreading (e.g., Whitmarsh et al., 2001). 

Understanding these fundamental processes is critical in deciphering how the continental 

lithosphere eventually breaks up and how the first oceanic lithosphere is generated by the 

mid ocean ridge. Specifically, the tectonic and chronological processes driving the switch 

from rifting to drifting are still not well constrained. Studies combining a tectono-structural 

approach, geochemical analysis and isotope geochronology have been conducted on magma-

poor margins (Merle et al., 2009; Srivastava et al., 2000). Along these passive margins, 

intracontinental sedimentary basins are often present that preserve a detailed record of 

continental breakup, including changes in paleo-drainage, detrital provenance, magmatic 

events and tectonic deformation (e.g., Aspler et al., 2001; Lindsay et al., 1987). However, the 

southwestern margin of Western Australia remains poorly understood, particularly when 

compared to the archetype of non-volcanic passive margins, the Iberia Margin. The 

southwestern Australian margin was one of the three rift arms of the relict triple junction of 

eastern Gondwana between Australia, Greater India and Antarctica (Larson, 1977; Markl, 

1974). A vast portion of the margin is comprised of the predominantly onshore Perth Basin, 

the most proximal and stratigraphically complete basin to the eastern Gondwanan triple 

junction (Collins and Pisarevsky, 2005; Gaina et al., 2007; Markl, 1978). In contrast, 

sedimentary basins on the conjugate Greater Indian margin are subducted beneath the 

Himalayas and the Antarctic sector is remote and covered by ice (Ali and Aitchison, 2014; 

Boger, 2011). Therefore, southwestern Australia and, in particular, the Perth Basin, is the 

prime location to study the processes that resulted in the breakup of eastern Gondwana. 

1 Background 

In order to understand the tectono-stratigraphic evolution of the southwestern Australian 

margin, it is important to assess the current literature that exists on formation of the passive 

margin via the breakup of the Gondwanan supercontinent. The supercontinent amalgamated 

between 800 and 550 Ma via continental collision (Fitzsimons, 2003; Meert and Lieberman, 

2008; Meert and Van Der Voo, 1997; Rogers et al., 1995). It comprised the following 

present-day (sub-) continents: Australia, Antarctica, Greater India, the Arabian Peninsula, 
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Madagascar, Africa and South America (Fig. 1.1). After the amalgamation of Gondwana, 

intracontinental basins that develop by at least the Permian across all three continents rapidly 

accumulated sedimentary detritus (Casshyap and Kumar, 1987; Veevers et al., 1994). On the 

southwestern Australian margin, these comprise the onshore Perth and offshore eastern 

Mentelle Basins, as well as sedimentary deposition on the now-offshore Naturaliste Plateau 

(Appleyard, 1991; Borissova et al., 2010; Crostella and Backhouse, 2000). The offshore 

Mentelle Basin and Naturaliste Plateau are poorly studied, with data limited to two shallow 

drill holes (<200 m), several dredges on the plateau, and seismic, magnetic and gravity data 

across both (Crawford et al., 2006; Direen et al., 2007; Halpin et al., 2008). In contrast, the 

Perth Basin has been intersected by >300 petroleum wells, and >30,000 water bores and 

mineral drill holes, the data and samples from which many are readily available for viewing 

and sampling. These drill holes record Precambrian metamorphic basement and 

predominantly clastic stratigraphy from Permian to Recent, as well as igneous intrusions of 

unknown age and Early Cretaceous lava flows (Fig. 1.2) (Coffin et al., 2002; Crostella and 

Backhouse, 2000). Geophysical data from the Perth Basin varies in quality. High-resolution 

aeromagnetic survey data have recently been acquired by the Geological Survey of WA in 

2011, and offshore seismic is typically good quality (Exploration Investment and Geoscience 

Working Group, 2012). On the other hand, basin-wide gravity data is more than 50 years old 

(Quilty, 1963) and the quality and coverage of seismic data is average to extremely poor 

onshore (Bale, 2004; Crostella and Backhouse, 2000) (Fig. 1.3). Therefore, the 

identification/subdivision of stratigraphic packages in the onshore Perth Basin relies strongly 

on paleontological and lithological criteria. This is particularly important for sequences that 

were deposited during the protracted breakup of Gondwana. Yet, both the bio- and 

lithostratigraphy require significant improvements. The basin-wide biostratigraphy from 

Backhouse (1988a) and Crostella and Backhouse (2000) needs to be refined in light of high-

resolution radioisotope dating of interflow volcanics from WA basins, a project that is 

currently being undertaken by the Geological Survey of WA (pers. comm. S. Martin, August 

2014). Similarly, the lithostratigraphy is grossly oversimplified and would benefit 

significantly from a facies scheme development and subsequent assignment to individual 

units and formations (Miall, 1996). 
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Figure 1.1: Selected stages in the tectonic development of Australia since the Permian, 

after Pryer et al. (2005). Thick solid black lines indicate typical fault orientations, thick 

dashed black lines indicate typical transform faults. Square ticks indicate normal 

faults, and triangular ticks indicate reverse faults. Coloured arrows show regional 

kinematics: red – compression, yellow - extension. 
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Figure 1.2: Stratigraphy of the southern and central Perth Basin showing depositional 

regimes and major tectonic stages. Information derived from the following sources: 

Geological timescale (Gradstein et al., 2012); Palynostratigraphic units (Backhouse, 

1988a, 1993; Crostella and Backhouse, 2000; Ingram, 1991; Ingram and Cockbain, 
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1978; Playford et al., 1976); lithostratigraphy (Crostella and Backhouse, 2000; Playford 

et al., 1976); facies modified from Iasky (1993); tectonic stages (Pryer et al., 2005; Song 

and Cawood, 2000) and igneous activity (Coffin et al., 2002; Olierook, pers. comms, 

2015). 

 

Figure 1.3: Two-way time examples of poor quality 2D seismic survey data in the Perth 

Basin, modified from Iasky (1993): (a) Seismic data from the Vasse Shelf, onshore 

southern Perth Basin. (b) Interpreted from b. (c) Seismic data from the Bunbury 

Trough, southern Perth Basin. (d) Interpreted from c.  
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1.1 Paleo-drainage patterns and detrital provenance paradox 

The present-day drainage system in the Perth basin is east to west, from the elevated 

Precambrian Yilgarn Craton to the Indian Ocean (Fig. 1.4a). However, provenance studies of 

modern beach placer sediments indicate that detritus is predominantly sourced from the 

south: the Precambrian Leeuwin Block, Albany–Fraser Orogen and potentially portions of 

eastern Antarctica (Sircombe and Freeman, 1999) (Fig. 1.4b). The same provenance of 

detritus from the south is observed in most Permian and Triassic sedimentary rocks in the 

northern Perth Basin (Cawood and Nemchin, 2000), implying that paleo-drainage may have 

been axial, i.e., south to north, for the majority of the Perth Basin’s history. Yet, there is 

clearly a paradox between the east–west present-day drainage pattern and inferred south–

north pattern from detrital sources. This potentially could be explained by intrabasinal 

reworking of detritus or the existence of a south to north axial drainage pattern. If the latter 

applies, it remains uncertain when the paleo-drainage patterns switched to the present day 

east–west regime.  

 

Figure 1.4: (a) Digital elevation model of the Perth Basin showing the present-day 

fluvial drainage pattern, after Gallant et al. (2011). Detrital zircon sample locations 

from modern beach placers are indicated. (b) Probability density plots for detrital 

zircon ages determined in Sircombe and Freeman (1999). Plots are accumulation of 

individual Gaussian curves of each age measurement and normalized to value of one, 

although vertical (probability) scale may differ. Percentage values indicate proportion 
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of each distribution within eon and era intervals. Vertical stripes represent expected 

zircon age distributions from potential provenances: LB, Leeuwin Block; AFO, 

Albany-Fraser Orogen; YC, Yilgarn Craton. 

1.2 Faulting, exhumation and subsidence in the Perth Basin 

The onshore southern and central Perth Basin has an apparent low density of faults  when 

compared to the offshore Vlaming Sub-basin and northern Perth Basin (Fig. 1.5)(Bale, 2004; 

Crostella and Backhouse, 2000; Iasky, 1993; Marshal et al., 1993; Mory and Iasky, 1996). 

Furthermore, only the two largest basin bounding faults have been interpreted above the 

Valanginian breakup unconformity (Iasky, 1993). Although it is possible that this is a real 

phenomenon, the poor quality of onshore seismic (Fig. 1.3) and paucity of deep drill holes 

constraints is a far more likely reason for the scarcity of interpreted faults. This poses a 

significant problem for tectonic analysis, particularly for those that occurred during and after 

breakup. As a consequence, the paucity of faulting in the Perth Basin has been attributed to 

tectonic quiescence after the breakup of Greater India and Australia (Song and Cawood, 

2000; Song et al., 2001). Yet, recent exhumation and uplift studies of the Blackwood Plateau 

(southern Perth Basin), Western Plateau (Yilgarn Craton) and northern Perth Basin have 

shown that uplift (± erosion) has modified the southwestern Australian margin caused by 

interplay between long wavelength epeirogenic processes and, most probably, short 

wavelength reverse fault re-activation (Barnett-Moore et al., 2014; Czarnota et al., 2013; 

Czarnota et al., 2014; Green and Duddy, 2013a). It is uncertain if and how the southern and 

central Perth Basin experienced these post-breakup exhumation episodes, and what the 

consequences were for breakup and post-breakup tectonic processes. Furthermore, there are 

no quantitative studies of exhumation in the central and southern Perth Basin prior to 

breakup and so the mechanisms during rifting of Gondwana, such as interplay between 

inversion, fault block rotation, epeirogeny and flank uplift, are unknown. It is clear that the 

Perth Basin stratigraphic thickness varies considerably across the basin (Fig. 1.6), but it is 

uncertain from the geometry alone whether this is caused by differential subsidence, 

differential exhumation or interplay between the two during the basin history (Fig. 1.7). The 

exhumation magnitude and spatial variations in magnitude provide discernment between 

short-wavelength processes, such localized fault block rotations and inversion (Corcoran and 

Doré, 2005; Menpes and Hillis, 1995), and long wavelength processes, such as epeirogeny or 

flank uplift caused by deep crustal and mantle motions (Kusznir and Karner, 2007; Leroy et 

al., 2008). Therefore, quantification of exhumation may provide insights into processes that 

lead from initial rifting to continental breakup of Gondwana. 
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Figure 1.5: Geological maps to show the variation in density of interpreted faults in: (a) subcrop map of the Permian Sue Group in the southern 

Perth Basin (Iasky, 1993); (b) subcrop map of the post-breakup Warnbro Group in the southern Perth Basin (Iasky, 1993); (c) subcrop map of the 

Jurassic Yarragadee Formation in the offshore Vlaming Sub-basin (Marshal et al., 1993), and; (d) outcrop map of the northern Perth Basin (Mory 

and Iasky, 1996).
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Figure 1.6: Stratigraphic well tie sections showing the variations in sedimentary fill 

from the southern to central Perth Basin, modified from Crostella & Backhouse (2000). 

Red = Permian units, purple = Triassic units, blue = Jurassic units, green = Cretaceous 

units, beige = Quaternary/Neogene units. 
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Figure 1.7: Two end-member models to explain the variable stratigraphic thicknesses 

across the southern half of the Perth Basin, modified from Tassone et al. (2014a). (a) 

Model 1: Differential subsidence followed by uniform exhumation. (b) Model 2: 

Uniform subsidence followed by differential exhumation. 

1.3 Age and genesis of magmatic rocks related to the breakup of Gondwana  

Recent breakup models place the initiation of breakup of Greater India and Australia 

between 137 and 136 Ma, constrained from sea floor spreading anomalies, numerical 

models, seismic extrapolation and paleontology dating (Gibbons et al., 2013; Hall et al., 

2013) (Fig. 1.8). Although the timing is relatively well constrained, the causes of breakup are 

uncertain. Several studies have suggested that the onset of the rifting between Greater India 

and Australia–Antarctica may have been influenced by the Kerguelen mantle plume, which 

now rests underneath the Kerguelen archipelago in the southern Indian Ocean, creating 

Earth’s second most voluminous submarine plateau: the Kerguelen Plateau (Coffin and 
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Eldholm, 1992; Coffin et al., 2002; Frey et al., 1996). Each of the three continents contains 

evidence of magmatism that is broadly associated with the Kerguelen mantle plume (Fig. 

1.9). In southwestern Australia, this includes the ~123/132 Ma Bunbury Basalt (Coffin et al., 

2002; Frey et al., 1996) and, although of unknown age, the Naturaliste, Wallaby and Zenith 

Plateaus, as well as the western Mentelle Basin (Borissova, 2002; Borissova et al., 2010; 

Daniell et al., 2009). The Bunbury Basalt is the only known volcanic unit in the entire 

onshore Perth Basin and is only present in the southern Perth Basin. The age constraints of 

the Bunbury Basalt of 132 ± 0.6 and 123 ± 1.8 Ma (2σ) are based on samples from two 

coastal outcrop localities some 200 km apart. Little is known about the volume and geometry 

of the Bunbury Basalt so it is uncertain how these outcrops are spatially linked, and whether 

they represent different flows or parts of the same extrusive event after breakup (Fig. 1.10). 

The use of non-intercalibrated standards and whole-rock samples used for the isotope 

geochronology of the Bunbury Basalt means that a low level of confidence is placed on the 

existing ages (Jourdan and Renne, 2007). The oldest of these ages recorded by the Bunbury 

Basalt predate the earliest flood volcanism of the Kerguelen hotspot by 4–13 Ma, but 

postdate the breakup of Greater India and Australia–Antarctica by at least 4 Ma (Grevemeyer 

et al., 2001; Veevers and Li, 1991). Temporal coincidence within 2 Ma is usually observed 

between continental breakup and flood volcanism, including eight major flood basalts over 

the last 300 Ma (Courtillot et al., 1999). This raises the question of whether the Bunbury 

Basalt is significantly older than previously thought, as a consequence of previously 

unreliable geochronology, or whether the Bunbury Basalt and the breakup of Greater India 

and Australia is completely unrelated to the Kerguelen mantle plume. Consequently, it is 

currently not possible to reconcile these magmatic events with the tectonic evolution of the 

margin. Volcanism in northeastern India is far better constrained, comprising of the ~117–

118 Ma Rajmahal–Sylhet–Bengal Traps and associated lamprophyre intrusives (Coffin et al., 

2002; Kent et al., 2002; Kent et al., 1996). In Antarctica, two lamprophyres have been dated 

at ~114 Ma, but no other magmatic events have been discovered (Coffin et al., 2002). The 

volcanic rocks of the submarine plateaus and offshore basins in southwestern Australia 

remain un-dated. 
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Figure 1.8: a) Cartoons showing the revised plate reconstruction model of Gibbons et 

al. (2012) with the modified southwest margin at (a) 200 Ma, (b) 150 Ma, (c) 130 Ma 

and (d) 120 Ma, after Hall et al. (2013). Models were constructed using GPlates 

exported geometries with Australia fixed in present-day coordinates. B: Batavia Knoll; 

CAP: Curvier Abyssal Plain; EP: Exmouth Plateau; G: Gulden Draak Knoll; GB: 

Gascoyne Block; H: Houtman Sub-basin NP: Naturaliste Plateau; PAP: Perth Abyssal 

Plain; V: Vlaming Sub-basin; WM: Western Mentelle Sub-basin; WP: Wallaby 

Plateau; Z: Zeewyck Sub-basin; ZP: Zenith Plateau. 
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Figure 1.9: Basalt provinces in the Indian Ocean region, most of which are attributed 

to the Kerguelen hotspot, after Coffin et al. (2002). Locations of DSDP and ODP 

igneous basement sites (●), and dredges that recovered igneous basement (■), are 

shown. ♦, Lamprophyres. ○, a DSDP site where overlying sediment provides a 

minimum age for the igneous basement. Radiometric ages are from Coffin et al. (2002). 
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Figure 1.10: Present-day southwestern Australian surface geology, showing locations of 

outcropping Bunbury Basalt and the Gelorup basalt quarry. Gelorup quarry photo 

from Freeman and Donaldson (2006). 

2 Aims & Objectives 

The main aim of this thesis is to understand the evolution of paleo-drainage, sedimentation, 

burial and exhumation, and magmatism during the rifting, breakup and drifting of Gondwana 

on the southwestern Australian margin. This aim is divided into several sub-objectives. The 

chapters that satisfy these objectives are in (parentheses). 

1. Characterize the lithostratigraphy and associated petrophysical properties of 

sedimentary rocks in the Perth Basin in order to provide a framework for 

exhumation quantification, 3D modelling of the Perth Basin and a comprehensive 

understanding of depositional environments (chapter 2). 

2. Establish the 3D geometry of the Bunbury Basalt, a readily identifiable layer that 

erupted during the breakup of Gondwana, in order to determine the paleo-drainage 

pattern and identify post-volcanic faulting in the Perth Basin as a response to 

Gondwana breakup (chapter 3). 
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3. Develop a 3D model of the lithostratigraphic formations in the Perth Basin in order 

to evaluate the temporal and spatial preservation of sedimentary rocks to infer how 

accommodation space generation, subsidence rates and sediment supply changed 

over time in the basin (chapter 4). 

4. Quantify exhumation through space and time for the protracted history of the Perth 

Basin in order to test between local and regional models of rifting, breakup and 

drifting. (chapter 5). 

5. Establish the ages of the Bunbury Basalt using precise 40Ar/39Ar geochronology to 

provide insight into the tectonic mechanisms, underlying causes and synchronicity to 

the breakup of the eastern Gondwana (chapter 6). 

6. Establish the ages of volcanic rocks on the Wallaby Plateau using precise 40Ar/39Ar 

and U–Pb geochronology to provide insights into the tectonic mechanisms and 

underlying causes of Gondwana breakup distal to the relict triple junction (chapter 

7). 

3 Thesis structure 

This thesis opens with an introduction that addresses the rationale and objectives for this 

study and ends with a conclusion that summarizes the major outcomes of the research. A 

standard literature review is not presented in this thesis, as individual manuscripts presented 

within each chapter incorporate the relevant background information to place this research in 

a wider context. Each manuscript includes aspects of the regional geological setting, 

discussions of new findings with respect to previous studies and cited references. The main 

body of the thesis comprises of chapters 2 to 7. One of these is published in a peer reviewed 

journal and technical report (chapter 2), four are currently under review (chapter 3–5, 7) and 

one is in preparation for submission (chapter 6). The chapters are presented in a logical order 

to address the objectives, not in the order they were published in/submitted for publication. 

Copies of the published manuscripts may be found in the Appendix A at the end of the 

thesis, along with co-authorship statements and reprint permissions from the publisher. 

Chapter 2, Facies-based rock properties characterization for CO2 sequestration: 

GSWA Harvey 1 well, Western Australia, of this thesis is published in Marine and 

Petroleum Geology. 

This paper forms part of the work conducted by the Australian National Low Emissions Coal 

(ANLEC) R&D to study the feasibility of one of the Perth sub-basins, the Harvey Ridge, as a 

possible subsurface carbon dioxide storage location. Although the lithological, mineralogical 
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and petrophysical characteristics of many of the other Perth sub-basins have been studied in 

some detail, no drill holes with cored intervals existed that could be utilized on the Harvey 

Ridge. We provide petrophysical and mineralogical characteristics of samples from a range 

of lithologically distinct facies (lithofacies) in cored intervals of the Lesueur Sandstone, 

collected from a new stratigraphic hole drill on the Harvey Ridge, GSWA Harvey 1. This 

scheme has identified nine lithofacies characteristic of a braided fluviatile regime and 

corroborates with previously devised schemes in the central and southern Perth Basin 

(Timms et al., 2015). A key outcome is the similarity in mineralogy but higher 

porosity/permeability in GSWA Harvey 1 relative to Pinjarra 1, a well that intersects the 

Lesueur Sandstone some ~2 km deeper on the adjoining Mandurah Terrace. If, as previously 

thought, the Harvey Ridge was only uplifted at breakup, it would be expected that porosity 

and permeability would be comparable in GSWA Harvey 1 and Pinjarra 1. This conundrum 

is addressed via quantitative exhumation analysis in chapter 5. Mineralogical characteristics 

also provide a framework for subsequent studies that benchmark indirect porosity estimation 

techniques (chapter 5) and production of a basin-wide 3D geological model (chapter 4). 

Chapter 3, Paleo-drainage and fault development in the southern Perth Basin, Western 

Australia during and after the breakup of Gondwana from 3D modelling of the 

Bunbury Basalt, of this thesis published in the Australian Journal of Earth Sciences. 

This chapter addresses two problems in our understanding of the tectonic evolution of the 

western Australian margin. Firstly, the southern Perth Basin has a cryptic low density of 

faults in pre- and post-breakup strata, possibly an artefact of poor seismic imaging, scarcity 

of deep drill holes and difficulty in distinguishing the various formations. Secondly, there is 

a paucity of evidence for the paleo-drainage patterns in the Perth Basin that existed during 

the breakup of Gondwana. To address these problems, we use recently-acquired 

aeromagnetics from the Geological Survey of WA coupled with 290 drill holes to produce a 

new 3D model of the Bunbury Basalt, a series of lava flows that are situated on top of the 

Valanginian breakup unconformity. The Bunbury Basalt was potentially extruded from vent 

sites at intersections between the Darling Fault and subordinate NW-striking faults into two 

distinct meandering paleo-valleys during the Early Cretaceous, of which 90 km3 is preserved 

at the present-day. The paleo-valley profiles and shapes indicated that the basalt lava flows 

were originally sub-horizontal, and thus offsets could be used to identify and quantify syn- 

and post-breakup faults indicated by the basalt geometry. The magnetically-anomalous basalt 

flow tops also provided a means for establishing fluvial paleo-drainage directions at the 

onset of rifting and drifting between Australia and Greater India. This indicates that paleo-
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drainage was predominantly south–north, which corroborates with existing detrital zircon U–

Pb provenance studies (Sircombe and Freeman, 1999). Coupled with geochemical 

reconstructions of the provenance of post-breakup strata (Descourvieres et al., 2011), it is 

likely that paleo-drainage switched to the present-day east–west regime soon after breakup.   

Chapter 4, 3D structural and stratigraphic model of the Perth Basin, Western 

Australia: Implications for sub-basin evolution, of this thesis is published in the 

Australian Journal of Earth Sciences. 

This study has developed the first 3D structural and stratigraphic model of the entire Perth 

Basin, incorporating almost 12000 drill holes and 270 faults and twelve stratigraphic 

formations, existing seismic data, and new interpretation from gravity and aeromagnetic 

surveys. The model is used to quantify the preserved thicknesses of stratigraphic formations 

across the basin from Permian to Recent. The model shows significant heterogeneity in the 

preserved formation thicknesses and depths at both local and regional scales. These 

differences may have resulted from differential subsidence and/or differential exhumation, 

but the formation geometries alone cannot distinguish between these two models if any 

erosion has occurred. Only the Early to Middle Jurassic stratigraphy have been minimally 

eroded and thereby records net subsidence. This stratigraphic interval shows that subsidence 

was broadly hinged from south to north, with a greater rate of subsidence in the southern and 

central Perth Basin. Localized differences in thicknesses across adjacent sub-basins was 

likely controlled by differential displacement along sub-basin bounding faults during 

subsidence, and subsequently, during exhumation episodes. The new 3D model of the Perth 

Basin highlights the need for quantitative exhumation analysis to resolve episodes of 

exhumation and subsidence. 

Chapter 5, Quantifying multiple Permian–Cretaceous exhumation events during the 

breakup of eastern Gondwana: Sonic transit time analysis of the central and southern 

Perth Basin, of this thesis is published in Basin Research. 

Knowledge of the timing and quantification of exhumation episodes during rifting, breakup 

and after breakup of Gondwana is pivotal to understanding large-scale structural 

modification processes and their causes on the southwestern Australian margin. Four major 

exhumation episodes have been identified and quantified across the central and southern 

Perth Basin using data from 37 drill holes via sonic transit time analysis. Prior to breakup, 

exhumation was extremely variable (from 0 to 2 km) across relatively short distances (<100 

km). This indicates that exhumation is likely caused by short-wavelength inversion and 
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reverse fault-activation or by fault-block rotation in extensional settings that defined basin 

compartmentalization and sub-basin formation. During breakup, exhumation magnitudes 

cannot be accurately quantified, but do not exceed 1 km. In this scenario, lithospheric 

stretching as a driving force for breakup is favoured due to the regional homogeneity and 

small magnitude of exhumation. However, transient plume upwelling can induce rapid uplift 

without erosion (i.e., no exhumation), and so a plume-driven breakup is still possible. This 

study is also the first to identify and quantify post-breakup exhumation (up to 1 km) in the 

southern and central Perth Basin, which was predominantly caused by long wavelength 

epeirogeny either at the Aptian–Albian boundary or during the Cenozoic. 

Chapter 6, 40Ar/39Ar geochronology of the Bunbury Basalt: Did the Kerguelen hotspot 

play a role?, of this thesis is in review with Earth and Planetary Science Letters. 

An understanding of the age of the Bunbury Basalt is vital for discerning the temporal 

relationship between its eruption and the breakup of Gondwana. Previous 40Ar/39Ar ages are 

outdated, imprecise and potentially inaccurate, and the timing of sea floor spreading related 

to magmatism is ambiguous. This chapter presents new, precise 40Ar/39Ar ages from the 

Bunbury Basalt lava flows in order to readdress these uncertainties. Careful sample 

preparation of plagioclase grains for 40Ar/39Ar dating on new generation instrumentation 

established that the Bunbury Basalt erupted in three distinct phases, at 136.96 ± 0.43 Ma, 

132.79 ± 0.42 Ma and 130.45 ± 0.82 Ma. All Bunbury Basalt samples are enriched tholeiitic 

basalts, but samples have varying contribution from the continental lithosphere. The 

youngest, ca. 130.5 Ma, samples show a stronger contribution relative to the older samples. 

The oldest Bunbury Basalt ages are synchronous with the breakup of eastern Gondwana and 

the initial opening of the Indian Ocean at ca. 137–136 Ma, suggesting a common cause for 

breakup and volcanism. Based on plate reconstructions, the eruption of the oldest Bunbury 

Basalt preceded the emplacement of the Kerguelen large igneous province by at least 9 m.y. 

The temporal lag between the two magmatic events and the distance (~1000 km) that the 

Kerguelen magma would need to travel to reach the southern Perth Basin without erupting 

anywhere else, suggests that the two magmatic events have different origins. We propose 

that the Bunbury Basalt was produced from a patch of enriched shallow mantle beneath the 

southern Perth Basin by decompression melting resulting from passive rifting between 

Greater India and Australia.. 
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Chapter 7, Age and geochemistry of magmatism on the oceanic Wallaby Plateau and 

implications for the opening of the Indian Ocean, the final manuscript of this thesis, is 

published in GEOLOGY. 

Volcanism on the Wallaby Plateau, a 70,000 km2 submerged plateau, has not been 

previously dated and so the timing and nature of volcanism to breakup is uncertain. 

Plagioclase 40Ar/39Ar and zircon U–Pb sensitive high-resolution ion microprobe ages 

indicate that a portion of the Plateau formed at ca. 124 Ma. These ages are at least 6 m.y. 

younger than the oldest oceanic crust in adjacent abyssal plains (minimum = 130 Ma). 

Geochemical data indicate that the Wallaby Plateau volcanic samples are enriched tholeiitic 

basalt, similar to continental flood basalts, including the spatially and temporally proximal 

Bunbury Basalt in southwestern Australia. Thus, the Wallaby Plateau volcanism could be 

regarded as a (small) flood basalt event on the order of 104–105 km3. We suggest that magma 

could not erupt prior to 124 Ma because of the lack of space adjacent to the Plateau. This 

was made possible at 124 Ma, via the opening of the Indian Ocean during the breakup of 

Greater India and Australia along the Wallaby–Zenith Fracture Zone. The scale of volcanism 

and the temporal proximity to breakup challenges the prevailing theory that the Western 

Australian margin formed as a magma-poor passive margin. Given that the volume of 

volcanism is too small for typical flood basalts associated with volcanic passive margins, we 

suggest that the two end-members, magma-poor and volcanic passive margins, should rather 

be treated as a continuum. 

 

4 Reference List 

Ali, J.R., Aitchison, J.C., 2014. Greater India's northern margin prior to its collision with 

Asia. Basin Research 26, 73-84. 

Appleyard, S.J., 1991. Geology and hydrogeology of the Cowaramup borehole line, Perth 

Basin, Western Australia. Western Australia Geological Survey, Perth, <retrieved from 

http://geodocs.dmp.wa.gov.au/>, p. 12. 

Aspler, L.B., Wisotzek, I.E., Chiarenzelli, J.R., Losonczy, M.F., Cousens, B.L., McNicoll, 

V.J., Davis, W.J., 2001. Paleoproterozoic intracratonic basin processes, from breakup of 

Kenorland to assembly of Laurentia: Hurwitz Basin, Nunavut, Canada. Sedimentary 

Geology 141–142, 287-318. 



H.K.H Olierook   Introduction 

20 

 

Backhouse, J., 1988. Late Jurassic and Early Cretaceous palynology of the Perth Basin, 

Western Australia. Western Australia Geological Survey, Perth, pp. 1-233, <retrieved from 

http://geodocs.dmp.wa.gov.au/>. 

Bale, K., 2004. Geophysics Notes: Vlaming Sub-basin Seismic Interpretation Stage. 

Research Program 1.1- Technologies for Assessing Sites for CO2 Storage. (Appendix 2 of 

report no.RPT06-0162). CO2CRC report number RPT06-0150. 

Barnett-Moore, N., Flament, N., Heine, C., Butterworth, N., Müller, R.D., 2014. Cenozoic 

uplift of south Western Australia as constrained by river profiles. Tectonophysics 622, 186-

197. 

Boger, S.D., 2011. Antarctica — Before and after Gondwana. Gondwana Research 19, 335-

371. 

Borissova, I., 2002. Geological framework of the Naturaliste Plateau, Record 2002/20. 

Geoscience Australia, ACT, Australia. 

Borissova, I., Bradshaw, B.E., Nicholson, C.J., Payne, D.S., Struckmeyer, H.I.M., 2010. 

New exploration opportunities on the southwest Australian margin – deep-water frontier 

Mentelle Basin. The APPEA Journal 50, 1-13. 

Casshyap, S.M., Kumar, A., 1987. Fluvial architecture of the Upper Permian Raniganj coal 

measure in the Damodar basin, Eastern India. Sedimentary Geology 51, 181-213. 

Cawood, P.A., Nemchin, A.A., 2000. Provenance record of a rift basin: U/Pb ages of detrital 

zircons from the Perth Basin, Western Australia. Sedimentary Geology 134, 209-234. 

Coffin, M.F., Eldholm, O., 1992. Volcanism and continental break-up: a global compilation 

of large igneous provinces. Geological Society, London, Special Publications 68, 17-30. 

Coffin, M.F., Pringle, M.S., Duncan, R.A., Gladczenko, T.P., Storey, M., Müller, R.D., 

Gahagan, L.A., 2002. Kerguelen hotspot magma output since 130 Ma. Journal of Petrology 

43, 1121-1139. 

Collins, A.S., Pisarevsky, S.A., 2005. Amalgamating eastern Gondwana: The evolution of 

the Circum-Indian Orogens. Earth Science Reviews 71, 229-270. 



H.K.H Olierook   Introduction 

21 

 

Corcoran, D.V., Doré, A.G., 2005. A review of techniques for the estimation of magnitude 

and timing of exhumation in offshore basins. Earth Science Reviews 72, 129-168. 

Courtillot, V.E., Jaupart, C., Manighetti, I., Tapponnier, P., Besse, J., 1999. On causal links 

between flood basalts and continental breakup. Earth and Planetary Science Letters 166, 

177-195. 

Crawford, A.J., Direen, N.G., Coffin, M.F., Cohen, B., Paul, B., Mitrovic, L., 2006. 

Extensive basaltic magmatism on the naturaliste plateau, offshore SW Australia. Geochimica 

et Cosmochimica Acta 70, A116. 

Crostella, A., Backhouse, J., 2000. Geology and petroleum exploration of the central and 

southern Perth Basin, Western Australia. Report 57. Geological Survey of Western Australia. 

Czarnota, K., Hoggard, M.J., White, N., Winterbourne, J., 2013. Spatial and temporal 

patterns of Cenozoic dynamic topography around Australia. Geochemistry, Geophysics, 

Geosystems 14, 634-658. 

Czarnota, K., Roberts, G.G., White, N.J., Fishwick, S., 2014. Spatial and temporal patterns 

of Australian dynamic topography from River Profile Modeling. Journal of Geophysical 

Research: Solid Earth 119, 1384-1424. 

Daniell, J., Jorgensen, D.C., Anderson, T., Borissova, I., Burq, S., Heap, A., Hughes, M., 

Mantle, D., Nelson, G., Nichol, S., Nicholson, C., Payne, D., Przeslawski, R., Radke, L., 

Siwabessy, J., Smith, C., Shipboard Party, 2009. Frontier basins of the west Australian 

continental margin: post-survey report of marine reconnaissance and geological sampling 

survey GA2476. Geoscience Australia, Record 2009/38, Canberra, Australia. 

Descourvieres, C., Douglas, G., Leyland, L., Hartog, N., Prommer, H., 2011. Geochemical 

reconstruction of the provenance, weathering and deposition of detrital-dominated sediments 

in the Perth Basin: The Cretaceous Leederville Formation, south-west Australia. 

Sedimentary Geology 236, 62-76. 

Direen, N.G., Borissova, I., Stagg, H.M.J., Colwell, J.B., Symonds, P.A., 2007. Nature of the 

continent–ocean transition zone along the southern Australian continental margin: a 

comparison of the Naturaliste Plateau, SW Australia, and the central Great Australian Bight 

sectors. Geological Society, London, Special Publications 282, 239-263. 



H.K.H Olierook   Introduction 

22 

 

Exploration Investment and Geoscience Working Group, 2012. Cape Leeuwin and Perth 

Basin South 2011 airborne magnetic and radiometric survey, 20 December 2012 ed. 

Geophysical Archive Data Delivery System, <retrieved from 

www.geoscience.gov.au/gadds/>. 

Fitzsimons, I.C.W., 2003. Proterozoic basement provinces of southern and southwestern 

Australia, and their correlation with Antarctica, in: Yoshida, M., Windley, B.F., Dasgupta, S. 

(Eds.), Proterozoic East Gondwana: Supercontinent Assembly and Breakup. Geological 

Society, London, Special Publications, pp. 93-130. 

Freeman, M.J., Donaldson, M.J., 2006. Geology of the southern Perth Basin and Margaret 

River wine district, southwestern Western Australia  — a field guide. Western Australia 

Geological Survey, Record 2006/20, pp. 1-34. 

Frey, F.A., McNaughton, N.J., Nelson, D.R., deLaeter, J.R., Duncan, R.A., 1996. 

Petrogenesis of the Bunbury Basalt, Western Australia: interaction between the Kerguelen 

plume and Gondwana lithosphere? Earth and Planetary Science Letters 144, 163-183. 

Gaina, C., Müller, R.D., Brown, B., Ishihara, T., Ivanov, S., 2007. Breakup and early 

seafloor spreading between India and Antarctica. Geophysical Journal International 170, 

151-169. 

Gallant, J.C., Dowling, T.I., Read, A.M., Wilson, N., Tickle, P., Inskeep, C., 2011. 1 second 

SRTM Derived Digital Elevation Models. Geoscience Australia, Canberra, <retrieved from 

http://www.ga.gov.au/metadata-gateway/metadata/record/gcat_72759>. 

Gibbons, A.D., Barckhausen, U., van den Bogaard, P., Hoernle, K., Werner, R., Whittaker, 

J.M., Müller, R.D., 2012. Constraining the Jurassic extent of Greater India: Tectonic 

evolution of the West Australian margin. Geochemistry, Geophysics, Geosystems 13, 

Q05W13. 

Gibbons, A.D., Whittaker, J.M., Müller, R.D., 2013. The breakup of East Gondwana: 

Assimilating constraints from Cretaceous ocean basins around India into a best-fit tectonic 

model. Journal of Geophysical Research: Solid Earth 118, 808-822. 

Green, P.F., Duddy, I.R., 2013. The influence of exhumation on petroleum prospectivity in 

the sedimentary basins of WA, Western Australian Basins Symposium 2013, Perth, WA, 18-

21 August 2013, pp. 1-14. 



H.K.H Olierook   Introduction 

23 

 

Grevemeyer, I., Flueh, E.R., Reichert, C., Bialas, J., Kläschen, D., Kopp, C., 2001. Crustal 

architecture and deep structure of the Ninetyeast Ridge hotspot trail from active-source 

ocean bottom seismology. Geophysical Journal International 144, 414-431. 

Hall, L.S., Gibbons, A.D., Bernardel, G., Whittaker, J.M., Nicholson, C., Rollet, N., Müller, 

R.D., 2013. Structural Architecture of Australia’s Southwest Continental Margin and 

Implications for Early Cretaceous Basin Evolution, West Australian Basin Symposium, 

Perth, WA, <retrieved from http://conference.iceaustralia.com/wabs13/program.html>, pp. 1-

22. 

Halpin, J.A., Crawford, A.J., Direen, N.G., Coffin, M.F., Forbes, C.J., Borissova, I., 2008. 

Naturaliste Plateau, offshore Western Australia: a submarine window into Gondwana 

assembly and breakup. Geology 36, 807-810. 

Iasky, R.P., 1993. A structural study of the southern Perth Basin, Western Australia. 

Geological Survey of Western Australia, Perth, pp. 1-56, <retrieved from 

http://geodocs.dmp.wa.gov.au/>. 

Jourdan, F., Renne, P.R., 2007. Age calibration of the Fish Canyon sanidine 40Ar/39Ar dating 

standard using primary K-Ar standards. Geochimica et Cosmochimica Acta 71, 387-402. 

Kent, R.W., Pringle, M.S., Müller, R.D., Saunders, A.D., Ghose, N.C., 2002. 40Ar/39Ar 

Geochronology of the Rajmahal Basalts, India, and their Relationship to the Kerguelen 

Plateau. Journal of Petrology 43, 1141-1153. 

Kent, R.W., Saunders, A.D., Storey, M., Ghose, N.C., 1996. Petrology of Early Cretaceous 

flood basalts and dykes along the rifted volcanic margin of eastern India. Journal of 

Southeast Asian Earth Sciences 13, 95-111. 

Kusznir, N.J., Karner, G.D., 2007. Continental lithospheric thinning and breakup in response 

to upwelling divergent mantle flow: application to the Woodlark, Newfoundland and Iberia 

margins. Geological Society, London, Special Publications 282, 389-419. 

Larson, R.L., 1977. Early Cretaceous breakup of Gondwanaland off western Australia. 

Geology 5, 57-60. 

Leroy, M., Gueydan, F., Dauteuil, O., 2008. Uplift and strength evolution of passive margins 

inferred from 2-D conductive modelling. Geophysical Journal International 172, 464-476. 



H.K.H Olierook   Introduction 

24 

 

Lindsay, J.F., Korsch, R.J., Wilford, J.R., 1987. Timing the breakup of a Proterozoic 

supercontinent: Evidence from Australian intracratonic basins. Geology 15, 1061-1064. 

Markl, R.G., 1974. Evidence for the breakup of eastern Gondwanaland by the Early 

Cretaceous. Nature 251, 196-200. 

Markl, R.G., 1978. Further evidence for the Early Cretaceous breakup of Gondwanaland off 

southwestern Australia. Marine Geology 26, 41-48. 

Marshal, J.F., Ramsay, D.C., Moore, A.M.G., Shafik, S., Graham, T.G., Needham, J., 1993. 

The Vlaming Sub-basin, Offshore South Perth Basin Continental Margins Program Folio 7. 

Geoscience Australia, Canberra. 

McLoughlin, S., 2001. The breakup history of Gondwana and its impact on pre-Cenozoic 

floristic provincialism. Australian Journal of Botany 49, 271-300. 

Meert, J.G., Lieberman, B.S., 2008. The Neoproterozoic assembly of Gondwana and its 

relationship to the Ediacaran–Cambrian radiation. Gondwana Research 14, 5-21. 

Meert, J.G., Van Der Voo, R., 1997. The assembly of Gondwana 800-550 Ma. Journal of 

Geodynamics 23, 223-235. 

Menpes, R.J., Hillis, R.R., 1995. Quantification of Tertiary exhumation from sonic velocity 

data, Celtic Sea/South-Western Approaches. Geological Society, London, Special 

Publications 88, 191-207. 

Merle, R., Jourdan, F., Marzoli, A., Renne, P.R., Grange, M., Girardeau, J., 2009. Evidence 

of multi-phase Cretaceous to Quaternary alkaline magmatism on Tore–Madeira Rise and 

neighbouring seamounts from 40Ar/39Ar ages. Journal of the Geological Society 166, 879-

894. 

Miall, A.D., 1996. The geology of fluvial deposits: sedimentary facies, basin analysis, and 

petroleum geology. Springer, New York. 

Mory, A.J., Iasky, R.P., 1996. Stratigraphy and structure of the onshore northern Perth Basin, 

Western Australia. Western Australia Geological Survey, Perth, <retrieved from 

http://geodocs.dmp.wa.gov.au/>. 



H.K.H Olierook   Introduction 

25 

 

Pryer, L., Loutit, T., Gardner, P., Petrovich, S., Teasdale, J., Stuart-Smith, P., Romine, K., 

Shi, Z., de Vries, S., Cathro, D., Etheridge, M., Foss, C., Munroe, M., Hamm, A., Ebrahim, 

M., Vizy, J., Henley, P., Mills, A., Guy-Villon, M., 2005. OZ SEEBASE™ Structural GIS. 

FrOG Tech Pty Ltd, Canberra, p. 184. 

Quilty, J.H., 1963. Perth Basin aeromagnetic survey, Western Australia. Australia Bureau of 

Mineral Resources, Perth, <retrieved from 

www.ga.gov.au/corporate_data/11156/Rec1963_074.pdf>. 

Rogers, J.J.W., Unrug, R., Sultan, M., 1995. Tectonic assembly of Gondwana. Journal of 

Geodynamics 19, 1-34. 

Segev, A., 2002. Flood basalts, continental breakup and the dispersal of Gondwana: evidence 

for periodic migration of upwelling mantle flows (plumes). EGU Stephan Mueller Special 

Publication Series 2, 171-191. 

Sircombe, K.N., Freeman, M.J., 1999. Provenance of detrital zircons on the Western 

Australia coastline—Implications for the geologic history of the Perth basin and denudation 

of the Yilgarn craton. Geology 27, 879-882. 

Song, T., Cawood, P.A., 2000. Structural styles in the Perth Basin associated with the 

Mesozoic break-up of Greater India and Australia. Tectonophysics 317, 55-72. 

Song, T., Cawood, P.A., Middleton, M., 2001. Transfer zones normal and oblique to rift 

trend: examples from the Perth Basin, Western Australia. Geological Society, London, 

Special Publications 187, 475-488. 

Srivastava, S.P., Sibuet, J.C., Cande, S., Roest, W.R., Reid, I.D., 2000. Magnetic evidence 

for slow seafloor spreading during the formation of the Newfoundland and Iberian margins. 

Earth and Planetary Science Letters 182, 61-76. 

Tassone, D.R., Holford, S.P., Duddy, I.R., Green, P.F., Hillis, R.R., 2014. Quantifying 

Cretaceous–Cenozoic exhumation in the Otway Basin, southeastern Australia, using sonic 

transit time data: Implications for conventional and unconventional hydrocarbon 

prospectivity. AAPG Bulletin 98, 67-117. 

Timms, N.E., Olierook, H.K.H., Wilson, M.E.J., Delle Piane, C., Hamilton, P.J., Cope, P., 

Stütenbecker, L., 2015. Sedimentary facies analysis, mineralogy and diagenesis of the 

Mesozoic aquifers of the central Perth Basin. Marine and Petroleum Geology 60, 54-78. 



H.K.H Olierook   Introduction 

26 

 

Veevers, J.J., Li, Z.X., 1991. Review of seafloor spreading around Australia. II. Marine 

magnetic anomaly modelling. Australian Journal of Earth Sciences 38, 373-389. 

Veevers, J.J., Tewari, R.C., Mishra, H.K., 1994. Aspects of Late Triassic to Early Cretaceous 

Disruption of the Gondwana Coal-bearing Fan of East-Central Gondwanaland, Ninth 

International Gondwana Symposium. Oxford & IBH Publishing Co. Pvt. Ltd., Gondwana 

Nine, Hyderabad, India, pp. 637-646. 

White, L.T., Gibson, G.M., Lister, G.S., 2013. A reassessment of paleogeographic 

reconstructions of eastern Gondwana: Bringing geology back into the equation. Gondwana 

Research 24, 984-998. 

Whitmarsh, R.B., Manatschal, G., Minshull, T.A., 2001. Evolution of magma-poor 

continental margins from rifting to seafloor spreading. Nature 413, 150-154. 

 

 

 



H.K.H. Olierook   Facies-based rock properties characterization  

27 

 

Chapter 2 

 

 FACIES-BASED ROCK PROPERTIES CHARACTERIZATION FOR 

CO2 SEQUESTRATION: GSWA HARVEY 1 WELL, WESTERN 

AUSTRALIA 

Hugo K.H. Olierook a,*, Claudio Delle Piane b, Nicholas E. Timms a, Lionel Esteban b, Reza 

Rezaee c, Arthur J. Mory d, Lena Hancock e 

a Department of Applied Geology, Curtin University, GPO Box U1987, Bentley, Perth, WA 

6845, Australia 

b CSIRO Earth Sciences and Resource Engineering, PO Box 1130, Bentley, WA 6102, 

Australia 

c Department of Petroleum Engineering, Curtin University, GPO Box U1987, Perth, WA 

6845, Australia 

d Geological Survey of Western Australia, Department of Industry and Resources, Mineral 

House, 100 Plain Street, East Perth, WA 6004, Australia 

e Geological Survey of Western Australia, Core Library, 37 Harris Street, Carlisle, WA 6101, 

Australia 

 

This article is published in Marine and Petroleum Geology, Vol 50, pp. 83–102. 

doi:10.1016/j.marpetgeo.2013.11.002 and reprinted with permission in Appendix A. 

 

 

  

http://dx.doi.org/10.1016/j.marpetgeo.2013.11.002


H.K.H. Olierook   Facies-based rock properties characterization  

28 

 

Abstract 

GSWA Harvey 1 was drilled as part of the South West CO2 Geosequestration Hub carbon 

capture and storage project (South West Hub) to evaluate storage volume, injectivity 

potential and carbon dioxide retention capacity in the south-western Perth Basin. Six cored 

intervals from the Triassic Lesueur Sandstone contain nine lithofacies consistent with fluvial 

depositional environments: the lower Wonnerup Member is dominated by fluvial lithofacies 

consisting of stacked beds of porous, permeable sandstone deposited as high-energy fill and 

barforms, with rare finer-grained swampy/overbank deposits. The overlying Yalgorup 

Member contains mainly floodplain palaeosols with low- to moderate-energy barforms. The 

high- to moderate-energy fluvial facies typically have a low gamma response and contain 

clean, medium to very coarse-grained quartz-dominated sandstones. Other clastic 

components include K-feldspar (8–25%) with trace muscovite, garnet and zircon, and 

interstitial diagenetic kaolinite (up to 15%) and Fe-rich chlorite (up to 13%). The low-energy 

facies contain variably interbedded mudstone and thin, moderate to well sorted fine-grained 

sandstone, typically with a high gamma response, and are consistent with deposition under 

swampy, overbank and palaeosol conditions. These facies have significantly higher 

proportions of mica and diagenetic clays, including smectite (up to 8%) and illite (up to 

10%), and detrital plagioclase (up to 21%) and trace carbonate bioclasts. High porosity and 

permeability in the cored intervals of the Wonnerup Member indicate good reservoir 

characteristics in terms of storage capacity and injectivity at depths relevant to CO2 injection 

(>1500 m). High porosity and extremely variable permeability values in the Yalgorup 

Member were measured. The variation is due to permeable vertical sandstone features in low 

permeability sandy mudstone and indicate limited sealing potential, although the spatial 

connectivity of the vertical features cannot be resolved from the available core. A 

preliminary assessment of the area as a CCS site seems favourable; however, the project is 

only in the early stages of its characterization and far more regional and site-specific data are 

needed to evaluate how injected CO2 may behave in the subsurface. 

 

1 Introduction 

Carbon Capture and Storage (CCS), involving CO2 geosequestration, is a relatively recent 

development to moderate anthropogenic carbon dioxide emissions and to reduce the 

greenhouse effect (Bielicki, 2009; Gibbins and Chalmers, 2008; Pires et al., 2011; Scott, 

2013). Initially, carbon dioxide gas is captured from industrial emissions, compressed and 
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converted into a supercritical state as it is injected, and in this denser state higher volumes 

can be injected into porous and permeable reservoirs in the subsurface. Among the different 

strategies proposed for underground storage, deep saline aquifers have been globally 

indicated to possess the highest potential capacity for CO2 sequestration (cf. review by 

Michael et al., 2010). In such a scenario, hydrodynamic and chemical reactions between the 

carbon dioxide, brine and rock can ‘trap’ it underground for hundreds to hundreds of 

millions of years depending on the physical and chemical reservoir properties (Janda and 

Morrison, 2001). 

As of 2009, coal is only mined at two localities in the Collie Basin, in south-western Western 

Australia, where the majority of this coal is used in adjacent coal-fired power stations 

(Cuevas-Cubria et al., 2011). Coal is the main fuel used for electricity generation in 

southwestern Australia, with 29% of total electricity coming from coal in 2009 (Cuevas-

Cubria et al., 2011). The most geologically feasible location for a carbon storage site was 

evaluated within a 50 km radius of these coal-fired power plants (Varma et al., 2009), in 

order to limit the CO2 transportation costs. The ‘South West Hub’ is an initiative in the Perth 

Basin, to the west of the Collie Basin, to investigate a potential site for CO2 sequestration. 

Preliminarily studies indicated favourable conditions in terms of aquifer salinity at depth, 

estimated storage capacity and proximity to stationary CO2 emitters (see review by Stalker et 

al., 2013b). Estimates indicate that the South West Hub could become Western Australia's 

first major onshore carbon capture and storage project, with the potential to sequester up to 

6.5 million tonnes of CO2 per annum for 40 years from industrial emission streams (Global 

CCS Institute, 2012). 

Initial evaluation of the suitability of the target site has relied on geophysical methods and 

the extrapolation of petrophysical analyses of sparse core material extracted from deep wells 

outside the proposed site due to the distance from outcrop of the proposed target rocks 

(280 km) in the region (Delle Piane et al., 2013b; Varma et al., 2009). The stratigraphic well 

GSWA Harvey 1, drilled by the Geological Survey of Western Australia (GSWA) in early 

2012, near the town of Harvey to a total depth of 2945 m below rotary table, was designed to 

provide key information about the subsurface geology to facilitate evaluation of the SW Hub 

CCS Project (Stalker et al., 2013b). The proposed CCS site intends to use the Wonnerup 

Member of the Lesueur Sandstone formation as the main storage interval with CO2 contained 

below the interbedded sandy and muddy facies of the Yalgorup Member that would act as 

hydraulic baffles to retard the vertical movement of CO2 and enhance capillary trapping as a 

main containment mechanism (Flett et al., 2004; Hovorka et al., 2004; Stalker et al., 2013a). 
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A secondary, potentially regional seal may be provided by the overlying Eneabba Formation 

although its thickness, structural integrity and lateral extent in the area are not yet well 

established. New data from this well are currently being used in order to plan further data 

acquisition in the area to improve characterization. 

This paper presents novel sedimentological, petrographic and petrophysical data of the cored 

intervals of GSWA Harvey 1 in the context of the geology of the Perth Basin. In particular 

we focus on the evaluation of three critical aspects for the assessment of CCS potential of the 

site: (a) lithofacies analysis of the proposed reservoir and seal rocks; (b) petrographic, 

mineralogical and petrophysical properties for storage and injectivity estimation, and; (c) the 

relationships between these properties and local lithofacies. Observations and measurements 

of geological and petrophysical parameters include wireline logs of the hole, detailed 

sedimentary and mineralogical logging of the cored section, laboratory measurements of 

porosity, permeability and water distribution, and petrographic descriptions of the 

sedimentary facies. Physical properties are rationalized according to lithofacies and depth to 

facilitate generalization of the results across the southern/central region of the Perth Basin. 

2 Geological setting 

The Perth Basin extends over 1000 km north–south along the south-western margin of 

Australia between latitudes 26°30′S and 34°30′S. Exploration for various resources includes 

over 360 petroleum exploration holes, over 200 groundwater production wells, and, more 

recently, evaluation for geothermal energy and carbon capture and storage (Champ, 2010; 

Crostella and Backhouse, 2000; Ennis-King and Wu, 2005; Mory and Iasky, 1996; Timms et 

al., 2012). The basin contains mainly continental clastic rocks deposited since the Permian in 

a rift system that culminated with the breakup of Gondwana in the Early Cretaceous 

(Crostella and Backhouse, 2000; Mory and Iasky, 1996; Song and Cawood, 2000). During 

the Permian, the Perth Basin was the eastern half of a rift valley that formed due to sinistral 

transtension with a predominant south-westerly extension direction (Cawood and Nemchin, 

2000; Song and Cawood, 2000). Extension continued into the Jurassic leading to the central 

zone subsiding as a series of grabens and half-grabens, with deposition of transgressive 

marine sediments during the Middle and Late Jurassic/Early Cretaceous (Song and Cawood, 

2000). The large-scale architecture of the Perth Basin is dominated by listric, extensional, 

north to north-west trending faults that controlled the distribution of sediments and were 

reactivated during the breakup of Gondwana to compartmentalize the basin into a series of 

sub-basins (McPherson and Jones, 2005; Mory and Iasky, 1996; Song and Cawood, 2000). 
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GSWA Harvey 1, shortened to Harvey 1, is a 2945 m-deep stratigraphic hole drilled during 

February and March, 2012, at 32°59′30.79″S, 115°55′39.23″E (Fig. 2.1 A). The well 

intersected surficial laterite and unconsolidated sand, the Quaternary Guildford Formation, 

the Lower Cretaceous Leederville Formation, the Lower Jurassic Eneabba Formation, the 

Middle–Upper Triassic Lesueur Sandstone (subdivided into an upper Yalgorup Member and 

lower Wonnerup Member) and the Lower Triassic Sabina Sandstone (Fig. 2.1 B). 

Formations and members (summarized in Table 2.1) were identified via correlation with 

nearby exploration wells based on breaks on the induction-electrical, gamma-ray and sonic 

logs, and supported by palynology. A total of 217 m of core was retrieved from 6 intervals in 

Harvey 1 (Table 2.1). The cored intervals consist of the Yalgorup Member (cores 1–4) and 

Wonnerup Member (cores 5–6) of the Lesueur Sandstone. Sedimentary logging of core from 

the Lesueur Sandstone in the central Perth Basin indicate deposition in a braided, fluvial-

dominated environment (Timms et al., 2012). The braided fluvial-dominated facies scheme 

developed by Miall (1996) and modified by Timms et al. (2012) for wells in the central Perth 

Basin was used to differentiate lithofacies in Harvey 1. 
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Figure 2.1. (A) Geological map of the central Perth Basin showing the location of 

onshore petroleum and stratigraphic wells. GSWA Harvey 1 is shown in red. Geology 

after Playford et al. (1976). ‘Faults at depth’ control pre-Cretaceous architecture and 

are interpreted from vertical gradient of isostatic residual gravity, after Wilkes et al. 
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(2011). (B) Generalized stratigraphy of the Perth Basin, after Crostella and Backhouse 

(2000), with modified geological timescale, after Gradstein et al. (2012). Tectonic stages 

after Song and Cawood (2000).  

Below 
surface ASL

Surficial Quaternary Sand and laterite 0 24.5
Guildford Formation Quaternary Sand and clay 5.2 19.3
Leederville Formation E Cretaceous Sandst., carb./glauc. shale & lignite 36 11.5
Eneabba Formation E Jurassic Feldspathic sandst., minor conglom. & mudst. 250 -225.5
Lesueur Sandstone L-M Triassic Feldspathic sandstone 704 -679.5

Yalgorup Member L Triassic Heterogeneous feldspathic sandst./mudst. 704 -679.5

Wonnerup Member L Triassic Homogeneous feldspathic sandstone 1380 -1335.5

Sabina Sandstone E Triassic Micaceous sandst., with interbedded mudst. 2895 -2870.5
End of Hole 2945 -2920.5

Formation Age Primary Lithology
Height (m)

 

Table 2.1. Summary of formation tops within Harvey 1 (formation tops provided by 

Geological Survey of WA). 

Start of core End of core

1 Yalgorup 895 931.5 36.5
2 Yalgorup 1266 1319.2 53.2
3 Yalgorup 1320 1335.0 15.0
4 Yalgorup 1336 1344.0 8.0
5 Wonnerup 1896 1947.7 51.7
6 Wonnerup 2480 2532.5 52.5

Core no. Member
Depth, below surface (m)

Length (m)

 

Table 2.2. Summary of cored sections within Harvey 1. 

 

3 Approach/methods 

Methods used include core analysis, petrography, core plug petrophysical tests and wireline 

log petrophysical evaluation; a detailed description of the analytical techniques is supplied as 

Supplementary Material. 

Analyses of the six cores from Harvey 1 include gamma ray measurements, sedimentary 

logging, facies analysis, hyperspectral logging and X-ray diffraction (XRD) mineralogy. 

Natural core gamma ray was measured on whole core at 5 cm intervals. Sedimentary logging 
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of the cores, including lithology, colour, sedimentary structures, grain size, sorting and 

roundness were recorded graphically and described. The logs were used to assign 

lithologically-distinct lithofacies (here referred to as ‘facies’), utilizing a facies scheme 

adapted from the central Perth Basin (Timms et al., 2012). Ninety core plug samples 

targeting a wide range of facies and depths were selected where cohesive plugs could be 

taken. Hyperspectral logging was used to yield semi-quantitative and almost continuous data 

on the depth distribution of clay minerals and chlorite at 8 mm intervals (Haest et al., 2012; 

Hancock and Huntington, 2010; Huntington et al., 2004). Quantitative mineralogy of the 

sediments was estimated using XRD on 27 samples. 

Petrographic analyses were done on polished thin sections prepared from 27 core plug 

offcuts, photomicrographed (catalogued in Delle Piane et al., 2013b) and analysed for 

mineral abundance and texture. Scanning electron microscopy (SEM) images of three core 

samples were collected to reveal the morphology of pore spaces, and the mineralogy and 

form of interstitial phases. 

Petrophysical tests on core plugs were done to characterize porosity and permeability. 

Helium porosity and permeability were measured on all 90 samples. Mercury-injection 

capillary pressure was measured on 27 offcuts to estimate the pore throat diameter 

distributions. Nuclear magnetic resonance (NMR) analyses of 27 plugs were used to further 

characterize pore size distribution and permeability. 

A selection of wireline logs acquired from Harvey 1 was used to assess the facies, porosity 

and permeability distribution in non-cored intervals of the Lesueur Sandstone. The wireline 

gamma ray log was compared to the core gamma to extrapolate a simplistic facies scheme 

from core to non-cored intervals. Effective density log data had the best correlation with core 

plug helium porosity and were therefore used to extrapolate porosity. Downhole 

permeability was estimated from a NMR wireline tool in sandy intervals; consequently, the 

estimations may not be valid for muddy intervals. 

4 Results 

4.1 Sedimentary and petrographical characteristics of facies 

Nine distinct facies were recorded by Timms et al. (2012) in petroleum wells to the north of 

Harvey 1 in the central Perth Basin. The same facies were also identified in Harvey 1 core, 

consistent with the interpretation of a fluvial depositional setting; the characteristics of the 
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nine facies are reported in Table 3. An overview of the typical appearance of the facies at the 

core and microscopic scale is shown in Figure 2 and their distribution in the core is 

summarized in Figures 3 and 4. 

Facies 
code

Lithology Grain size Sorting
Sedimentary 
Structures

Depositional 
Environment

Ai Sand/gravel V.coarse-gravelly Poor X-bedded (common) H. energy channel fill

Aii Sandstone Medium-v.coarse Poor X-bedded H. energy barforms

Aiii Sandstone Coarse-v.coarse Medium Massive Fluidized barforms

B Sandstone Medium Medium Massive w/ flaser M. energy barforms

C Sandstone Fine-medium Medium X-lamination w/ flaser M.-L. energy rippleforms

D Clay/silt/sand Silt-medium Poor Frac., dykes, slicks Floodplain paleosols

E Clay/silt/sand Clay-v.fine Medium-well Bio., slumps, dewater. Swampy dep.; waterlog.

F Silt/sand Silt-v.fine Medium-well Trough X-lamination Crevasse splays

G Clay/silt/sand Clay-v.fine Well Thin lamination Swampy/overbank dep.

 

Table 2.3. Summary of facies within cored sections of Harvey 1. For comprehensive 

descriptions, see Miall (1996) or Timms et al. (2012). 
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Figure 2.2. Core photo and photomicrograph examples of each facies. Note that no 

samples were taken from facies F or G. 
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Figure 2.3. (A–C) Distribution of rock properties in the Yalgorup Member cored 

intervals of Harvey 1: (A) Core 1, 895–931.6 m; (B) Core 2, 1266–1319 m, and; (C) 

Core 3 and 4, 1320–1344 m. Facies were determined through a facies model developed 

by Timms et al. (2012), modified from Miall (1996). Gamma was taken at 5 cm 

intervals on whole core. Porosity (Por.) and permeability (Perm.) were determined 

from wireline logs; permeability data were not shown for B and C because wireline log 

equations only applied to clean sandstone. Helium-injection of core plugs provided 
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statistical data at sample localities (black points). Short-wavelength infrared (SWIR) 

spectra from the HyLogger were binned every 20–30 cm. (D) Pie chart showing the 

relative abundance of each facies of the Yalgorup Member. 

 

Figure 2.4. (A–B) Distribution of rock properties in the Wonnerup Member cored 

intervals of Harvey 1: (A) Core 5, 1896–1847.7 m, and; (B) Core 6, 2480–2532.5 m. 
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Facies were determined through a facies model developed by Timms et al. (2012), 

modified from Miall (1996). Gamma was taken at 5 cm intervals on whole core. 

Porosity (Por.) and permeability (Perm.) were determined from wireline logs. Helium-

injection of core plugs provided statistical data at sample localities (black points). 

Short-wavelength infrared (SWIR) spectra from the HyLogger were binned every 20 

cm. (C) Pie chart showing the relative abundance of each facies of the Wonnerup 

Member. 

In addition to the nine facies recorded by Timms et al. (2012), palaeosols (facies D) also 

contain structures that are consistent with vertisol development (Fig. 2.5). This facies 

exhibits sandstone-filled fractures or ‘dykes’ in mudstone, with thin layers of medium-

grained sandstone, and intermittent very coarse-grained sandstone layers (Fig. 2.3 B, C). 

Medium-grained sandstone filling these fractures lithologically resemble poorly-sorted 

moderate-energy channel barforms (facies B), whereas coarse-grained sandstone in such 

fractures resembles poorly-sorted high-energy channel fill (facies Ai–Aiii). Vertical to sub-

vertical, trans-bedform fractures are pervasive in the mudstone; they are typically planar to 

irregular, and can extend from 5 cm to several metres. These fractures could act as 

permeable pathways through the less permeable mudstone. Open, gently-dipping fractures 

often present as conjugate sets and exhibit prominent slickensides at an acute angle to the 

horizontal, thereby implying a horizontal maximum stress direction. 
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Figure 2.5. Vertisol development at various scales. (A) Schematic diagram showing 

vertisols among other soil types, developing in fluvial floodplains, after Spaargaren 

(1994). (B) Schematic diagram showing components of vertisol development, after 

Spaargaren (1994). (C) Photograph of a vertical sandstone infill in a section of Harvey 

1 core. (D) Photograph of vertical sandstone infill in a polished segment. (E) Thin 

section image of vertical sandstone infill, under transmitted, plane polarized light. (F) 
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Photograph of vertisol in Harvey 1 core, with black lines marking slicken surfaces. (G) 

Scanning electron microscopy image of slicken surface, under backscatter electron 

emission. 

4.2 Downhole distribution of facies 

The six cores in Harvey 1 are all from the Lesueur Sandstone (Table 2): cores 1–4 are from 

the Yalgorup Member (Fig. 2.3) and cores 5–6 from the Wonnerup Member (Fig. 2.4). The 

Yalgorup Member contains mixed sandstone/siltstone/claystone, and variable porosity and 

permeability because of its heterogeneous nature; the dominant lithology is typically 

assigned to facies D. The Wonnerup Member consists mostly of interbedded coarse to very 

coarse to gravelly sandstone, typically assigned to facies Ai and Aii, with high porosity and 

permeability. 

4.2.1 Yalgorup Member 

Core 1 (895–931.5 m) consists of mixed coarse-grained to gravelly, high-energy channel fill 

(facies Ai to Aiii) and fine- to medium-grained, moderate-energy channel barforms and 

rippleforms (facies B and C) (Fig. 2.3 A). Siltstone and claystone beds are rare, with the 

exception of one 1.36 m-thick bed. 

Cores 2 to 4 (1266–1344 m), which are almost continuous, consist primarily of mudstone 

and sandstone indicative of a palaeosol (vertisol) depositional environment (facies D) (Fig. 

2.3 B, C). The top of core 2 contains fracture-filled silty claystone and sandstone beds. 

Sandstones have similar texture and composition to fracture-fills that are immediately above. 

Towards the middle of core 2, sandstone becomes more common, forming poorly sorted 

horizons of facies Ai, Aii and B up to 3 m thick. As at the top of core 2, facies Ai, Aii and B 

sandstones have a similar composition to those immediately below, indicating that material 

has filled in from above. Towards the base of core 2, and throughout cores 3 and 4, 

claystone/siltstone of facies D is dominant, with intercalations of high-energy channel fill 

and barforms (facies Ai, Aii) and moderate-energy channel barforms (B). 

The Yalgorup Member contains mixed facies, with numerous small-scale changes in facies 

throughout the core. Approximately 35% of the cored sections contain high-energy fills and 

barforms (facies Ai–Aiii) (Fig. 2.3 D). The Yalgorup member is dominated by floodplain 

palaeosols (facies D) in cores 2–4, but is otherwise mixed, with 5–15% of facies Ai–C and 

E–G. The individual thicknesses of most facies in the Yalgorup Member are relatively 



H.K.H. Olierook   Facies-based rock properties characterization  

42 

 

similar, with a mean of 0.7–1.5 m (Fig. 2.6 A). Exceptions include facies D and E, where the 

mean is 2.5–3 m, and facies G, where the mean is less than 0.1 m. With the exception of 

facies D, 50% of individual facies thicknesses fall within 0.5 m of the mean. 

 

Figure 2.6. Continuous facies thickness box-and-whisker plots of individual facies 

thicknesses. (A) Yalgorup Member. (B) Wonnerup Member. 

 

4.2.2 Wonnerup Member 

Core 5 (1896–1947.7 m) consists primarily of interbedded coarse to gravelly sandstones (Ai–

Aii), indicating high-energy channel fill and barforms, with foresets 1–5 cm thick, defined 

by alternating grain sizes (Fig. 2.4 A). Crossbeds are 0.4–1.5 m thick. These facies are 

occasionally interspersed with fine- to medium-grained, cross-laminated sandstone (facies 

C), indicative of low- to moderate-energy stacked rippleforms and medium-grained 

moderate-energy barforms (facies B). Thin siltstone and claystone beds (facies G) are rare 

and are interpreted as swampy/overbank deposits. 

Core 6 (2480–2532.5 m) consists primarily of interbedded coarse to gravelly sandstones 

(facies Ai–Aii), indicating high-energy channel fill and barforms, with foresets 1–10 cm 

think, defined by alternating grain sizes (Fig. 2.4 B). Crossbeds are 0.3–1.8 m thick. Facies 
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present include intercalations of meter-scale, massive, coarse-grained, high-energy fluidized 

barforms (Aiii), massive, medium-grained, moderate-energy channel barforms, (B), and 

finely crossbedded, fine to medium stacked rippleforms (C). Thin (∼1–20 cm thick) 

laminated and finely interbedded siltstone/claystone layers (facies F, G) are rare, and are 

occasionally bioturbated and show dewatering structures (facies E). 

Thick, continuously stacked high-energy fluvial channel fill and migrating barforms (facies 

Ai–Aiii) and minor swampy/overbank deposits make up 85% of the Wonnerup Member 

(Fig. 2.4 C). The thicknesses of 50% of individual beds in facies Ai–Aiii fall within 1–2 m of 

the mean (Fig. 2.6 B). Facies B to G have a mean thickness of less than 0.2 m, with the 

exception of facies C, which has a mean of 0.5 m. 

4.3 Gamma ray logging and its relationship with facies 

4.3.1 Core gamma 

Core gamma values vary systematically with facies (Figs. 3, 4). High- to moderate-energy, 

clean, channel fill and barforms (facies Ai to B) typically exhibit the lowest gamma 

response; facies C to D are intermediate, and facies E to G have higher gamma response. An 

overview of the correlation between facies and core gamma (Fig. 2.7 A) demonstrates this 

relationship; however, there are overlaps in the gamma response from different facies types. 

Facies B to D typically have intermediate values between 50 and 90 cps. For facies E to G, 

gamma ray values are most commonly in the range of 70–90 cps.  

Core gamma ray values can be divided into sand-rich, sand-poor and intermediate values. 

Gamma below 50 cps have ∼80% chance of being facies Ai–Aiii (sand-rich), which was 

derived from the facies distribution in Figure 7 A. Similarly, values above 60 cps have 

∼80% chance of being facies D (sand-poor). Between 50 and 60 cps, facies proportions are 

relatively even, and hence, no distinction was made for these intermediate gamma values. 
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Figure 2.7. Core and wireline gamma ray observations: (A) Core gamma shown by 

relative abundances of facies. (B) Wireline gamma from the Lesueur Sandstone; bad 

data are removed. (C) Comparison between core and wireline gamma with depth. (D) 

Correlation between core and wireline gamma. 

http://www.sciencedirect.com/science/article/pii/S0264817213002705%23gr7
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4.3.2 Wireline gamma 

Wireline gamma typically has systematically higher gamma radiation values than core 

gamma values and the two data sets show similar distribution patterns (Fig. 2.7 C). However, 

the correlation coefficient between the two measurements is poor (R2 = 0.329) (Fig. 2.7 D). 

The discrepancy between the two gamma ray measurements possibly arises from differences 

in investigated volume; the core gamma tool has an interaction depth of approximately 7.5 

cm, whereas the wireline gamma ray senses an almost hemispherical volume with depth of a 

few tens of cm. 

4.4 Detrital mineralogy and petrography 

Relative abundances of mineralogy quantified via X-ray diffraction (XRD) are shown by 

facies and depth (Fig. 2.8). X-ray diffraction and petrography analyses show that facies Ai–C 

contain primarily quartz, K-feldspar, with minor framework carbonates and rare opaque 

minerals, micas, organic carbon and heavy minerals (Fig. 2.8). Microstructural observations 

indicate that quartz is primarily monocrystalline; 5–10% of total quartz is polycrystalline. 

Polycrystalline quartz is usually composed of quartz polycrystals typically of 0.5–2 mm 

diameter, which are more conspicuous in large clasts present in facies Ai. Quartz is also 

commonly deformed, as shown by undulose extinction. Feldspar grains are mostly 

microcline with minor orthoclase. Orthoclase, in particular, is skeletal with kaolinite infill. 

Sparse carbonate bioclasts are present in some samples. Detrital minerals in facies D and E 

comprise the same minerals as facies Ai–C, but also include plagioclase (albite). 

4.5 Diagenetic mineralogy and petrography 

Quartz overgrowth cements identified by oxide coatings defining primary detrital quartz 

grain boundaries, euhedral and elongated boundaries, are very weakly developed in cores 1–

4, but are more common in cores 5–6 (Fig. 2.9 A). 
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Figure 2.8. Bar charts to show relative abundances of modal mineralogy from X-ray 

diffraction spectra, sorted by facies. 
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Figure 2.9. Diagenetic minerals and textures using backscatter electron emission (A–D), 

plane polarized optical microscopy (E–F) and HyLogger SWIR system (G). (A) Quartz 

grain with defined euhedral overgrowths and sparse kaolinite cement. (B) Partially-

dissolved feldspar, replaced by pore-filling kaolinite. (C) Fine-grained vermicular pore 

filling kaolinite between several quartz grains. (D) Euhedral kaolinite plates. (E) White 
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quartz grains with interstitial smectite, illite-smectite and kaolinite. (F) Randomly 

oriented internal deformation in quartz grains. (G) Relative abundances of kaolinite, 

montmorillonite and chlorite for cored intervals, with 16 m bin spacing. 

 

Kaolinite is the most abundant clay mineral and typically is present as microcrystalline 

coatings on detrital grains and as heterogeneously distributed pore-occluding clots in the 

vicinity of skeletal feldspar grains (Fig. 2.9 A–E). Illite and smectite in floodplain palaeosols 

(facies D in cores 2–4) are less abundant than kaolinite and are typically intergrown in pore-

occluding clots (Fig. 2.9 E). Berthierine, an iron-rich chlorite, is found in the Wonnerup 

Member, particularly in finely laminated and bedded sandstone (facies C and Aii, 

respectively). Clay-rich laminae found in these facies comprise primarily of organic carbon, 

berthierine and minor kaolinite. HyLogger data shows downhole variations in the 

proportions of clay minerals (Fig. 2.3, Fig. 2.4 and Fig. 2.9 G). These data also show that 

kaolinite in cores 1, 5 and 6 is well-crystallized, whereas cores 2–4 contain mainly poorly-

ordered kaolinite and montmorillonite (smectite), and an increase in chlorite with depth (core 

6 exhibiting more chlorite). The distribution of illite is difficult to quantify via spectral 

techniques because its response is very similar to (detrital) white mica. 

4.6 Petrophysical properties and their relationship with facies 

4.6.1 Porosity and permeability measurements from core plugs 

Helium injection tests on core plugs show wide variations in porosity and permeability (Fig. 

2.10). Mean values are reported for further discussion where duplicate (inter-laboratory) 

results are available. The maximum measured porosity decreases with depth from 27% at 

∼900 m to 16% at ∼2500 m (Fig. 2.10). The maximum measured permeability diminishes 

by almost an order of magnitude from 5000 mD at ∼900 m to 700 mD at ∼2500 m (Fig. 

2.10). However, porosity and permeability vary within each cored interval by at least 20% 

and five orders of magnitude, respectively. 
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Figure 2.10. Relationships between porosity, permeability and depth, determined from 

helium-injection using two different instruments at Geotech and CSIRO in Harvey 1 

core plugs. (A) Porosity versus depth (the two laboratory instruments have a R2 

coefficient of 0.964). (B) Permeability versus depth (two laboratory instruments have a 

R2 coefficient of 0.968). 

 

Correlations between variations in porosity/permeability and lithofacies and depth (Fig. 2.11 

A) show that at a given depth, high-energy channel fills and barforms (facies Ai–Aiii) have 

the highest porosity and permeability; moderate- to low-energy barforms, migrating 

rippleforms and palaeosols (facies B–D) have intermediate porosity and permeability, and; 

swampy/overbank deposits and crevasse splays have the lowest porosity and permeability 

(facies E–G) (Fig. 2.11 B–G). The minimum, maximum and mean porosity and permeability 

values and porosity–permeability relationships for different lithofacies are summarized in 

Table 4. An exponential trend line can be fitted to the global porosity-permeability dataset 

with a moderate correlation factor (R2) of 0.600. Grouping data according to the facies 

scheme yields regression lines that deviate from the ‘global’ fit, but typically lie sub-parallel 

to it with correlations as high as 0.951 (Fig. 2.11 A). Trend lines for facies E to G could not 

be fitted because facies E and G had only a single data point, and the permeability in the only 

two samples for facies F was the same. Facies Ai–Aiii tend to plot above the global trend 

line, having a higher permeability for a specific porosity value (Fig. 2.11 A). Conversely, 

facies B–G plot consistently below the global trend line, having a lower permeability for a 

specific porosity value than the mean. In particular, facies E–G plot far below the global 

trend line. 
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Figure 2.11. Facies and depth control on porosity and permeability and depth, 

determined from helium-injection core plugs from Harvey 1. (A) Porosity versus 

permeability, colour coded for facies type; exponential relationship for trend lines are 

given in Table 4. (B–G) Porosity versus permeability colour coded for depth: (B) Facies 

Ai; (C) Facies Aii; (D) Facies Aiii; (E) Facies B; (F) Facies C, and; (G) Facies D. (For 
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interpretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.) 

Min Max Mean Min Max Mean
Ai 12.36 23.60 15.89 5.81 918.17 150.10

Aii 2.36 24.93 15.52 0.01 1573.23 244.73

Aiii 13.83 25.12 17.82 60.40 937.69 366.16

B 5.24 24.56 17.94 0.01 1047.82 89.64

C 10.94 21.85 17.54 0.34 47.68 10.51

D 10.25 18.37 14.90 0.07 38.19 10.18
E* 6.70 6.70 6.70 0.01 0.01 0.01
F* 2.12 2.25 2.19 0.01 0.01 0.01
G* 2.12 2.12 2.12 0.01 0.01 0.01

Global 2.12 25.12 15.48 0.01 1573.23 177.94
*Insufficient data

Facies 
code

Porosity, ɸ  (%) Permeability, k (mD)

 

Table 2.4. Porosity–permeability relationships for different lithofacies. 

 

For samples taken at the same depth, permeability values are dependent on the measurement 

direction with respect to the macroscopic bedding; i.e. permeability is anisotropic (Bernabé, 

1992). Permeability anisotropy, defined by the ratio of permeability along the bedding (khor) 

over permeability across the bedding (kvert), varies with depth and with facies (Fig. 2.12). 

Samples from facies Aii show nearly isotropic permeability at shallow depths in the 

Yalgorup Member and become increasingly anisotropic with depth in the Wonnerup 

Member, with up to two orders of magnitude of difference between permeability across and 

along bedding. Samples from facies B show approximately isotropic behaviour independent 

of their depth, which reflects their lack of sedimentary structures at the core plug scale 

(massive sandstone). Only one pair of samples from facies C was tested and indicates 

slightly higher vertical permeability than horizontal, which may reflect the heterogeneity of 

fine-grained cross laminated sandstone. Finally two pairs of core plugs identified as mixed 

facies B/C show contrasting behaviour at similar depth with one pair displaying khor/kvert > 1 

and the other khor/kvert < 1. 
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Figure 2.12. Permeability anisotropy versus depth for sample pairs extracted from 

Harvey 1. The vertical line represents the isotropic case where khor = kvert. Permeability 

measurements were performed by Geotechnical Services Pty Ltd at a confining 

pressure of 5.5 MPa. 

 

Pore throat size distribution as measured by mercury-injection capillary pressure shows a 

systematic monotonic decrease in modal pore throat sizes from facies Ai to E (Fig. 2.13). 

The modal pore throat size for facies Ai and Aii is typically around 10 μm, whereas the 

modal pore throat for facies B to E is between 0.8 and 2 μm (Fig. 2.13 A). Macro- and 

micropore throats were defined as >3 μm and <0.1 μm, respectively, based on the 

distribution observed from nuclear magnetic resonance results (Fig. 2.14). Pore throats larger 

than 3 μm are limited to facies Ai and Aii where they dominate the pore throat distribution, 

but comprise less than 10% in facies B and C, and are absent in facies D and E (Fig. 2.13 B). 

The proportion of pore throats smaller than 0.1 μm systematically increases from ∼10% to 

over 50% in facies A to E, respectively (Fig. 2.13 C). 
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Figure 2.13. Pore throat sizes determined from mercury-injection capillary pressure. 

(A) Modal pore throat size versus facies. (B) Percentage of pore throat sizes larger than 

3 μm versus facies. (C) Percentage of pore throat sizes smaller than <0.1 μm versus 

facies. 
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Figure 2.14. (A–B) Pore throat size distribution determined from nuclear magnetic 

resonance, colour coded for facies: (A) Yalgorup Member; (B) Wonnerup Member. (C–

D) Summary plots for pore throat sizes: (C) Yalgorup Member; (D) Wonnerup 

Member. (For interpretation of the references to colour in this figure legend, the reader 

is referred to the web version of this article.) 

 

Similar trends in pore throat size distributions are also confirmed by the nuclear magnetic 

resonance experiments performed on the saturated core plugs. Results have been separated 

for the Wonnerup and Yalgorup Members (Fig. 2.14). In the Yalgorup Member, facies Ai 

and Aii typically have bimodal pore throat widths (0.1–1 μm and 10–100 μm). Facies B is 

unimodal, with throat sizes averaging 3 μm. Facies C is unimodal, with varying means per 

sample between 0.1 μm and 1 μm. Facies D is unimodal, with means between 0.02 μm and 1 

μm, but the majority of samples are positively skewed. Facies E is unimodal, with a mean of 

0.03 μm. In the Wonnerup Member, pore throat sizes are typically smaller for the same 

facies when compared to the Yalgorup Member, which may be attributed to compaction and 

hence reduction in pore throat sizes. Facies Ai and Aii typically have bimodal throat sizes, 

http://www.sciencedirect.com/science/article/pii/S0264817213002705%23gr14
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averaging 1 μm and 10–100 μm. Facies Aiii is bimodal, with peaks at 0.2 and 7 μm. Facies C 

is unimodal, with a mode of 1 μm. 

4.6.2 Porosity and permeability from wireline logs 

Porosity was calculated from effective rock densities measured during wireline logging, as 

these provided the best correlation when benchmarked against laboratory measurements 

(Fig. 2.15A). The linear regression between the calculated porosity for each cored interval 

and the laboratory measured helium porosity showed good correlations (R2 = 0.72) (Fig. 2.15 

D). The wireline log-derived porosities provide continuous estimates for cored and non-

cored intervals. For cored intervals, these porosity estimates show variations that can be 

related to facies and depth with similar trends to those observed using helium-injection 

porosity analyses. Due to the good correlation between laboratory and wireline porosities, 

these data can be extrapolated to the remainder of the well (Fig. 2.15 A). 
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Figure 2.15. Wireline porosity and permeability in the Lesueur Sandstone section of 

Harvey 1; bad data due to borehole breakouts are removed. (A) Porosity, calculated 

from effective density porosity; (B) caliper log, showing locations of borehole 

breakouts; (C) permeability, calculated from wireline NMR. (D) Correlation between 

laboratory measurements and wireline porosity. (E) Correlation between laboratory 

measurements and wireline permeability. 

http://www.sciencedirect.com/science/article/pii/S0264817213002705%23gr15
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The large spread in porosity data over 1200–1400 m is erroneous and is attributed to poor 

borehole shape, caused by breakout, affecting the wireline tool measurements (Fig. 2.15 B). 

Porosity decreases with depth, from a maximum (excluding outliers) of 26% at 800 m to 

10% at 2800 m. At a given depth, the porosity varies significantly, by up to 20%. This spread 

is more prevalent at shallow depths, especially over 800–1200 m, with significantly less 

variation deeper within Harvey 1, between 1400 and 2800 m. 

Calculated wireline permeability for cores 1, 5 and 6 showed moderate correlations with 

laboratory measured permeability (Fig. 2.15 E). The calculated permeability values are only 

suitable for clean, sandstone-rich intervals and therefore cannot be applied to cores 2–4 

consisting of mixed sandstone–siltstone–claystone. Permeability values have slightly inferior 

local correspondence (R2 = 0.56) with laboratory measurements than for the porosity 

measurements; however, the correlation coefficient is sufficiently acceptable to be used to 

extrapolate porosity and permeability to provide general information to the entire Harvey 1 

well (Fig. 2.15 C). Permeability decreases with depth, from a maximum (excluding outliers) 

of 1000 mD at 800 m to 10 mD at 2800 m. At a given depth, permeability varies up to 5 

orders of magnitude. As for porosity, the spread is more prevalent at depths of 800–1200 m, 

than deeper in the well over 1400–2800 m. 

 

5 Discussion 

5.1 Changes in depositional environment over time 

All six cored intervals exhibit facies akin to those described by Miall (1996) that are typical 

of braided fluvial environments. 

The predominantly high-energy fluvial channel fill and barforms in cores 5 and 6 are 

punctuated by moderate- to low-energy channel barforms and stacked rippleforms, 

swampy/overbank deposits and crevasse splays. The Wonnerup Member is relatively 

monotonous in terms of vertical facies distribution. However, within a facies unit, 1–10 cm 

beds of alternating sand grain size indicate cyclic changes in depositional energy during 

barform migration, typical of a continually operating fluvial channel system (Hjellbakk, 

1997; Miall, 1996). 

Cores 2 to 4 comprise extensive palaeosols, intercalated with layers of high-energy fluvial 

channel fill and high- to moderate-energy barforms, with rare swampy/overbank deposits. 
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The setting for these depositional environments are characteristic of vertisols (Fig. 2.5), i.e. 

soils with a high cation exchange capacity (>30 cmolc/kg) and high expanding clay content 

that shrink and swell with changes in moisture content (Blokhuis, 1982; Spaargaren, 1994). 

Cation exchange capacities determined using the tetrasodium pyrophosphate method from 

Wang et al. (1996) on four samples from core 2 show values between 28 and 37 cmolc/kg. 

Smectite detected in cores 2–4 via HyLogger and XRD (Figs. 2.8 and 2.9 G) is potentially 

detrital, or formed within the palaeosol as an alteration product of primary minerals in a high 

pH environment with high mobility of silicon and magnesium (Blokhuis, 1982). 

Another diagnostic feature of vertisols is slickensides formed by the volume changes that 

accompany cycles of wetting and drying. In ephemeral fluvial systems, swelling clay 

minerals expand during wet, winter seasons, and contract during dry, summer seasons 

adjusting their volume to the seasonal water intake/loss cycles (Fig. 2.5). This causes vertical 

desiccation cracks during the drying of clay minerals. During the dry season, surface 

sediment or mulch fills these cracks through channel flow by flash flooding with poorly 

sorted, medium-grained to gravelly sands. On rewetting, smectite rehydrates and expands 

and the desiccation cracks seal again, but stress increases occur due to the addition of the 

new material. Consequently, the expanding material causes movement on shear fractures, 

which create slickensides and the development of ‘vertic’ structure (Fig. 2.5). 

Core 1 comprises a vertical intercalation of facies on the order of 1 m, and includes high-

energy fluvial channel fill, barforms and fluidized barforms, with moderate- to low-energy 

fluvial barforms and stacked rippleforms, punctuated by thin swampy/overbank deposits. 

These depositional environments are characteristic of a migrating braided fluvial system 

(Bhattacharyya and Morad, 1993; Miall, 1996). 

The distribution of facies in Harvey 1 has many similarities with that of the Lesueur 

Sandstone in Pinjarra 1 (c.f. Timms et al., 2012), the closest well also with core available 

from the Lesueur Sandstone (Figs. 2.1 and 2.16). The Yalgorup and Wonnerup members 

were not differentiated in Pinjarra 1. Nevertheless, if we assume that the Yalgorup Member 

in Pinjarra 1 is approximately the same thickness as it is in Harvey 1, then the Yalgorup 

Member has heterogeneously distributed facies and the Wonnerup Member primarily 

comprises facies Ai to Aii; i.e., Pinjarra 1 contains a similar facies distribution as that in 

Harvey 1 (Figs. 2.3 D, 2.4 C and 2.16). The exception is for floodplain palaeosols (facies D), 

which are significantly more abundant in the Yalgorup Member of Harvey 1 (Fig. 2.3 D). 
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Figure 2.16. Facies analysis of the Lesueur Sandstone from Pinjarra 1, modified from 

Timms et al. (2012). (A) Downhole distribution of facies. The Yalgorup/Wonnerup 

Members boundary is interpreted based the thickness of the Yalgorup Member in 

Harvey 1. (B) Cumulative facies thicknesses, showing relative proportions of facies in 

cored intervals from the Yalgorup Member. (C) Cumulative facies thicknesses, showing 

relative proportions of facies in cored intervals from the Wonnerup Member. 
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5.2 Detrital provenance 

There is no significant difference in detrital mineralogy for a given facies with depth, 

implying that the sediment source has not changed significantly during deposition of the 

Lesueur Sandstone. Detrital minerals comprise predominantly single-crystal quartz, with 

some polycrystalline quartz (particularly in facies Ai), moderate proportion of feldspar and 

clay minerals and extremely rare lithic fragments, and are classified as orthoquartzite 

(Selley, 1988). Quartz-feldspar-lithic fragments proportions indicate that the origin of 

sedimentary clasts is from stable cratons and transitional continents (Selley, 1988). Minor 

garnet indicates a moderate to high-grade metamorphic detrital provenance. Potential 

derivation from Antarctica, the Yilgarn Craton, Greater India (prior to Gondwana breakup), 

the Leeuwin Complex, the Albany–Fraser Orogen or any combination of these source 

regions (Cawood and Nemchin, 2000; Song and Cawood, 2000) cannot be distinguished 

based on the analysis of clast types alone. 

5.3 Diagenetic history 

An understanding of the diagenesis is important to assess the potential reactions that may 

take place upon introduction of carbon dioxide into the brine-rock system. 

Kaolinite formation, through feldspar dissolution, typically happens early in the burial 

history of a sedimentary basin (Górniak, 1997). Kaolinite-filled pores are similar in size and 

shape to that of adjacent framework grains. This indicates that certain framework grains 

dissolved to produce partially pore-occluding kaolinite (Fig. 2.9 B). X-ray diffraction has 

shown that plagioclase (albite) is rare, except in clay-rich floodplain palaeosols and swampy 

deposits. The dissolution of albite provides the aluminium and silicon for kaolinite 

formation, whereas sodium (and potassium) has probably been leached out by formation 

waters. Furthermore, many potassium feldspar clasts appear partially dissolved, probably 

because of preferential removal in solution of sodium feldspar lamellae in originally perthitic 

grains. Illite formed after kaolinite, probably from the dissolution of potassium feldspar and 

albite in the absence of, or in different, formation waters that allowed for potassium to 

remain out of solution and bond with the liberated aluminium and silicon. Since the majority 

of illite is formed in lower energy and lower porosity facies, this may have prevented the 

liberated potassium and sodium to dissolve. 
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Authigenic quartz, identified as rims on quartz grains, is rare in the Yalgorup Member due to 

early kaolinite coating on quartz grains, thereby inhibiting quartz precipitation (Tada and 

Siever, 1989). However, in the Wonnerup Member (core 5 and 6), the lower abundance of 

clay mineral-coating around framework grains allows authigenic quartz overgrowths to 

develop. The dissolution and re-precipitation of quartz thereby forms long and sutured 

contacts. 

Deformation of individual mineral grains in Harvey 1 samples predates deposition as 

undulose extinction and fractures in quartz grains do not propagate across grains, and they 

are not preferentially orientated at grain–grain contacts. 

5.4 Extrapolation of facies using wireline log data 

Given that a heterogeneous mix of facies was intersected at Harvey 1, and that these facies 

have a strong control on petrophysical properties, such as porosity and permeability, it is 

important to attempt to extrapolate facies, porosity and permeability to the non-cored 

intervals to fully characterize the target stratigraphy. The data show that the probability of a 

particular core gamma response being linked to a particular facies has a range of 50–90% 

(Fig. 2.7). There are between 10 and 50% exceptions to this correlation; in other words, 

using gamma alone to infer facies type in non-cored intervals leads to a reasonable ‘rule-of-

thumb’, but not a unique interpretation. The exceptions could be due to: (a) proximity 

shadow effects, particularly where low gamma sandstone and high gamma mudstone are 

juxtaposed; (b) geological responses in sandstones, including: (i) K in clay-rich sandstone; 

(ii) K in feldspar-rich sandstone; (iii) U/Th in heavy mineral-rich layers; or (c) ingress of 

KCl-rich drilling mud. 

The extrapolation of a simplistic sand-rich/sand-poor facies scheme to the non-cored sections 

of the Harvey 1 well, albeit with a low correlation coefficient, is able to provide broad 

insights to the facies present in different sectors of the well. The distribution and abundance 

of sand-rich and sand-poor facies observed in the wireline gamma compares visually well 

with the arrangement and abundances of facies within the cored intervals (Fig. 2.3, Fig. 2.4 

and Fig. 2.7 B). A more sophisticated facies scheme would be unrealistic, considering the 

poor correlation factor between core and wireline logs. 
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5.5 Facies and depth controls on porosity and permeability 

Facies exert a strong control on porosity and permeability due to inherent differences in pore 

sizes and connectivity between different facies. High-energy channel fill and barforms 

(facies Ai–Aiii) exhibit the highest porosity and permeability because the coarseness of these 

sand grains have generated the largest primary pore space. Mercury-injection capillary 

pressure and nuclear magnetic resonance show a uniform reduction in the proportion of 

macro-pores and a uniform increase in the proportion of micro-pores from facies Ai to E. At 

a given depth, porosity decreases from facies Ai to G, indicating that this is due to reduction 

in pore size. Correspondingly, permeability decreases as the number and quality of pore 

throat connections decrease. Furthermore, high-energy channel fill and barforms typically 

have higher permeability values for a given porosity value because of the low proportion of 

interstitial minerals and quartz overgrowths. Consequently, lower-energy barforms, 

palaeosols and swampy/overbank deposits measure lower permeability values for a given 

porosity value because of high initial clay content and authigenic clay generation (Morris 

and Shepperd, 1982). At a given narrow depth interval, porosity and permeability varies up 

to 20% and 5 orders of magnitude, respectively, which may be attributed to rapid 

alternations of different facies. This spread of data is larger at shallower depths, from 800 to 

1200 m, which can be attributed to vertical facies alternations, such as from rocks seen in 

core 1. At depths below 1400 m, related to cores 5 and 6, there is significantly less variation 

at a given depth, which can be attributed to domination by relatively few facies (i.e. facies 

Aii). 

Maximum porosity, based on wireline log calculations and core plug measurements, 

decreases with depth from 27% at ∼800 m to 10% at ∼2800 m. Similarly, the maximum 

measured permeability diminishes by two orders of magnitude from 5000 mD at ∼800 m to 

40 mD at ∼2800 m. This reduction of porosity and permeability is a function of increasing 

overburden and vertical stress with depth, leading to mechanical compaction of pore throats 

or induction of chemical reactions that can occlude primary pore space. 

The most evident anisotropy in permeability is shown in the deeper samples of facies Aii 

(the possible injection target) (Fig. 2.12). It is also probable that the permeability anisotropy 

in bedding is enhanced by compaction at depth, acting mainly normal to the sedimentary 

planes. If a laterally continuous reservoir exists, the observed anisotropy may be beneficial in 

terms of CO2 injection as the fluid will move laterally with ease while vertical flow would be 
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impeded by the structure of the sediment at the cm-scale and by the intercalation and 

stratification of facies on longer length-scales. 

5.6 Suitability of lithology as reservoirs and seals for CCS 

Although the suitability for CCS is discussed, the results are limited to the core and wireline 

analyses of a single well. Therefore, it is unclear if our evaluation for CCS is either too 

optimistic or pessimistic. In order to better characterize the area, a 3D seismic survey and 

several new wells are planned. 

The results from Harvey 1 indicate that the Wonnerup and Yalgorup Members of the 

Lesueur Sandstone have significantly different petrophysical properties. The Wonnerup 

Member consists primarily of high-energy fluvial channel fills and barforms, which exhibit 

moderately high porosity (10–20%) and permeability (1–700 mD) sandstone. Other 

commercial and pilot CCS sites have comparable petrophysical characteristics, with 

porosities ranging from 12 to 37% and permeability ranging from 1 to 5000 mD for 

successful CO2 injection projects (Michael et al., 2010). Large primary pore sizes are also 

characteristic of the Wonnerup Member, which have remained relatively large due to limited 

quartz overgrowth cements and limited pore-occluding kaolinite clots (Tada and Siever, 

1989). 

Based on the Harvey 1 data, the Wonnerup Member appears be a suitable carbon storage 

reservoir from a mineralogical perspective, chiefly due to the low abundance of reactive 

phases with CO2 and brine, such as plagioclase, K-feldspar, biotite, and pyroxene (cf. Gunter 

et al., 1997; Mito et al., 2008) . The only mineral likely to react at an appreciable rate is K-

feldspar (Shao et al., 2010; Wilkinson et al., 2009). The reaction between CO2, brine and K-

feldspar produces free potassium ions, carbonic acid, silica and kaolinite, changes which 

have been observed at operational siliciclastic CCS sites, such as Ketzin (Fischer et al., 2010; 

Fischer et al., 2011; Förster et al., 2010) and Nagaoka (Mito et al., 2008). Even though the 

dissolving properties of carbonic acid may increase CO2 containment capacity, the rate of 

dissolution of K-feldspar is relatively slow, between 10−12 and 10−11 mol/m2/sec (Mito et al., 

2008). If these rates are considered using an average grain size of 0.5 mm, then CO2 

containment is unlikely to be affected for hundreds of thousands to millions of years (Fischer 

et al., 2011). Stable mineralogy, with high porosity and permeability facies dominating 

>1500 m depth, indicates that the Wonnerup Member has good reservoir potential at depths 

relevant to CO2 injection. 
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The Yalgorup Member is significantly heterogeneous with depth: the upper Yalgorup 

Member comprises abundant channel fill deposits with high porosity and permeability 

interspersed with low permeability swampy/overbank deposits, whereas the lower Yalgorup 

Member shows a very large proportion of vertisol development, with moderate-high porosity 

and variable permeability. These values for porosity and permeability are higher than 

published studies of operating CCS sites (Busch et al., 2009). However, it remains to be seen 

what portion of injected CO2 would be mobile by the time it reached the Yalgorup 

intraformational seals. In addition, the distribution of minerals and their reaction with CO2 

and brine could potentially produce pore-occluding clay minerals that reduce porosity and 

permeability and aid in the seal capacity. CCS sites such as Sleipner (Gaus et al., 2005) and 

Ketzin (Förster et al., 2007) have shown reduction in porosity by up to 5% and permeability 

by up to an order of magnitude due to CO2-brine reactions with plagioclase and K-feldspar, 

producing pore-occluding illite and kaolinite clots, respectively. The distribution of 

expanding clays, especially montmorillonite, could also be beneficial for baffling vertical 

CO2 migration (Moore et al., 1982; Morris and Shepperd, 1982). However, the maximum 

observed expansion of montmorillonite in high-pressure environmental chamber experiments 

is 9% at ∼5 MPa (Giesting et al., 2012). Sandstone dykes within vertisols could also be 

detrimental to the sealing potential because they could provide permeable pathways through 

impermeable units. Lower porosity and typically smaller pore throat sizes in sandstone dykes 

within vertisols (facies D) imply a moderate sealing potential. If these sandstone dykes have 

limited spatial connectivity, then vertical permeability in the lower Yalgorup Member would 

be reduced to values reflected by the surrounding mudstone-components of vertisols. 

However, it is currently unclear how the preexisting fractures and small-scale faults 

recognized at this level (Fig. 2.5) will respond to changes in effective stress resulting from 

injection of fluids in the subsurface. 

6 Conclusions 

This study aimed at providing the first geological description of the units in Harvey 1 and a 

preliminary evaluation of the viability of the South West Hub for carbon capture and storage. 

Successful carbon capture and storage requires: (a) an adequate storage capacity (i.e. 

sufficient porosity to contain the desired storage volume); (b) adequate injectivity so that the 

desired injection rate of CO2 will disperse sufficiently into the reservoir without pore 

pressure build up beyond the mechanical strength of the reservoir or seal (i.e. sufficient 

permeability), and; (c) a cap unit with sealing capacity that will prevent vertical migration of 

CO2. Outcomes of the observations have only partially addressed these factors as they were 
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limited to core and wireline analysis of Harvey 1 only. More certainty (positive or negative) 

is anticipated with future data acquisition planned as part of the site characterization process. 

The Wonnerup Member shows promising storage capacity and injectivity, indicated by 

consistently high porosity and permeability. Continuous and cumulative facies thicknesses 

indicate an extensive, continuous porous reservoir, dominated by high-energy channel fill 

and barforms, with only minor intercalations of swampy/overbank deposits. Pore throat sizes 

in these facies average 1–2 mm and are primarily macro-pores with uncommon micro-pores. 

Diagenetic minerals in the reservoir comprise primarily of pore-occluding kaolinite with 

some laminae-draping Fe-rich chlorite. These minerals have the potential to impact on 

injectivity rates, but are useful for reducing the rate of vertical migration of CO2 post-

injection. Reactions between CO2 and K-feldspar (up to 17%) are typically slow and have 

the potential to form additional kaolinite for long-term storage of CO2. Bedding-normal fluid 

anisotropy may cause further vertical retardation. 

The lower part of the Yalgorup Member displays significantly lower porosity and 

permeability than the Wonnerup Member. However, smectite-rich vertisol developments 

have produced sandstone dykes, which show moderate porosity and permeability. If these 

were extensive and connected to each other, the sealing potential may be insufficient to cap 

CO2 injection. 
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Abstract 

The evolution of faults and paleodrainage patterns on the southwestern Australian passive 

margin during and after the breakup of Gondwana in the Early Cretaceous remains poorly 

understood. This contribution investigates the fault and paleodrainage evolution in the 

southern Perth Basin with the use of the ‘Bunbury Basalt’, the only lava flows known to be 

synchronous with continental breakup. New aeromagnetic data have been integrated with 

well intersections and outcrop constraints to establish the first 3D model of the Bunbury 

Basalt. The model reveals that flows are up to 100 m thick and are predominantly confined 

to two north–south-trending paleovalleys and their tributaries situated in the Bunbury Trough 

in the southern Perth Basin. The Donnybrook Paleovalley flow ponded in a paleovalley 

proximal to the Darling Fault and is truncated by the two later flows within the Bunbury 

Paleovalley, which is positioned centrally in the Bunbury Trough. Offsets of the Bunbury 

Basalt have been used to identify new northeast- and northwest-trending faults in the 

southern Perth Basin, and broad folding is interpreted as a consequence of drag into the 

Darling and Busselton faults. The model has been used to determine post-basalt net 

displacements for the Darling and Busselton faults of 370 and 210 m, respectively, and <175 

m for the northeast and northwest-trending faults. The source vents for the Bunbury Basalt 

were probably located at extensional jogs at intersections between the Darling Fault and 

subordinate oblique faults. These results challenge the views on longstanding quiescence of 

the post-breakup western Australian passive margin. 

 

1 Introduction 

The breakup of eastern Gondwana is one of the most significant events that shaped the 

current Australian continent. The southern Western Australian margin was one-third of 

eastern Gondwana between what has since become Australia, Greater India and Antarctica 

(Gibbons et al., 2012; Gibbons et al., 2013). This section of the margin offers a unique 

opportunity to study processes of Gondwana breakup because it is both preserved and 

accessible, unlike the conjugate margins of Antarctica, which are remote and covered by ice, 

and Greater India, which has been partially consumed by the collision with Asia (Capitanio 

et al. 2010). Processes associated with rifting and eventual drifting of breakup are recorded 

through the fault development and sedimentary infill patterns of the Perth and Southern 

Carnarvon basins (Olsen, 1997). However, resolution of faulting and paleodrainage patterns 

in the onshore southern Perth Basin, the most proximal part of the western Australian margin 
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to the relict triple junction, is hampered by poor-quality seismic data and inadequate 

stratigraphic constraints from outcrop and well data (Crostella and Backhouse, 2000). 

Consequently, details of continental breakup in the region remain understudied. The onshore 

southern Perth Basin contains the only evidence of volcanism associated with breakup: the 

Bunbury Basalt comprises discrete lava flows that erupted ca 132 Ma (Coffin et al., 2002; 

Frey et al., 1996). This paper aims to quantify the geometry and volume of the Bunbury 

Basalt in order to investigate how volcanism interacted with faults and sedimentary systems 

in the Perth Basin. We explore this using the Bunbury Basalt as an event horizon that 

recorded a snapshot of the paleodrainage pattern at the time of emplacement and as a 

stratigraphic marker to resolve previously unidentified post-volcanism faults and quantify 

their net displacements.  

The paleodrainage and provenance history of the Perth Basin is unclear. Detrital provenance 

analysis is consistent with detritus sourced primarily from the southern Albany–Fraser 

Orogen and Antarctica terrains throughout the basin's history, rather than the more proximal 

Yilgarn Craton to the east (Cawood and Nemchin, 2000; Cawood et al., 2003; C. Lewis pers. 

comms. 2015; Sircombe and Freeman, 1999; Veevers et al., 2005). This indicates a 

prolonged transport from the south since the Permian, implying predominantly south to north 

axial drainage (Harrowfield et al., 2005; Veevers et al., 1994 and figures therein). Yet, 

drainage patterns of current fluvial systems in the Perth Basin are approximately east to west. 

Temporal constraints on this switch, and potential links with breakup are lacking because: 

(a) paleochannel geometry is not resolvable from tabular stratigraphic packages on poor-

quality 2D seismic (Iasky, 1993; Iasky et al., 1991); and interpretation of the overall drainage 

pattern via paleocurrent data from scattered wells in braided to meandering fluvial systems 

can be problematic (Miall, 1996; Mory and Iasky, 1996). The Bunbury Basalt provides a 

new means of understanding the drainage geometry as it contains two flows very close to 

breakup that represent snapshots of the paleodrainage during the development of the regional 

Valanginian breakup unconformity. 

Fault patterns in the Perth Basin are complex and involve activity along multiple fault sets 

through time. The deformation history is mainly interpreted from faulting in the northern 

Perth Basin and has been used to infer changes in rift direction  (Harris, 1994; Song and 

Cawood, 1999, 2000; Song et al., 2001). The majority of faults in the northern Perth Basin 

strike north to northwest and have a net normal sense of displacement. Fault displacement is 

not discernible above the Valanginian unconformity on 2D seismic surveys. Consequently, it 

is interpreted that faults have not been re-activated after breakup (Mory and Iasky, 1996; 
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Song and Cawood, 2000). However, in the southern Perth Basin, the poor quality of onshore 

seismic surveys means that only the major faults are resolved, and so constraints on the 

activity and re-activation of the major and identification of minor faults are lacking (Iasky, 

1993; Iasky et al., 1991). The existence and relative importance of different fault sets in 

basin compartmentalisation and their displacement history during and after breakup are not 

well constrained. Knowledge of this is important not only for the tectonic history, but also 

for hydrocarbon system evolution, aquifer management and CO2 sequestration in the region 

(Olierook et al., 2014a; Timms et al., 2015; Western Australian Energy Research Alliance 

(WAERA), 2012). The Bunbury Basalt is an ideal stratigraphic marker because: (a) it is 

conspicuous and distinguishable relative to surrounding sedimentary rocks; and (b) its 

narrow age range of extrusion. Furthermore, it was predominantly restricted to paleovalleys, 

and so any offsets in its top and basal surface could be ideal indicators of subsequent 

faulting. Therefore, a detailed geometric model has the potential to characterise post-basalt 

displacement along known structures and identify previously unknown faults.  

 

2 Geological setting 

The Bunbury Basalt is the collective term for a series of lava flows that represents the only 

Mesozoic magmatism in the Perth Basin, Western Australia. The Bunbury Basalt is situated 

in the southern Perth Basin, which comprises (from east to west) the Bunbury Trough and 

the Vasse Shelf, bounded by the Darling, Busselton and Dunsborough faults, respectively 

(Fig. 3.1). The Perth Basin contains predominantly Permian to Recent continental 

siliciclastic rocks that deposited in a developing rift system between Australia and Greater 

India, and to a lesser extent, between Australia and Antarctica (Crostella and Backhouse, 

2000; Fairbridge and Finkl, 1978; Mory and Iasky, 1996; Song and Cawood, 2000). The 

Mesozoic sedimentary rocks of the southern and central Perth Basin are fluviatile, composed 

predominantly of meandering to braided sandstone interspersed with overbank and lagoonal 

finer-grained rocks (Olierook et al., 2014a; Timms et al., 2015). 
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Figure 3.1: (a) Map of the basalt distribution in onshore southwestern Australia based 

on drill holes and aeromagnetics (see Figs. 3.2 & 3.3). All drill holes that contain the 

Bunbury Basalt and deep intrusive rocks that may be coeval are shown. (b) Digital 

elevation model of SW Western Australia, from 1 arc second (∼26 m) topography 

(Gallant et al., 2011) and 9 arc second (~235 m) bathymetry (Whiteway, 2009). Inset: 

Schematic cross-section of the main structural architecture of the southern Perth Basin 

from X–Xʹ (see Fig. 3.1a), showing intervals of Bunbury Basalt based on drill-hole logs 

and magnetic anomalies for the Bunbury Paleovalley, Donnybrook Paleovalley and the 

deep intrusive rocks. 
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Deformation in the Perth Basin is dominated by listric, extensional, north to northwest-

trending faults, compartmentalising the basin into a series of sub-basins that controlled the 

distribution of sediments and subsequent fluid flow (McPherson and Jones, 2005; Mory and 

Iasky, 1996; Olierook et al., 2014b; Song and Cawood, 2000). During the Early Cretaceous, 

the initiation of continental drifting between Australia and Greater India, and the correlative 

lithospheric extension of the southern Perth Basin resulted in the eruption of the Bunbury 

Basalt (Frey et al., 1996). Current geochronological constraints place the eruption of the 

Bunbury Basalt at 132 ± 0.6 and 123 ± 1.8 Ma (2σ), although both age sets were obtained 

using suboptimum sample preparation for 40Ar/39Ar radioisotope analysis (Coffin et al., 

2002; Frey et al., 1996). Greater confidence is placed on the ca 132 Ma ages as these used 

plagioclase separates, although unpicked, rather than whole-rock analyses that are notorious 

for containing cryptic alteration, which results in significant deviation from the true age 

(Verati and Jourdan, 2014). Nevertheless, the ca 132 Ma age indicates that the eruption of 

the basalt lava flows was approximately coeval with breakup.  

The Bunbury Basalt is thought to comprise two flow episodes separated by a thin 

sedimentary layer (Backhouse, 1988b; Burgess, 1978; Frey et al., 1996), and is exposed 

along the coast at Casuarina Point at Bunbury, and at Black Point on the southern coast of 

Western Australia (Fig. 3.1). It has also been observed as sparse outcrop localities in present-

day river beds, is quarried for road stone at the Gelorup basalt quarry, and has been 

intersected by 290 drill holes (Fig. 3.1) (Frey et al., 1996; Iasky and Lockwood, 2004; 

Playford et al., 1976; Strategen, 2012). Several authors have used low-resolution 

aeromagnetic images to suggest that the basalt extruded into paleovalleys (Ashley, 1985; 

Crostella and Backhouse, 2000; Iasky, 1990; Iasky and Lockwood, 2004), or formed as 

sheeted lava flows that were subsequently partially eroded during the Valanginian 

unconformity-forming event (Commander, 1984; Frey et al., 1996; Smith, 1984). New, high-

resolution aeromagnetic data, acquired by the Geological Survey of Western Australia 

(GSWA) in 2011, have since become available to provide insights into the geometry of the 

Bunbury Basalt (Exploration Investment and Geoscience Working Group, 2012). Deep-

seated dolerite bodies (2700–4650 m) have also been reported in four petroleum exploration 

wells in the vicinity of the Busselton Fault, and are interpreted to be comagmatic sills 

associated with the Bunbury Basalt flows (Crostella and Backhouse, 2000; Le Blanc-Smith 

and Kristensen, 1998; Williams and Nicholls, 1966).  
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3 Methodology 

3.1 Three-dimensional modelling of the Bunbury Basalt 

The 3D model was constructed in several stages using Petrel E&P software, which is 

available at www.software.slb.com/products/platform/Pages/petrel.aspx:   

(1) A digital elevation model (DEM) was generated in Petrel E&P software using 1 arc 

second (∼26 m) topography (Gallant et al., 2011) and 9 arc second (~235 m) bathymetry 

(Whiteway, 2009) (Fig. 3.1b). 

(2) Data from all drill holes in the southern Perth Basin and westernmost Yilgarn Craton that 

contained basalt (n = 290; Supplementary Paper A1) and those that did not contain basalt (n 

> 30 000) were entered into Petrel to precisely constrain depths to the top and base of the 

basalt, and broadly delimit its areal extent (intersecting well locations indicated on Fig. 3.1a). 

Accurate positioning of the Bunbury Basalt flow boundaries utilised data from the most 

recently acquired regional aeromagnetic survey collected in 2011 by the GSWA, with line 

spacing of 400 m (Exploration Investment and Geoscience Working Group, 2012) and 

legacy regional aeromagnetic data collected in 1957, with line spacing of 1500–3200 m 

(Quilty, 1963). The distribution of the basalt correlates with a sinuous magnetic anomaly in 

the Perth Basin, and drill-hole intersections indicate that the maximum depth of the basalt 

flow is 300 m below surface. Mafic igneous rocks have a magnetic response several orders 

of magnitude higher than that of sedimentary rocks on aeromagnetic images (Hunt et al., 

2013). Given that the Bunbury Basalt is the only reported instance of mafic igneous rocks in 

the Perth Basin (Crostella and Backhouse, 2000), with the exception of the deep basement, 

its boundaries are easily identified in aeromagnetic images (Fig. 3.2 & 3.3). 

 

http://www.software.slb.com/products/platform/Pages/petrel.aspx
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Figure 3.2: (a) Total magnetic intensity (TMI) using 2011 GSWA survey data. Legacy 

aeromagnetic in the background show offshore distribution of basalt (Iasky and 

Lockwood, 2004). (b) First vertical derivative of (a). 
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Figure 3.3: (a) Upward continuation of 1000 m of total magnetic intensity (Fig. 3.2a) 

image to highlight deep source anomalies (e.g. basement). (b) Upward continuation of 

1000 m subtracted from total magnetic intensity image (Fig. 3.2a) to highlight shallow 

source anomalies (e.g. Bunbury Basalt). 

Aeromagnetic data were processed using Geosoft Oasis Montaj® software, including 

gridding, imaging and filtering the total magnetic intensity, in order to visualise the 

magnetically anomalous Bunbury Basalt within a relatively magnetically homogeneous 

sedimentary sequence. The data were gridded to 100 m (one-quarter of the line spacing) to 

produce an image of the total magnetic intensity (Fig. 3.2a). Reduction in the total magnetic 

intensity to the magnetic pole (RTP) was considered. This technique shifts magnetic 

anomalies over the causal source. However, RTP is only useful if the remanent 
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magnetisation is much smaller than the induced magnetisation (Baranov and Naudy, 1964; 

Ganiyu et al., 2013), which is not the case for the Bunbury Basalt. The basalt has a 

significant remanent magnetisation component (see Results and Discussion sections), 

making RTP less useful and not performed. Two additional techniques were used to further 

aid in the interpretation of the distribution of the Bunbury Basalt margin. First, the total 

magnetic intensity vertical gradient was calculated  (1VD; Fig. 3.2b) (Verduzco et al., 2004). 

A 1VD image highlights strong gradient contrasts and so is able to clearly identify the 

boundaries of shallow source bodies, such as the Bunbury Basalt. Second, upward 

continuation was used to calculate the total magnetic intensity at 1 km above ground level  

(Fig. 3.3a) (Ganiyu et al., 2013).This technique reduces the short wavelength (i.e. from near-

surface magnetic features such as the Bunbury Basalt), leaving longer-wavelength anomalies 

resulting from deeper. The residual was then calculated by subtracting the resultant upward 

continuation grid from the total magnetic intensity. This effectively removed the effects of 

the deep structures to reveal the short-wavelength near-surface anomalies representing the 

Bunbury Basalt (Fig. 3.3b). 

(3) Euler deconvolution of aeromagnetic data was used to model the depth to the Bunbury 

Basalt away from drill constraints. Euler deconvolution creates a solution set from the 

gridded magnetic intensity data to estimate depths to magnetic sources. A prerequisite for 

analysis is knowledge of the structural index (0–3) that is related to the geometry of the 

geological structure, in this case: the Bunbury Basalt (Barbosa et al., 1999; Thompson, 

1982). The depth constraints from drill holes and the distribution from the magnetic 

interpretation indicate that the basalt flows are channel-like structures, which is typically 

given the structural index of a dyke (=1). The Euler deconvolution then produces depth 

solutions within calculated uncertainties. Several uncertainty percentages were trialed, and 

5% uncertainty was found to be an optimum value, giving depth uncertainties of less than 50 

m when compared with known drill-hole depths while maintaining a significant number of 

Euler deconvolution depth solution (n = 1100; Fig. 3.4). Therefore, any faults that offset the 

top of the basalt by displacements below 50 m are within the Euler deconvolution 

uncertainty and are not modelled unless faults are situated in sufficiently densely drilled 

areas. 
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Figure 3.4: Located Euler deconvolution solutions (triangles) from 0 to 500 m with a 

structural index of 1 of the total magnetic intensity image (from Fig. 3.2a). Note only 

solutions attributed to the Bunbury Basalt are shown. Depths to top of basalt (circles) 

measured in drill holes are superimposed using the same colour scheme. 
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(4) The 3D architecture of the offshore expression of the Bunbury Basalt required 

interpretation of 2D seismic lines, which, unlike their onshore counterparts, are moderate to 

good (Iasky, 1993; Iasky et al., 1991). Even so, the Bunbury Basalt was difficult to pick 

because its average thickness (∼30–40 m) is near the tuning thickness of seismic wavelet, 

and it is laterally discontinuous. However, the Valanginian breakup unconformity (cf. 

Crostella & Backhouse, 2000), on which the Bunbury Basalt is situated, is laterally 

continuous and is a clear horizon in offshore 2D seismic. Seismic interpretation by Iasky 

(1993) clearly shows undulations in the Valanginian unconformity where the basalt-filling 

paleovalleys are believed to correlate with the distribution shown on aeromagnetic data. The 

base of the basalt in several onshore drill holes is on the Valanginian unconformity and was 

therefore deduced to have the same relationship offshore. Hence, the Valanginian 

unconformity from 2D seismic interpretation by Iasky (1993) was modelled as the base of 

the basalt. The top and thickness of the offshore expression of the Bunbury Basalt were 

established using aeromagnetic profile modelling [see (6) below]. 

(5) The cross-section profile shape of the Bunbury Basalt was established from densely 

drilled areas supplemented by aeromagnetic profile modelling (Fig. 3.5a). Magnetic profile 

models were created across the offshore portion using known depth to base and susceptibility 

values in order to constrain the top and thickness of the basalt (examples shown in Fig. 

3.5b,c) (Nabighian, 1974; Nabighian, 1972). Magnetic susceptibility values used in the 

models were measured on cut, flat surfaces of 16 samples using a Terraplus KT-10 magnetic 

susceptibility meter (Table 3.1) (Ellwood, 1978). An average was taken from unweathered 

samples for the Bunbury and Donnybrook paleovalleys (5.6 and 6.6 × 10–3 SI units, 

respectively) and was assumed to be the same for the entire flow. Both flows were 

interpreted to have significant remanent magnetisation (see results and discussion). As a 

result, the remanent magnetisation directions were assumed to be the same as, and in the 

opposite direction to, the Earth's present-day magnetic field for the Donnybrook and 

Bunbury paleovalleys, respectively  (Ellwood, 1978). The upward continued aeromagnetic 

data (Fig. 3.3a) were used to eliminate the regional response caused by broad-wavelength 

aeromagnetic anomalies (i.e. basement). The magnetic profile models situated onshore and 

off the northwestern coast were typically within 8 nT owing to the ease of modelling ‘valley-

shaped’ polygons (Fig. 3.5a, b) (Nabighian, 1974; Nabighian, 1972). However, the accuracy 

was typically only within 20 nT off the southern coast owing to the interpreted multichannel 

geometry of the paleovalleys and the consequent difficulty in modelling these (Fig. 3.5c). An 

average depth, as indicated in the modelled magnetic response in Figure 5c, was used for the 

3D modelling of the paleovalleys in these multichannel regions. The valley profile shapes 
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were assumed to be locally uniform, and so were extrapolated in offshore domains and to 

sparsely drilled regions onshore. 

 

Figure 3.5: Examples of valley profile shapes, depths and thicknesses using magnetic 

profile modelling. (a) The TMI model (Fig 3.2a) was used for the ‘true’ magnetic 

response and the upward continuation to 1000 m (Fig 3.3a) was used to constrain the 

regional magnetic response. (b) Representative valley section across the Bunbury and 

Donnybrook paleovalleys that have been densely penetrated by wells and are correlated 

with drill-hole depths. (c) Donnybrook Paleovalley off the NW coast. (d) Bunbury 

Paleovalley off the SW coast. Note that (c) and (d) do not have drill holes in their 

vicinity to check their accuracy. 
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Magnetic susceptibility
(SI units x10-2)a

BN-1 Cape Casuarina Bunbury -3.7*
BN-2 Cape Casuarina Bunbury -3.9*
BN-3 Gelorup Quarry Bunbury -5.4
BN-4 Gelorup Quarry Bunbury -5.9
BN-5 Gelorup Quarry Bunbury -5.7
BN-6 Gelorup Quarry Bunbury -5.4
BN-7 Gelorup Quarry Bunbury -5.0
BN-8 Gelorup Quarry Bunbury -6.7
BN-9 Black Point Bunbury 8.0
BN-10 Black Point Bunbury 6.6
BN-11 Black Point Bunbury 7.1
BN-12 Black Point Bunbury 5.2
BN-21 Donelly River Donnybrook -2.0*
BN-22 Donelly River Donnybrook -2.0*
BN-23 Donelly River Donnybrook -2.9*
BN-24 Along Vasse Hwy Donnybrook 6.5

anegative susceptibilites were assigned based on aeromagnetic interpretation
*Samples were partially weathered

Sample no. Sample location Paleo-valley

 

Table 3.1: Magnetic susceptibility of 16 samples collected from outcrops of Bunbury 

Basalt. 

(6) Interpolation of the base and top surface of the Bunbury Basalt utilised the convergent 

algorithm in Petrel E&P, which honours the drill-hole data points and the X–Y limits of the 

paleovalleys. The resultant base surface was manually edited to reflect the modelled valley 

profile shapes. Note that this manual editing did not alter the top of the basalt and still 

adhered to all drill-hole depth constraints. 

(7) The position and displacement sense of faults were inferred from a combination of: (a) 

previously mapped large-scale and deep-seated faults; (b) vertical offsets in the top and base 

of the Bunbury Basalt where well constraints were sufficiently dense; (c) linear features seen 

in the first vertical derivative aeromagnetic image (Fig. 3.2b); and (d) mapped lateral 

juxtaposition of different outcropping rock units. The along-axis dip angle of the 

paleovalleys that the basalt extruded into was unlikely to be more than 1° at the time of 

extrusion because meandering channels cannot exceed a gradient of >1° (Hickin, 2003). 

Given this premise, any sharp offsets >1° were used to infer the position and displacement of 

new faults (Fig. 3.6). The dips of these faults were modelled to similar faults in the northern 

Perth Basin, which tend to have dips of ∼60–70° for Early Cretaceous sedimentary rocks 
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(Mory and Iasky, 1996). Only the N–S striking Busselton and Darling faults were given dips 

of 75°, using values of previously published interpretations (Middleton et al., 1995). 

 

Figure 3.6: Map of the top of the Bunbury Basalt showing the variation in dip angle. 

(9) All surfaces were re-interpolated to incorporate the faults. Depth and thickness maps of 

the Bunbury Basalt were produced in Petrel E&P software. 
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4 Results 

4.1 Areal extent of the lava flows indicated by drill hole and aeromagnetic data 

The spatial distribution of basalt-bearing drill holes and outcrops shows that the Bunbury 

Basalt is restricted to the Bunbury Trough, the westernmost Yilgarn Craton and easternmost 

Vasse Shelf (Fig. 3.1). Aeromagnetic data show that the lava flows constrained from drill 

holes and outcrops coincide with two spatially and texturally distinct, high-frequency, high-

amplitude ‘valleys’ with numerous ‘tributaries’ (Figs. 3.2 & 3.3). These are interpreted to be 

paleovalleys that reflect the fluvial drainage pattern that existed in the southern Perth Basin 

immediately prior to extrusion of the basalt. In this study, the western valley is referred to as 

the Bunbury Paleovalley, and the eastern valley as the Donnybrook Paleovalley (Fig. 3.1a). 

Isolated magnetic localities with similar magnetic texture/intensity are proximal to the main 

valleys, and as such are probably related to the Bunbury Basalt. Drill holes in the 

neighbouring, relatively magnetically homogeneous Bunbury Trough do not intersect the 

lava flows, indicating it is restricted to the meandering and sinuous paleovalleys (Fig. 3.1a).  

The majority of drill holes within the Bunbury Paleovalley record two intervals of basalt, 

separated by up to 6 m of sedimentary rock (Fig. 3.7a–c). The thicknesses of the two 

intervals vary, which corresponds to their positions within the paleovalley (Fig. 3.7a–c). In 

contrast, drill holes within the Donnybrook Paleovalley only ever penetrate a single interval 

of basalt (Fig. 3.7d). Drill cuttings and core show that all intervals have a heavily weathered 

top, indicative of subaerial exposure, and an altered base, where it has chilled against the 

underlying sedimentary rock. There is no evidence of any weathering in the middle of any 

interval. 
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Figure 3.7: Wireline gamma ray logs across Bunbury Basalt intervals. (a) Quindalup 6 

(Wharton, 1981). (b) Cowaramup 8 (Appleyard, 1991). (c) Cowaramup 5 (Appleyard, 

1991). (d) Boyanup 4 (Smith, 1984). 

The Bunbury Paleovalley is situated centrally within the Bunbury Trough, coincides with 

outcrops at Casuarina Point, Black Point and the Gelorup quarry, and typically has a 

heterogeneous negative magnetic anomaly when contrasted to the surrounding rock (blue-

green in Fig. 3.2a). The negative aeromagnetic anomaly can only be explained by remanent 

magnetisation (Iasky and Lockwood, 2004) because the magnetic susceptibility of Bunbury 

Paleovalley lavas (average = –5.6 x10-2 SI units; Table 3.1) is significantly higher than that 

of typical surrounding sedimentary rocks (<<0.01 x10-2 SI units). This indicates that the 

Bunbury Paleovalley basalts cooled when the magnetic pole was in the opposite direction to 

the present. The Bunbury Paleovalley is superimposed on a regional N–S-trending anomaly 

that has a relatively long wavelength (Fig. 3.2a & Fig. 3.3a), which represents Precambrian 

basement found below a 4–12 km-thick sedimentary succession (Iasky, 1993). Drill-hole 

intersections indicate that there are two separate basaltic flows, and the heterogeneity in 

magnetic intensity appears to confirm two flows erupted when the poles were in opposite 

magnetic directions. However, the mottled magnetic texture in the TMI and 1VD images 

(Fig. 3.2) is more likely a result of subtle differences in the oxygen fugacity of the magmatic 

system (Grommé et al., 1969). Oxygen fugacity determines whether or not there is a solid-



H.K.H. Olierook   3D Geometry of the Bunbury Basalt 

89 

 

solution series between ulvöspinel and magnetite or hematite and ilmenite, in which only the 

latter in each series is magnetic (Ghiorso and Sack, 1995; Hill and Roeder, 1974). 

The Donnybrook Paleovalley straddles the Darling Fault and has a homogeneous positive 

aeromagnetic anomaly (red–orange in Fig. 3.2a). The positive magnetic intensity when 

contrasted to the surrounding rock indicates the opposite magnetisation direction compared 

with the Bunbury Paleovalley. Magnetic susceptibilities measured on fresh hand samples 

(average = 6.7 × 10–2 SI units) are similar to the Bunbury Paleovalley (Table 3.1mplying that 

susceptibility is invariant and so must be attributed to the remanent magnetisation. The 

Donnybrook Paleovalley exhibits three encroachments onto the Yilgarn Craton (indicated 

using ‘e’ on Fig. 3.2a). Towards the southern coast, both basalt-filled valleys are 

accompanied by overbank splays as they approach the present-day coastline. The 

Donnybrook Paleovalley here becomes locally magnetically heterogeneous, and is also 

present offshore due west of Bunbury town (Fig. 3.2; cf. Iasky & Lockwood, 2004).  

There are several isolated, linear anomalies that are disjointed from the main Bunbury and 

Donnybrook paleovalleys. These have similar aeromagnetic textures, magnetic susceptibility 

and strike to the main paleovalleys, and so are postulated to be remanents of the basalt-filled 

paleovalleys and their tributaries (Fig. 3.2). With the exception of Black Point, these have 

not been penetrated by drill holes, nor do they outcrop at the surface. However, it is most 

probable they were isolated from the main valley by subsequent erosion.  

 

4.2 Three-dimensional geometry of the Bunbury Basalt 

The top of the Bunbury Paleovalley lava flows is penetrated by 290 drill holes and outcrops 

across an area of 1300 km2, although a significant proportion of the drill holes do not 

penetrate the base (locations and depths found in Supplementary Paper A1). The majority of 

lithology logs from well completion reports do not differentiate between the two flows 

because of the absence of flow tops/interstitial sediment. Consequently, the Bunbury 

Paleovalley flows were treated as a single entity for the purpose of generating a 3D model. 

The Donnybrook Paleovalley has a higher degree of uncertainty owing to sparse well data 

(25 drill holes and outcrops in an area of 2000 km2). To aid in visualisation, an interactive 

3D PDF of the Bunbury Basalt may be found in the online supplementary material 

(Supplementary Papers B1 and B2). 
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The elevation of the top and base of the basalt is variable depending on its geographical 

relationship to the Busselton and Darling faults, smaller newly identified NW- and NE-

striking faults, the coastline, and the distance from the connecting valley between the 

Bunbury and Donnybrook paleovalleys (Figs. 3.8 & 3.9). The Bunbury Paleovalley is at 

lower elevation and dips toward the Darling Fault and, to a lesser extent, the Busselton Fault, 

defining roll-over anticlines (Fig. 3.9c, d). In a broad architectural sense, the Bunbury 

Paleovalley has, on average, its highest elevation near the centre of the valley on the 

Blackwood Plateau (Fig. 3.9d), and progressively becomes lower to the north and south, 

dropping steeply off the edges of the Blackwood Plateau to the north (∼30 m) and south 

(∼50 m), respectively. This decreased elevation is further pronounced offshore, where the 

top of the basalt is 100–300 m below sea-level. The highest points for the Donnybrook 

Paleovalley are found on or to the east of the Darling Fault (the Yilgarn Craton). Significant 

changes in elevation (300 m) occur near the town of Donnybrook, explained best by a fault-

bound graben situated at –200 m in the basin, and elevated at 100 m on the Yilgarn Craton 

(Figs. 3.9b & Fig. 3.10). Significant NW- and NE-trending dip-slip faults have offset the 

basalt with minimal strike-slip movement and vertical offsets up to 175 m (Fig. 3.10). The 

NW-striking set consistently cross-cuts and offsets the NE-striking set (Figs. 3.8 & 3.9). 

Other faults include the Darling and Busselton faults, which have the largest throws (370 and 

210 m, respectively), although the Busselton Fault displacement is only constrained from 

two points near the southern end of its onshore trace and is expected to be larger near the 

centre of the fault (Fig. 3.10). Thus, faulting of the Bunbury Basalt is characterised by 

polymodal faulting, including dip-slip displacement along the Darling and Busselton faults, 

and sets of subordinate NE- and NW-striking faults (Fig. 3.10). 
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Figure 3.8: Areal view of the Bunbury Basalt model, coloured for elevation above sea-

level, with positions of faults and drill holes marked that intersected: (a) the top of 

basalt and (b) the base of basalt. 
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Figure 3.9: 3D view of the Bunbury Basalt coloured for elevation above sea-level with 

semi-transparent grey faults and black coastline. Note a vertical exaggeration of 15 was 

used to aid visualisation. (a) Overview of the Bunbury Basalt, with faults marked. (b) 

Zoom-in of the cross-cutting region between the Bunbury and Donnybrook 

paleovalleys. (c) Zoom-in of the fault geometry at the Darling Fault. (d) Zoom-in of the 

anticline in the Bunbury Paleovalley. An interactive 3D PDF may be found in the online 

supplementary material (Supplementary Papers B1 and B2). 
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Figure 3.10: Mean fault throws since extrusion of the Bunbury Basalt flows determined 

from the displacement of the top surface of the flows from the 3D model. Note that 

these values may not reflect the maximum displacement, which are expected to be 

greater near the centre of the fault. 

Lithology logs from well completion reports show that the thickness of the basalt varies from 

0.1 to 106 m (Figure 11 A; raw data are available from GSWA's Petroleum & Geothermal 

(WAPIMS) and Mineral Exploration (WAMEX) databases, and the Department of Water's 

Monitoring and Data). Onshore, the thickest intervals are recorded at Canebreak 1 (106 m) 

and Karridale 6 (103 m), wells that were drilled centrally within broad sections of the 

Bunbury Paleovalley. Offshore, magnetic profile modelling has indicated that the Bunbury 

Basalt can attain thicknesses of up to 250 m, although this is less well constrained (Fig. 3.5 

& Fig. 3.11). The thickest regions are typically in the centre of the main paleovalleys, 

averaging 60–80 m (Fig. 3.11). The basalt thins progressively towards the edges and towards 

the tips of tributaries. Locally, thin (<20 m) splays of basalt are present outside the valley, 

presumably channel-breach or overbank flows, particularly in the Bunbury Paleovalley. The 

3D model provides a present-day volume for the Bunbury and Donnybrook paleovalleys of 

43 and 47 km3, respectively, with areal extents of 1300 and 2000 km2, respectively. 
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Figure 3.11: Thickness of the Bunbury Basalt, indicated by the difference between the 

top and base of the Bunbury Basalt. 



H.K.H. Olierook   3D Geometry of the Bunbury Basalt 

95 

 

5 Discussion 

5.1 Paleo-drainage patterns and implications for detrital provenance, basalt 

eruption sites and tectonic development 

The data indicate that the lava flows are controlled by the pre-emplacement fluvial channel 

architecture. The central onshore portion of the basalt lava valleys comprise meandering and 

straight segments, which are controlled by a combination of low-gradient topography (<1°) 

and incision along pre-existing fault scarps, respectively (Hickin, 2003). The ratio of the 

total volume (90 km3) to the areal extent of the basalt (3300 km2) yields an average 

thickness of ∼30 m, which increases to >100 m within the centre of main valleys. The 

minimal amount of channel-breach/overbank component of the flows implies that the 

paleovalleys were deeply incised, although it is possible that more channel-breach basalt has 

since been eroded. The depth and breadth of the Bunbury and Donnybrook paleovalleys, 

indicated by the geometry of the 2D aerial view and 3D model, show that a predominantly 

north–south fluvial regime was likely active at the time the basalt extruded. Given that the 

majority of the underlying sediments in the Perth Basin are also fluviatile (Crostella and 

Backhouse, 2000; Mory and Iasky, 1996) and that detrital U–Pb zircon provenance studies 

indicate Proterozoic sources from the south from the Permian to breakup (Cawood and 

Nemchin, 2000; Cawood et al., 2003; Sircombe and Freeman, 1999; C. Lewis pers. comms. 

2015; Veevers et al., 2005), it is very likely that a predominantly north–south fluvial 

drainage regime was prevalent throughout the Mesozoic, at least until the eruption of the 

Bunbury Basalt. 

Paleodrainage at the time of the basalt eruption also appears to have incised into the edge of 

the Yilgarn Craton. Paleogeographical studies have shown that the Yilgarn Craton was still 

topographically higher than the Bunbury Trough in the Early Cretaceous (Veevers, 1984), so 

drainage incisions caused by flow from the Yilgarn are entirely plausible. Therefore, the 

source of eruptions, for both the Bunbury and Donnybrook paleovalleys, would have been on 

or near the Darling Fault to allow lava to flow onto the Yilgarn Craton. Although there could 

be other feeder vents that have since been eroded, the most likely locations are at one or 

more of the three lobes of basalts onto the Yilgarn Craton (Ashley, 1985; Page, 1987) 

(indicated with ‘e’ on Fig. 3.2). Other source locations, such as where the basalt is thickest, 

at the site of the paleovalley convergence or along the southern coast are unlikely because 

extrusion at this site would have required significant upstream flow to deposit the Bunbury 

Basalt on the Yilgarn Craton. The mechanisms by which magma ascended to the surface 
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remain tentative. We speculate that magma ascended at fault intersections between the 

Darling Fault and subordinate, newly identified NW- or NE-striking faults (cf. Fig. 3.8). If 

both the Darling and the subordinate fault sets were normal at the time, which is likely given 

the extensional regime of Gondwana at the time, then releasing bends and intersections could 

be created that act as pipe-like conduits, aiding the ascent of magma to the surface. 

If indeed the source vents for the flows were situated along the Darling Fault, then this 

implies the lava flowed westward down a Yilgarn-sourced tributary and then both northward 

and southward along the axial paleovalleys. Although it is likely that drainage was at least 

partially derived from east- to west-flowing rivers, the paleocurrent direction of the major 

north–south axial system is uncertain. It is possible paleodrainage was from south to north, 

which would have been the same as the south-to-north drainage system that existed between 

Antarctica and Australia during the Permian and Early Triassic (Harrowfield et al., 2005; 

Veevers et al., 1994). However, there is evidence that this drainage pattern was different 

immediately after breakup in the post-breakup sedimentary succession (ca 130–113 Ma; 

Backhouse, 1988a) that directly overlies the Bunbury Basalt. Here, sedimentary detritus is 

primarily sourced from the Yilgarn Craton and drained from east to west (Descourvieres et 

al., 2011; C. Lewis pers. comms. 2015). Therefore, there is a clear switch in orientation from 

predominantly north–south during the extrusion of the Bunbury Basalt at ca 132 Ma to 

predominantly east–west after sea floor spreading had begun, and sedimentation had 

resumed. The most likely explanation for this switch is the drifting of Greater India from 

Australia–Antarctica, thereby preferentially draining into the proto-Indian Ocean rather than 

the Perth Basin, and forcing predominant drainage from the Yilgarn Craton. 

 

5.2 Post-breakup fault displacement and re-activation 

The faulted and folded geometry of the Bunbury Basalt clearly indicates that there was 

significant deformation during or after the breakup of Gondwana, which contrasts with 

earlier quiescent interpretations (Acharyya, 1998; Song and Cawood, 2000). Three-

dimensional modelling reveals that variations in dip values of the basalt top surface comprise 

a mixture of sharp (discrete) and gentle (warped) offsets. The sharp offsets are attributed to 

fault offsets, several of which coincide with re-activation of deeper modelled faults (Iasky, 

1993). Assuming that the top of the basalt was originally horizontal, which is reasonable 

given its ‘ponded’ nature, then this had yielded post-Bunbury Basalt net displacements of 

370 and 210 m for the Darling and Busselton faults, respectively, and between 30 and 175 m 
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net displacement for subordinate NE- and NW-trending faults (Fig. 3.10). However, up to 

100 m of the net displacement on the Darling Fault may have been caused by a topographical 

difference between the Perth Basin and Yilgarn Craton that existed prior to the eruption of 

the Bunbury Basalt  (Veevers, 1984; Veevers et al., 2005). Furthermore, the estimate for the 

Busselton Fault is based on two piercing points in the southern and northern extents, and so 

may not be representative of the maximum displacement for the entire fault length. 

Nevertheless, it is clear that more than 200 m of net normal displacement occurred on both 

the Darling and Busselton faults. In all instances, the NE-striking faults have been cross-cut 

and displaced by NW-striking faults. The NE- and NW-striking faults are correlated to 

similar sets in the northern Perth Basin, which are reported to have initiated during the 

Permian and Triassic for the NE- and NW-striking faults, respectively (Pryer et al., 2005). 

Similarly, re-activation of these faults is in the same order because the earlier re-activated 

NE-striking faults are consistently offset by the later re-activated NW-striking set. Re-

activation of the NE-striking faults probably occurred as Greater India drifted away from 

Australia–Antarctica in the south (ca 137–136 Ma) because this is consistent with the 

directions of tectonic stress directions at this time (Direen, 2011; Pryer et al., 2005; Song and 

Cawood, 2000). Subsequent re-activation of NW-striking faults, occurred either when the 

Gascoyne Margin further north opened by means of the Wallaby–Zenith Fracture Zone 

(Mihut and Müller, 1998; Robb et al., 2005) or when Antarctica drifted away from Australia 

in the Late Cretaceous (Direen, 2011; White et al., 2013). Alternatively, faulting since the 

extrusion of the basalt has been truly polymodal in the sense that displacement of all fault 

sets has accumulated synchronously (Healy et al., 2006). 

Gentler dipping top surface domains are observed close to the present-day and 

paleoshoreline, at escarpments and centrally on the Blackwood Plateau. We attribute these to 

a combination of post-eruption subsidence, particularly offshore, and Cenozoic uplift of the 

Blackwood Plateau (Barnett-Moore et al., 2014; Czarnota et al., 2014). Offshore, subsidence 

and deposition of Cenozoic sediments ensued as accommodation space was generated in the 

Indian and Southern oceans, burying the offshore basalt. Epeirogenesis has been shown to be 

a contributing factor to regional uplift, particularly of the Blackwood Plateau. This could 

explain the observed gentle dips of the Bunbury Basalt at the plateau's escarpments and the 

elevated basalt in the centre of the plateau. Alternatively, this geometry of the Bunbury 

Basalt could be explained by normal faulting of the N–S-trending Darling and Busselton 

faults that resulted in drag-in in opposite directions, defining roll-over anticlines in the centre 

of the Bunbury Trough. 
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5.3 Relative timing of Bunbury versus Donnybrook Paleo-valleys 

An understanding of the relative and absolute timing between the Bunbury Basalt flows may 

provide insights into the rate at which paleodrainage morphology switches during continental 

breakup. The contrasting thermoremanent magnetisation orientations of the Bunbury and 

Donnybrook paleovalleys, respectively, indicate that the basalt within the two paleovalleys 

erupted at different times (Fig. 3.2a). In the Early Cretaceous, between 140 and 130 Ma, 

there were as many as 24 polar reversals varying in duration from 2.2 to < 0.1 Ma (Channell 

et al., 1993; Weissert and Erba, 2004). This is not able to constrain a precise time frame over 

which each valley's basalt cooled. 

A cross-cutting relationship between the Bunbury and Donnybrook paleovalleys is shown in 

the 3D model near the town of Bunbury (Fig. 3.9b, Fig. 3.12). At this intersection, drill holes 

encounter a deep interval that matches the elevation of the Donnybrook Paleovalley basalts, 

but do not encounter a shallower flow attributed to the Bunbury Paleovalley lava flows. The 

best explanation for this phenomenon is that the originally continuous Bunbury Paleovalley 

has been eroded by a cross-cutting paleovalley, as is common of the fluviatile regime of the 

southern Perth Basin in the Early Cretaceous (Fig. 3.12). After incision of a deep canyon, the 

Donnybrook Paleovalley basalts then flowed into this new pal-eovalley or keep together. 

Subsequently, deposition of non-magnetic sediment filled the remaining volume of this 

paleovalley. This speculation is supported by palynological dating, which report that the 

overlying fill in both the Bunbury and Donnybrook paleovalleys is post-breakup in age 

(130–113 Ma), whereas the sedimentary rock outside the paleovalleys are pre-breakup in age 

(175–145 Ma) (Backhouse, 1988a) (Fig. 3.12). All evidence points towards the Donnybrook 

Paleovalley flow being younger than the Bunbury Paleovalley flow that is here observed. 

However, without absolute ages of the Bunbury Paleovalley basalts here (and only two 

plagioclase 40Ar/39Ar ages of ca 132 Ma obtained at Cape Casuarina; Coffin et al., 2002), it 

is not possible to determine what the rate of valley incision is during continental breakup. 
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Figure 3.12: (a) Zoom-in of total magnetic intensity image (Fig. 2a) near Bunbury. (b) 

Schematic section showing the timing relationship between the Donnybrook and 

Bunbury paleovalleys. 

6 Conclusions 

1. The 2D geometry of the Bunbury Basalt indicates two paleovalleys with axially 

north–south trends in the Perth Basin at the time of breakup of Gondwana. 

Additionally, a small drainage component was derived from the Yilgarn Craton to 

the east. If the paleocurrent direction was south to north, then it is likely that the 

paleodrainage has been regionally invariant since the Permian until breakup. We 

constrain the switch in paleodrainage to less than 10 Ma after breakup, from when it 

approximates the present-day drainage pattern from the Yilgarn Craton to the Indian 

Ocean.  

2. Post-breakup faulting has been identified that challenges the established view that 

the western Australian passive margin experienced longstanding quiescence after 

breakup. The lithospheric Darling and Busselton faults have experienced post-

eruption/post-breakup throws of 370 and 210 m, respectively. Subordinate northeast- 

and northwest-trending faults have throws between 30 and 175 m. Additionally, 

gentler offsets in the Bunbury Basalt are attributed to post-breakup subsidence when 

accommodation space was generated offshore and Cenozoic uplift of the Blackwood 

Plateau via epeirogenesis. Alternatively, normal faulting of the north–south-trending 

Darling and Busselton faults that result in roll-over anticlines could also explain the 

elevated basalt in the centre of the Bunbury Trough. 

3. Cross-cutting relationships between the two paleovalleys indicate that a time gap 

existed between eruptions. High-resolution absolute dating of the infilling basalts 



H.K.H. Olierook   3D Geometry of the Bunbury Basalt 

100 

 

could provide constraints on the rate at which valleys migrate during the breakup of 

Gondwana. 
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Abstract 

The history of rifting and breakup of eastern Gondwana is recorded by the development and 

fill of the Perth Basin in Western Australia. Knowledge of the structural architecture and 

stratigraphic geometry of the Perth Basin is essential to understand the evolution of the 

Western Australian margin and its applications to hydrocarbon and geothermal prospects, 

and effective aquifer management. This study integrates existing, publicly available 

geological, gravity, magnetic and digital elevation data to develop the first refined, regional 

structural and stratigraphic interpretation of the entire onshore and offshore Perth Basin, 

Western Australia. This new 3D model offers formation depth and thickness predictions in 

areas of sparse or no data. The model shows significant heterogeneity in the preserved 

formation thicknesses and depths at both local and regional scales. These differences may 

have resulted from differential subsidence and/or differential exhumation, but the formation 

geometries alone cannot distinguish between these two models if any erosion has occurred. 

Only the Lower to Middle Jurassic stratigraphy has been minimally eroded and thereby 

records the net subsidence. This stratigraphic interval shows that subsidence was broadly 

hinged from south to north, with a greater subsidence rate in the southern and central Perth 

Basin. Localised differences in thicknesses across adjacent sub-basins were likely controlled 

by differential displacement along sub-basin bounding faults during subsidence and, 

subsequently, during exhumation episodes. This new 3D model of the entire Perth Basin 

provides a framework for numerical simulations of fluid and heat flow and large-scale 

tectonic analysis, such as stratigraphic forward modelling of the southwestern Australian 

margin. 

 

1 Introduction 

The Perth Basin is a long-lived structure that initiated as an intracontinental rift in eastern 

Gondwana and evolved, via eventual breakup of Greater India from Australia, into a passive 

margin along southwestern Australia (Ali and Aitchison, 2014; Cockbain, 1990; Harris, 

1994; Playford et al., 1976; Song and Cawood, 2000) (Fig. 4.1). The basin is 

compartmentalised into at least 15 sub-basins that record sedimentary fill spanning the 

Permian to Recent. The sedimentary rocks are predominantly fluviatile with minor marine 

incursions, particularly after breakup, and have been subdivided into chronostratigraphic 

units with two main regional unconformities and two localised unconformities (Fig. 4.2). In 

order to understand how rifting and breakup of eastern Gondwana proceeded, it is important 
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to examine the spatial and temporal development of the main areas of deposition 

(depocentres) and basin compartments in the Perth Basin. The evolution of basin 

compartmentalisation strongly controls the distribution (and redistribution) of sediments and 

records the burial and exhumation history, all of which ultimately affect hydrocarbon and 

geothermal prospectivity, and aquifer quality.   

 

Figure 4.1: Selected stages in the tectonic development of Australia since the Permian, 

after Pryer et al. (2005). Thick solid black lines indicate typical fault orientations, and 

thick dashed black lines indicate typical transform faults. Square ticks indicate normal 

faults, and triangular ticks indicate reverse faults. Coloured arrows show regional 

kinematics. 
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Figure 4.2: Stratigraphic column of the Perth Basin showing how units in different 

parts of the Perth Basin correlate with the simplified stratigraphic succession used for 

the 3D model. Paleontological uncertainties associated with unit boundaries are from 

various sources:  1, Cockbain (1990); 2, Gozzard (2007); 3, Mory and Iasky (1996); 4, 

Mory et al. (2005); 5, Mory et al. (2008); 6, Norvick (2003); 7, Mory and Hocking 
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(2008); 8, Metcalfe et al. (2008); 9, Eyles et al. (2006). Main stratigraphic boundaries 

after Crostella and Backhouse (2000). Tectonic stages after (Song and Cawood, 2000). 

The preserved stratigraphy is a product of accommodation space generation, sedimentary fill, 

compaction and erosional events. The first step in understanding the evolution of the basin as 

a whole is to quantify the preserved thicknesses of sedimentary units. This provides a first-

order view of depocentre development over time and records any geographic and temporal 

trends in depocentre patterns and stratigraphic preservation in the Perth Basin. In order to 

assess this, we need a unified 3D structural and stratigraphic model of the Perth Basin, which 

has not been available to date. 

This study presents a new 3D model of the entire Perth Basin that integrates data from 

existing stratigraphic and petroleum wells and water bores, publicly available 2D seismic 

surveys, aeromagnetic and gravity surveys, bathymetry and digital terrain data, as well as 

previously published 3D models of smaller areas in the basin. The model has been used to 

quantify the spatial and temporal variations in preserved sedimentary rocks in order to: (a) 

demonstrate when and where the main depocentres developed; and (b) illustrate where non-

deposition and erosion has occurred. The implications of the results for the tectonic 

development of the Perth Basin before, during and after the breakup of Gondwana are 

discussed.  

 

2 Geological background and previous work 

The Perth Basin comprises a complex set of sub-basins that define a broad graben structure 

that extends from the Northampton Block in the north (∼28°S) to the south coast of Western 

Australia (∼35°S) (Fig. 4.3). The eastern boundary of the basin is formed by the Darling 

Fault, which separates the basin from the Precambrian rocks of the Yilgarn Craton (Fig. 4.3). 

The western boundary is approximately 150 km offshore, significantly west of the 200 m 

isobath, although its precise position is disputed (Crostella and Backhouse, 2000). The Perth 

Basin has been subdivided into a series of elongate troughs, terraces and shelves separated 

by basement highs and ridges that are primarily based on gravity anomalies (Cockbain, 

1990) (Fig. 4.3d). The Houtman, Abrolhos and Coolcalalaya sub-basins are three additional 

sub-basins not shown in Figure 4.3d that are sometimes included in the Perth Basin, but have 

a significantly different post-breakup geological history (Houtman & Abrolhos Sub-basins; 

Crostella (2001)) or are transitional to the Southern Carnarvon Basin (Coolcalalaya Sub-
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basin; Mory et al. (1998)). Three inliers of Precambrian igneous and metamorphic rocks are 

present in the Northampton Block, the Leeuwin Block and the Mullingarra Inlier 

(Fitzsimons, 2003; Myers, 1990) (Fig. 4.3b). The fault distribution and evolution in the Perth 

Basin are complex, with both subsidence and localised exhumation accommodated via 

multiple sets of faults throughout the history of the basin in response to the protracted rifting 

history (Green and Duddy, 2013a; Harris, 1994; Iasky, 1993; Mory and Iasky, 1996; Pryer et 

al., 2005; Song and Cawood, 2000) (Fig. 4.1).  
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Figure 4.3: (a) Digital elevation model of southwestern Western Australia, after 

Whiteway (2009) and Gallant et al. (2011). (b) Surface geology of the Perth Basin, after 

Myers and Hocking (1998). DF, Darling Fault; UF, Urella Fault; AF, Abrolhos Fault; 

CTZ, Cervantes Transfer Zone; BuF, Busselton Fault; DuF, Dunsborough Fault; MF, 
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Manjimup Fault. (c) Reduced to pole aeromagnetic anomaly map, 258 m grid. (d) 

Isostatic residual gravity anomaly map, after Lockwood (2004). Main structural 

elements of the Perth Basin are labelled, 1080 m grid. Location of the Perth 

metropolitan area 3D model of  Timms et al. (2012) is shown by a white box. (e) 

Vertical gradient of isostatic residual gravity anomaly map, 1080 m grid, after 

Lockwood (2004). (f) Sediment thickness map, using data from Oz Seebase, 2 km grid 

(Pryer et al., 2005). Sun illumination at 45° from NE on a, c–f. White lines indicate 

outline of present day coastline. Grid datum is GDA 94/MGA 50. 

Geological mapping of the Perth Basin by the Geological Survey of Western Australia 

(GSWA) began in 1962, and results of this work were summarised by Playford et al. (1976) 

and Cockbain (1990). Aeromagnetic data available for the entire Perth Basin are mainly 

from a survey conducted by the Bureau of Mineral Resources, a predecessor agency to 

Geoscience Australia (GA), in 1957 with flight line separation of 2 km and at 460 m above 

sea-level (Newman, 1959). This data set was interpreted by Quilty (1963). Various studies 

by GSWA have used gravity and/or magnetic images and models to help define the main 

sub-basins and structural elements within the Perth Basin (3D-GEO Pty Ltd., 2013; Crostella 

and Backhouse, 2000; Iasky, 1993; Iasky and Lockwood, 2004; Iasky and Shevchenko, 

1995; Iasky et al., 1991; Mory and Iasky, 1996; Myers and Hocking, 1998) (Fig. 4.3). 

Gravity forward models were developed by Mory and Iasky (1996) along two approximately 

E–W traverses in the onshore northern Perth Basin. These models show that the Dandaragan 

Trough is broadly asymmetric with the deepest part in the east filled with sediments up to 12 

km thick, and significant topography of the basin–basement interface resulting from 

displacement across major faults systems (Fig. 4.3b). Mory and Iasky (1996) identified 

gravity highs close to the modern-day coastline known as the Turtle Dove and Beagle Ridges 

from west to east, respectively (Fig. 4.3d). Forward modelling along a traverse close to the 

latitude of Cervantes indicates that the basement is shallower than 2 km and 4 km for the 

Turtle Dove and Beagle Ridges, respectively. Iasky and Lockwood (2004) interpreted the 

South Turtle Dove Ridge in the Isostatic Residual Gravity data in the offshore data for 

southwest WA, extending northward from Bunbury to just south of Rottnest Island (Fig. 

4.3e). They also interpreted shallow basement continuing northwards from offshore Perth in 

the Turtle Dove Ridge, which was confirmed by intersection of basement by the Jurien 1 

well at a depth of approximately 1200 m. Maps and a gridded dataset of sediment thickness 

(and thus ‘depth to basement’) for all of the Phanerozoic basins of Australia calculated using 
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potential field data are available as Oz Seebase via www.frogtech.com.au (Pryer et al., 2005) 

(Fig. 4.3f).  

The Yilgarn Craton located to the east of the onshore Perth Basin consists of mainly 

greenstone belts intruded extensively by multiple pulses of granitoids with different 

geochemical characteristics (Myers and Hocking, 1998; Wilde and Nelson, 2001) (Fig. 

4.3b). A set of NW–SE-trending faults have been identified in the southwestern corner of the 

Yilgarn (Myers, 1990) (Fig. 4.3b). These faults are proposed to have a dextral component of 

displacement and extend into the Albany Fraser Belt without deflection across the Manjimup 

Fault. Two of these faults bound the Collie Basin and define its NW–SE trend. However, 

none of the faults have previously been interpreted to extend into the Perth Basin. The 

western margin of the Yilgarn Craton is shown by Cockbain (1990) and  Myers and Hocking 

(1998) to comprise NW–SW and NW–SE-trending jogs, where the NW–SE-trending 

lineaments are transfer systems (e.g., Fig. 4.3b). However, there are very few structures (n = 

4, including the Harvey Ridge) in this orientation shown by Cockbain (1990). Other workers 

recognise several NW–SE-trending transfer zones, such as the Cervantes and Abrolhos 

transfer zones (e.g., Mory and Iasky, 1996). However, they are typically spaced at about 100 

km, only ever shown as dashed lines indicating inference only, and do not have faults shown 

parallel with this orientation (with the exception of very few minor fault segments).  

Several geological models have been constructed for parts of the Perth Basin in previous 

studies. Playford et al. (1976) compiled structural maps of the basement, Cattamarra Coal 

Measures, Yarragadee Formation, and Warnbro Group for the whole Perth Basin. Isopach 

maps for various Permian to Jurassic stratigraphic units in the northern Perth Basin were 

developed by Playford et al. (1976) and subsequently refined by Mory and Iasky (1996). In 

the south Perth Basin, Iasky (1993) provided formation geometries of the base of the 

Warnbro Group, top of the Cattamarra Coal Measures (formerly called the Cockleshell Gully 

Formation), top of the Lesueur Sandstone, top of the Sue Group (formerly called the Sue 

Coal Measures) and the basement, all of which were interpreted from 2D seismic sections. In 

the northern Perth Basin, isopach maps of the top Cattamarra Coal Measures, top Permian 

and top basement developed by Mory and Iasky (1996) were used to create a 3D geological 

model of the northern Perth Basin (Geological Survey of Western Australia, 2011). Marshal 

et al. (1993) provide formation geometries of the top of the Yarragadee Formation, the 

Valanginian unconformity, top of Gage Formation, top of South Perth Shale and top of the 

Leederville Formation for the offshore part of the central Perth Basin, which were 

subsequently refined by Bale (2004). A regional onshore model was developed by 3D GEO 
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Pty Ltd that provides top Permian, Triassic, Jurassic and present-day isopach maps, as well 

as a detailed appraisal of the Permian and Triassic formations, but is less detailed for the 

Jurassic to Recent formations (3D-GEO Pty Ltd., 2013). 

Exploration of the Perth Basin for hydrocarbons during and since the 1960s revealed 

numerous onshore and offshore hydrocarbon fields, and resulted in most of the deep wells 

and seismic surveys for subsurface interpretations (summarised by Crostella and Backhouse 

2000, and Mory and Iasky 1996). More recently, several fields in the Perth Basin has been 

evaluated to determine the potential for shale gas extraction (Bahrami et al., 2012; Dargahi 

and Rezaee, 2013; Kadkhodaie-Ilkhchi et al., 2013; Western Australian Energy Research 

Alliance (WAERA), 2012). Exploration for coal has focused on the Vasse Shelf, yet these 

resources are subeconomic (Le Blanc-Smith and Kristensen, 1998). The Perth Basin contains 

abundant groundwater resources, and numerous drilling programs have permitted many 

confined and unconfined aquifers to be defined (Davidson, 1995; Davidson and Yu, 2008). 

These aquifers have recently been the subject of renewed investigation for their potential for 

hot sedimentary aquifer geothermal applications (Corbel et al., 2012; Delle Piane et al., 

2013b; Reid et al., 2012; Schilling et al., 2013; Sheldon et al., 2012; Timms et al., 2012; 

Timms et al., 2015) and for CO2 geosequestration (Causebrook et al., 2006; Olierook et al., 

2014a; Stalker et al., 2013b; Varma et al., 2009).  

 

3 Development of the Perth Basin geological model  

A 3D geological model was developed that covers the entire Perth Basin, excluding the 

Abrolhos, Houtman and Coolcalalaya sub-basins, with an extent of 790 by 150 km from 

approximately 28 to 35°S, and 114.5 to 116°E. Input data consisted of a range of publicly 

available data, which includes previous interpretations of geological structure, geophysical 

datasets of the entire basin, and petroleum well/water bore data (Bale, 2004; Iasky, 1993; 

Marshal et al., 1993; Mory and Iasky, 1996)(Fig. 4.4). The 3D geological modelling was 

done using the 3D modelling package Petrel E&P by Schlumberger. Each formation top and 

thickness layer, at 250 × 250 m grid node spacing, has been exported from Petrel E&P into 

XYZ text files, which may be readily imported into any 3D modelling program (see online 

supplementary material). A full description of how the input data were sourced and handled 

is given below. 
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Figure 4.4: Schematic diagram to show the variety of datasets used to construct the 3D 

model of the Perth Basin. Previous structural models used (blue rectangles) are 

M&I’96, Mory and Iasky (1996); M’93 & B’04, Marshal et al. (1993) and Bale (2004); 

and I’93, Iasky (1993). 

3.1 Reprocessing of potential fields data for the entire Perth Basin 

This study utilises a digitised version of the 1957 aeromagnetic dataset released in 2010 by 

GA with 86 × 86 m grid node spacing. A lower resolution (258 × 258 m) dataset available 

from GA has also been incorporated because it extends further offshore and is useful for a 

wider regional interpretation. Onshore and offshore gridded gravity data for the Perth Basin 

are available from the GA Geophysical Database using the Geophysical Archive Data 

Delivery System facility via www.ga.gov.au. Offshore gravity data have been computed 

from satellite altimetry data and are generally available at 1.5 km × 1.5 km spacing 

(Sandwell and Smith, 2009). For Australia, these data are available from GA as gridded free-

air gravity data that are not corrected for bathymetry. Therefore, Bouguer gravity anomaly 

maps have been computed from free-air gravity where accurate bathymetric data are 
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available (cf. Whiteway, 2009). Digital elevation information was taken from 9 arc second 

(∼250 m at the equator) bathymetry and topography data that may be retrieved from GA 

(Whiteway, 2009) (Fig. 4.3a).  

The isostatic residual gravity data for the offshore areas are produced by subtracting the 

predicted response for the varying seawater depth and the effects of mantle topography (cf. 

Aitken, 2010; Aitken et al., 2013; Salmon et al., 2013) from the free-air gravity data (e.g., 

Lockwood, 2004). Onshore, the isostatic residual gravity data are produced by subtracting 

the effects of crust–mantle boundary topography (cf. Aitken, 2010; Aitken et al., 2013; 

Salmon et al., 2013) from the Bouguer gravity. The two offshore and onshore isostatic 

residual gravity datasets were joined to form a composite grid. The benefit of this composite 

dataset is that it minimises artefacts that can be prevalent if only one dataset is used. A map 

of the first vertical gradient of the isostatic residual gravity has been computed (Fig. 4.2e) to 

aid in identification sharply juxtaposed areas of deeper and shallower basement and 

associated identification of fault orientations and displacements.  

The processed isostatic residual gravity data (Fig. 4.2d) are comparable with the sediment 

thickness from Oz Seebase (Fig. 4.2f). Both are depth estimates of the basement, although 

the sediment thickness from Oz Seebase requires depth translation offshore to incorporate 

the present-day water depths. The positions and sediment thicknesses from Oz Seebase were 

predominantly used, but occasionally the vertical gradient of isostatic gravity was used to 

laterally offset sharp juxtapositions of deeper and shallower basement (Fig. 4.2e), which 

resulted in a maximum lateral difference of 20 km. 

3.2 Incorporation of faults into the 3D model 

The Perth Basin contains many faults with different trends, densities, net displacements, 

geometries and linkages (Song and Cawood, 1999, 2000; Song et al., 2001). In this study, 

faults from previous seismic reflection studies were considered (Bale, 2004; Iasky, 1993; 

Marshal et al., 1993; Mory and Iasky, 1996) (Fig. 4.4). After 2D seismic re-assessment, the 

interpreted faults from the onshore southern Perth Basin and onshore northern Perth Basin 

and onshore northern Perth Basin (Mory and Iasky, 1996) were incorporated into the 3D 

model. Fault picks from 2D seismic surveys were re-assessed for the two studies in the 

Vlaming Sub-basin by Marshal et al. (1993) and Bale (2004), and resulted in a selection of 

faults from each study incorporated into the 3D model. Fault interpretations from the 

onshore Perth Basin by (3D-GEO Pty Ltd., 2013) were not included in the model as they 

were oversimplified. All these previous studies show different degrees of complexity of 
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faulting patterns across the Perth Basin. To some extent, this probably reflects the inherent 

variability in the quality of data that have been used to resolve faults. For example, the 

quality and density of seismic reflection surveys are much greater in the onshore northern 

Perth Basin than in the onshore southern Perth Basin, and consequently a greater density of 

faults has been interpreted (Iasky, 1993; Mory and Iasky, 1996). While capturing such 

structural complexity in the 3D geological model is important, it was necessary to simplify 

the faulting patterns to generate consistency across the basin and to make the model 

computationally feasible. Therefore, a simplified fault network was developed for the whole 

Perth Basin in which faults with maximum offsets less than ∼50–100 m were not included. 

Therefore, it is acknowledged that some of the flexure in the interpolated stratigraphic 

surfaces in the 3D model could be a geometric consequence of omission of these small-scale 

faults. The remaining 270 large-scale faults were incorporated into the model. Many of these 

faults are associated with significant anomalies and gradients in regional gravity and 

aeromagnetic data (Fig. 4.2c–e) and offsets in basement structure contours (i.e. sediment 

thickness plus water column depth; Fig. 4.2f).  

The simplified fault network was developed using existing structural studies based on 

seismic data and drill-hole constraints (Bale, 2004; Department of Mines and Petroleum, 

1995; Iasky, 1993; Marshal et al., 1993; Mory and Iasky, 1996; Playford et al., 1976). All of 

these studies included the interpretation of multiple and interconnecting 2D seismic lines, 

and resulted in internally consistent stratigraphic and structural architectures. The geometry 

of these previous fault interpretations, as planar or listric faults, was preserved when 

incorporating these faults into our model. Curved faults are rare in the Perth Basin (n < 10), 

but these were modelled as listric faults to approximate their geometry. Faults were assigned 

dips based on seismic interpretations where possible. Faults were given an arbitrary constant 

dip of 70° where no dip constraints exist, consistent with the typical dip angle of normal 

faults in the Perth Basin (Crostella and Backhouse, 2000; Mory and Iasky, 1996). The main 

differences between the new fault network and previous interpretations are: (1) new faults 

have been identified in areas previously with sparse faults (e.g. in the onshore central Perth 

Basin from Cervantes to Bunbury) from the vertical gradient of isostatic gravity (Fig. 4.2e); 

(2) new faults have been identified as part of the Urella Fault system using the vertical 

gradient of isostatic gravity and drill hole depth offsets; and (3) a new interpretation of faults 

in the Bunbury Trough that has been developed from aeromagnetic images and a new 3D 

model of the Bunbury Basalt (Olierook et al., 2015b). 
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3.3 Development of stratigraphic surfaces in the 3D model 

One issue that needed to be resolved is that stratigraphic formation names in the northern and 

southern Perth Basin are inconsistent, which resulted in different stratigraphic columns for 

the northern Perth Basin (Mory and Iasky, 1996) and central/southern Perth Basin (Crostella 

and Backhouse, 2000) (Fig. 4.2). Previously, these two stratigraphic columns have not been 

reconciled because of the lack of adequate data in the central Perth Basin, even though the 

established formations have broad temporal equivalence across the basin. For this study, a 

unified stratigraphic column was generated by the amalgamation of time equivalent 

formation across the Perth Basin (Fig. 4.2). This resulted in 12 chronostratigraphic units that 

have been used in the 3D model (Fig. 4.2). It should be emphasised that some of the revised 

‘formations’ amalgamate stratigraphic units with very different lithological and 

petrophysical characteristics (e.g. the time-equivalent Kockatea Shale and Sabina 

Sandstone). 

Stratigraphic horizon interpretations from four previous structural and stratigraphic models 

were re-assessed using available 2D seismic surveys (Bale, 2004; Iasky, 1993; Marshal et al., 

1993; Mory and Iasky, 1996) (Fig. 4.4). In general, onshore seismic quality was poor, and 

the positions of surfaces that were previously interpreted were used in this study. The 

interpreted horizons from the onshore southern Perth Basin (Iasky, 1993) and onshore 

northern Perth Basin (Mory and Iasky, 1996) were incorporated into the 3D model with very 

little amendment to the original studies. Horizons from 2D seismic surveys were re-assessed 

for the two studies in the Vlaming Sub-basin by Marshal et al. (1993) and Bale (2004), 

which predominantly resulted in horizon picks from the latter study incorporated into the 3D 

model. However, only five horizons were interpreted in the southern Perth Basin, four in the 

northern Perth Basin and five in the Vlaming Sub-basin. The remaining stratigraphic 

surfaces were interpolated from surfaces above and below, from interpretations from 

previous seismic studies (Bale, 2004; Iasky, 1993; Marshal et al., 1993; Mory and Iasky, 

1996). The curvature and spatial distribution of these new surfaces were modelled using 

seismic interpretations, and the depths were constrained using available drill-hole data. 

Outside the four local 3D models (see Fig. 4.4it was necessary to interpret any available 

seismic data. Given that seismic data were typically sparse outside of these four local 3D 

models, it was necessary to rely primarily on drill-hole data. Stratigraphic data from 

petroleum wells and hydrogeological water bores were extracted from the databases of the 

Department of Mines and Petroleum (DMP) and Department of Water (DW), respectively 

(see online supplementary material for complete records of ∼12 000 drill-hole positions and 
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formation tops). Only data from wells for which geoscientists from the DMP and DW had 

double-checked formation picks, using breaks on wireline log data, lithological data and/or 

biostratigraphic criteria, were directly incorporated in the 3D model; other wells were re-

assessed, and where uncertain, disregarded to ensure a high-level of confidence for all 

formation picks used in the model. Variations in the spatial density of stratigraphic input data 

across the basin represented a significant issue for the confidence of interpolation of 

stratigraphic surfaces. This is less of an issue in the northern Perth Basin, where petroleum 

exploration and exploitation are economically viable, exploration wells are abundant, so 

geological studies are numerous (e.g., Mory and Iasky, 1996). owever, the southern and 

central Perth Basin contains a much lower density of deep wells (>1 km), principally because 

petroleum exploration is subeconomic (Crostella and Backhouse, 2000; Iasky, 1993).  

The stratigraphic assignments of the well constraints were updated prior to incorporation into 

Petrel E&P. Several detailed models of parts of the Perth Basin were used to constrain 

depths to stratigraphic surfaces in subdomains of the model. Additional constraints from 

Playford et al. (1976), Mory and Iasky (1996) and Geological Survey of Western Australia 

(2011) were utilised to better constrain the architecture of the northern Perth Basin. In the 

southern Perth Basin, seismic interpretation of Iasky (1993) was modified to fit the well data. 

In the central Perth Basin, data and interpretations from Marshal et al. (1993) and 

Causebrook et al. (2006) were used to better constrain the offshore part of the basin. Where 

discrepancies existed between the previous interpretations, the 2D seismic picks were 

revisited and re-interpreted. 

 

4 Results 

4.1 Changes in formation depths and preserved thicknesses across the whole basin 

through time 

The formation tops for each of the 12 modelled stratigraphic units have been used to 

calculate the preserved thickness over time and produced on a series of depth and thickness 

maps (Figs. 4.5 & 4.6). Key observations in formation depths and preserved thicknesses 

variations are documented below. 
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Figure 4.5: Depth to formation tops (isohypse) maps for stratigraphic surfaces 

generated from the 3D model. The locations of wells (white circles) that constrain the 

surfaces are shown. Perth Basin boundary (excluding Coolcalalaya, Houtman and 

Abrolhos sub-basins) is indicated with a thin black line. 
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Figure 4.5 (continued). 
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Figure 4.6: (a–k) Formation thickness (isopach) maps of the stratigraphic formations in 

the Perth Basin model. (l) Basin subdivisions after Mory and Iasky (1996), Iasky (1993) 

and Norvick (2003). BT, Barberton Terrace; DT, Dongara Terrace; BST, Beharra 

Springs Terrace; DCT, Donkey Creek Terrace; HR, Harvey Ridge. Perth Basin 

boundary (excluding Coolcalalaya, Houtman and Abrolhos sub-basins) is indicated 

with a thin grey line. 
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Figure 4.6 (continued). 

Depth to the basement shows that the Dandaragan Trough, Vlaming Sub-basin, Beermullah 

Trough and northern Bunbury Trough are the deepest depocentres, preserving up to 17 km of 

sedimentary rocks (Fig. 4.5a). The Dandaragan Trough is broadly symmetrical from west to 

east, the Beermullah Trough and northern Bunbury Trough are deepest adjacent to the 

Darling Fault, and the Vlaming Sub-basin deepens asymmetrically towards the continent–
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ocean boundary to the west (Fig. 4.5a–e & Fig. 4.6a–f). The thickest portions of each 

stratigraphic unit are confined to small areas, which is evident from the positive skewed 

thickness distribution (e.g. from 3500 to 6000 m for the Yarragadee & Cadda formations; 

Fig. 4.7). These positively skewed ‘tails’ are relatively sharply bound to the thinner 

stratigraphy (e.g. a boundary at 3500 m for the Cattamarra Coal Measures and Eneabba 

Formation; Fig. 4.7), with the exception of the Lesueur Sandstone. The steep margins of the 

Dandaragan and Bunbury troughs are bound by steeply dipping, north to northwest-striking 

faults, including the Darling and Urella fault systems throughout the pre-breakup 

stratigraphy (Fig. 4.5a–f). A small number of northeast-striking faults are present throughout 

the Perth Basin but are typically relatively short with only minor displacement.  
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Figure 4.7: Histogram plots showing the thickness distribution of the formations in the 

Perth Basin model in 100 m bins. 

Terraces of intermediate formation depths and thicknesses are adjacent to the deep troughs in 

the pre-breakup stratigraphy (Fig. 4.5a–e & Fig. 4.6a–g). These terraces are transitional to 

relatively elevated ridges and shelves, and are typically fault bound, such that the moderate 
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formation thicknesses on shelves are sharply juxtaposed with thicker formations in troughs 

(e.g. at 3500 m for the Permian stratigraphy; Fig. 4.7). There are also sharp thickness 

transitions from the intermediate terraces in the Permian to Triassic stratigraphy to the 

thinner ridges and shelves (e.g. a sharp boundary at 1500 m thickness for the Permian 

stratigraphy; Fig. 4.7). However, the Jurassic stratigraphy shows more gradual transitions 

between ridges and terraces (e.g. from 2500 to 1000 m in the Yarragadee & Cadda 

formations; Fig. 4.7). 

Shelves display concentric zones of outwardly younging stratigraphy and are typically 

surrounded by one of three Precambrian terrains in the Perth Basin, the Leeuwin Complex, 

Mullingarra Inlier and Northampton Complex (Fig. 4.5b–f). Adjacent to the Northampton 

Complex is also the only instance of east–west-striking faults in the Perth Basin (Fig. 4.5a–

e). The Permian to Triassic stratigraphy in the Vasse and Bookara shelves, and Irwin Sub-

basin are significantly elevated relative to adjacent troughs (Fig. 4.5b–d). The other major 

elevated regions more distal from Precambrian Terranes are the Beagle and Turtle Dove 

ridges along the present-day coastline in the northern Perth Basin (Fig. 4.5b–f). Less 

elevated areas more distally from the Precambrian Terranes include the Harvey Ridge, where 

the Yarragadee Formation and Cattamarra Coal Measures are not present (Fig. 4.5e–f). All 

these regions have significantly lower thicknesses than all the pre-breakup stratigraphic 

formations, with modal thicknesses of ∼500–1000 m for each formation (Fig. 4.7). 

The pre-breakup stratigraphy in the Dandaragan Trough, Beermullah Trough and northern 

Bunbury Trough is consistently deeper than the adjacent terraces, ridges and shelves (Fig. 

4.5a–h). However, the depth and thickness variations are relatively minor between troughs, 

terraces, ridges and shelves in the post-breakup stratigraphy (Fig. 4.5i–l & Fig. 4.7). The 

exception is the offshore expression of the Valanginian breakup unconformity surface in the 

Vlaming Sub-basin. The Vlaming Sub-basin exhibits significant depth variations across short 

distances, yet fewer than 10 faults have been interpreted in the post-breakup stratigraphy 

(Fig. 4.5h). The deepest offshore expression of the Valanginian unconformity is in the 

domain west of Rottnest Island (Fig. 4.5h). The Vlaming Sub-basin confines the Lower 

Cretaceous Gage Sandstone that immediately proceeded breakup with a maximum thickness 

of only 610 m (Fig. 4.5I & Fig. 4.7). The Gage Sandstone and overlying South Perth Shale 

are confined to the central Perth Basin, seemingly infilling on top of depressions on the 

Valanginian unconformity surface (Fig. 4.5i–j). The Leederville Formation follows a similar 

geometry in this respect, but also extends further north and south (Fig. 4.5k). However, the 

Coolyena Group is only preserved in the central Perth Basin (Fig. 4.5l). All these post-
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breakup formations show consistent westward deepening towards the continent–ocean 

transition (Fig. 4.3a).  

4.2 Spatial variations in preserved formation thicknesses for each different sub-

basin 

A statistical analysis to assess the spatial variation for each time interval in different sub-

basins was performed with box-and-whisker plots of formation thicknesses in 10 different 

sub-basins/sub-basin groups for each stratigraphic interval (Fig. 4.8). 
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Figure 4.8: Box-and-whisker plots showing the thickness distribution of the formations 

in the Perth Basin model, subdivided by sub-basin. Where the formation is absent in a 

sub-basin, a box-and-whisker plot is not drawn. 

Thick accumulations of 2–7 km of Permian sedimentary detritus are preserved in the central 

and southern Perth Basin and in the Irwin Sub-basin, but comparatively little is preserved in 

the rest of the northern Perth Basin (Fig. 4.8). The thickest Triassic formations are in the 
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northern Perth Basin, particularly at the beginning of the Triassic (the Kockatea Shale; Fig. 

4.8). The Triassic Lesueur Sandstone to Jurassic Yarragadee Formation tends to show the 

deepest accumulations in the western Vlaming Sub-basin, Beermullah Trough and 

Dandaragan Trough (Fig. 4.8). The Lower Cretaceous Parmelia Group that immediately 

preceded breakup is only preserved in the Dandaragan Trough, Vlaming Sub-basin and small 

pockets in the Bunbury Trough (Fig. 4.6f & Fig. 4.8). 

The preserved thicknesses of formations deposited after Valanginian continental breakup are 

consistently less than 1200 m (Figs. 4.7 & 4.8). The areal extent of these formations is much 

more variable than the pre-breakup formation (Fig. 4.8). The Gage Sandstone is restricted to 

the central Vlaming Sub-basin and tends to be thickest in the centre, progressively thinning 

towards the edges (Fig. 4.6g). The South Perth Shale has a uniform thickness and is also 

present in the onshore Mandurah Terrace (Fig. 4.6h). The thickness of the Leederville 

Formation is more heterogeneous, varying in thickness between 0 and 1200 m (Figs. 4.7 & 

4.8). Preserved sediments and sedimentary rocks deposited after the Warnbro unconformity 

at ca 113 Ma are relatively minor, with a combined maximum thickness of 1800 m in the 

westernmost Vlaming Sub-basin, which is considerable given the ca 113 Ma time span for 

deposition (Figs. 4.7 & 4.8). The Upper Cretaceous Coolyena Group concentrically thickens 

towards the western Vlaming Sub-basin (Fig. 4.6j). The Cenozoic sediments are thickest 

offshore and in patches in the northern Perth Basin (Fig. 4.6k). All of the post-breakup 

formations seem to be absent to the NNW of Rottnest Island, which coincides with the 

present-day position of the Perth Canyon (Fig. 4.6g–k).  

4.3 Temporal variations in preserved formation thicknesses for each sub-basin 

Plots of cumulative formation vs time (300–0 Ma) have been constructed for the whole Perth 

Basin and of each of the 10 sub-basins or groups thereof (Fig. 4.9), to assess the temporal 

variations across sub-basins. The plots take into account the differences in depositional 

duration of the formations, and so help put the preserved formation thicknesses into a 

temporal context. The cumulative formation vs time plots account for sediment accumulation 

minus any potential erosion, and so record the minimum rate of sediment accumulation. 
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Figure 4.9: Plots showing the approximate cumulative thickness of preserved sediments 

over time for the whole Perth Basin, sub-basins and sub-basin groups. P, Permian; KS, 

Kockatea Shale/Sabina Sandstone; LS, Lesueur Sandstone & Woodada Formation; 

CCM, Cattamarra Coal Measures and Eneabba Formation; YF, Yarragadee and 

Cadda Formations; PG, Parmelia Group; GS, Gage Sandstone; SPS, South Perth 

Shale; LF, Leederville Formation; CG, Coolyena Group; C, undifferentiated Cenozoic; 

P–T UC, localised Permian–Triassic unconformity; T–J UC, localised Triassic–Jurassic 

unconformity; V UC, regional Valanginian breakup unconformity; AA UC, regional 

Aptian–Albian unconformity. Rift stages after Song and Cawood (2000). 

On a basin-wide scale, there is an overall increase in preserved stratigraphy leading up to 

continental breakup. After breakup, the average thickness of preserved stratigraphy is 

significantly reduced, particularly given the ca 113 Ma duration (Fig. 4.9). Sub-basins in the 

southern and central Perth Basin show a much greater preserved thickness of Permian 

stratigraphy than those in the northern Perth Basin (Fig. 4.9). The Triassic Lesueur 

Sandstone has a relatively uniform preserved thickness across all sub-basins (Fig. 4.9). There 

are considerable spatial differences in the preserved thickness of the Jurassic Cattamarra 

Coal Measures and Eneabba Formation, and the Yarragadee and Cadda formations across the 

basin (Fig. 4.9). The Cattamarra Coal Measures and Eneabba Formation are thicker in the 

southern Perth Basin, Mandurah Terrace, practically equal in the Vlaming Sub-basin, ridges 

and shelves in the northern Perth Basin, but thinner than the Yarragadee Formation in the 

terraces and troughs in the northern Perth Basin. Thick post-breakup formations are only 

preserved in the central Perth Basin, although this is predominantly in the Vlaming Sub-

basin rather than the Mandurah Terrace (Fig. 4.9). 

 

5 Discussion 

5.1 Spatial and temporal variations in subsidence, sedimentary fill and exhumation 

in the Perth Basin 

The 3D model of the Perth Basin shows differences in net preservation of formation 

thicknesses (Figs. 4.5–4.9). The principal controls on the preserved formation thicknesses are 

accommodation space generation (i.e. subsidence), sedimentary fill, compaction and 

subsequent erosion (i.e. exhumation). The deposition of formations that comprise fluviatile 

lithofacies is interpreted to have kept track with the generation of accommodation space, and 
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so sediment supply was plentiful (Olierook et al., 2014a; Timms et al., 2015). Paralic to 

shallow marine formations necessarily involve deposition into some depth of water, 

indicating that for these formations, the rates of sedimentation were less than the 

accommodation space generation (Causebrook et al., 2006; Davidson, 1995). Nevertheless, 

the thicknesses of fluviatile formations (i.e. Permian stratigraphy, Kockatea Shale/Sabina 

Sandstone, Lesueur Sandstone, Eneabba Formation/Cattamarra Coal Measures, Yarragadee 

Formation and Parmelia Group) represent a first-order approximation of the minimum net 

subsidence during that time period.  

All other processes act to reduce formation thickness. The effects of compaction on the 

preserved stratigraphic thicknesses are a second-order issue. Compaction is exponential with 

depth, so that the changes on sedimentary thickness below ∼2 km depth are lessened with 

further increases in depth (Giles et al., 1998), so caution must be exerted for rocks that have 

been buried to less than ∼2 km. However, quantification of the effects of compaction is 

beyond the scope of this study and is not considered further. 

The effects of erosion can have a significant effect on the preserved stratigraphic 

thicknesses, and the areal extent of erosion can be qualitatively assessed by investigation of 

unconformities. Regional unconformities such as the Valanginian breakup unconformity and 

Aptian–Albian unconformity that occurred after the deposition of the Warnbro Group are 

angular and so are readily identifiable in 2D seismic sections, at least in the offshore 

Vlaming Sub-basin and northern Perth Basin (Fig. 4.10). However, localised exhumation 

episodes that result in disconformity surfaces are not as readily identifiable in seismic survey 

images (e.g., Iasky, 1993; Mory and Iasky, 1996). Where entire formations are absent (e.g. 

the Yarragadee Formation on the Harvey Ridge), it is possible that these either have been 

eroded or represent domains of non-deposition (e.g. the absence of the Gage Sandstone 

outside the Vlaming Sub-basin). Where formations are present yet thin, identification of 

erosional surfaces relies solely on high-resolution paleontological dating, which is difficult 

for the predominantly sand-rich and oxidised formations such as the Lesueur Sandstone 

(Metcalfe et al., 2008; Mory et al., 2005; Mory et al., 2008). Thermal exhumation techniques 

such as vitrinite reflectance and apatite fission track (AFT) analysis are able to establish the 

timing of uplift and erosion (Bray et al., 1992; Green and Duddy, 2013b), but currently only 

three published studies exist for the Perth Basin (Green and Duddy, 2013a; Iasky, 1993; 

Mory and Iasky, 1996). A vitrinite reflectance study in the southern Perth Basin study by 

Iasky (1993) shows a localised Permian exhumation of 1–1.5 km (ca 265–255 Ma) on the 

Vasse Shelf and Harvey Ridge, and regional exhumation from 150 Ma to 137 Ma (breakup) 
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between 1 and 1.5 km that resulted in the formation of the Valanginian unconformity. A 

vitrinite reflectance study in the northern Perth Basin by Mory and Iasky (1996) shows 1.3–2 

km of regional exhumation between 150 and 137 Ma, but calculated vitrinite reflectance is 

commonly not statistically significant, so these interpretations should be treated with caution. 

An AFT analysis study along the same sub-basins in the northern Perth Basin by Green and 

Duddy (2013a) shows 1.5 km of exhumation on the Beagle Ridge, similar to the study by 

Mory and Iasky (1996). However, all other wells from the adjacent Cadda Terrace do not 

show breakup exhumation, but rather show ∼1 km of exhumation during the Late 

Cretaceous as well as ∼500 m of exhumation in the Cenozoic (Green and Duddy, 2013a).  

 

Figure 4.10: Seismic section V82A-51 in the Vlaming Sub-basin, showing the angular 

Aptian–Albian unconformity (Top Warnbro Group), Valanginian breakup (Main) 

unconformity and the Lower Cretaceous horizons in the Parmelia Group (Carnac to 

Otorowiri Formation), after Crostella and Backhouse (2000). 

Using geometric arguments alone, it is not possible to distinguish conclusively between: (a) 

differential subsidence ± subsequent uniform exhumation and (b) uniform subsidence with 

subsequent differential erosion as the cause of different preserved formation thicknesses 

(Fig. 4.11). Nevertheless, the heterogeneity in preserved thicknesses between adjacent sub-
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basins implies that fault activity, whether normal during subsidence or reverse during 

exhumation episodes, controlled the distribution of sedimentary accumulation (Fig. 4.9). 

 

Figure 4.11: Schematic diagram to illustrate why stratigraphic geometry alone cannot 

distinguish between (a) differential subsidence ± subsequent uniform erosion and (b) 

uniform subsidence with subsequent differential exhumation. 

The identification of formations in the Perth Basin that have not been affected by erosion 

associated with unconformity-forming events could be used to compare net subsidence 

across the basin for the time period of deposition. The only such formations in the 3D model 

that have not been significantly eroded are the Lower to Middle Jurassic Cattamarra Coal 

Measures and Eneabba Formation. There is some difficulty associated with differentiating 

between the Upper Triassic Lesueur Sandstone and Lower Jurassic Cattamarra Coal 

Measures, because the biostratigraphy resolution is poor. Thus, formation top picks were 

sometimes based on lithostratigraphy, which can be time transgressive. The Lower to Middle 

Jurassic formations are known to be slightly eroded on the Beagle Ridge, Harvey Ridge and, 

perhaps, the northernmost Perth Basin shelves, but elsewhere the Valanginian and Aptian–

Albian unconformity-forming events have not eroded into the Lower to Middle Jurassic 

stratigraphy as indicated by a conformable, overlying Cadda or Yarragadee formation. 

Regionally, variations in the stratigraphic thickness data for the Cattamarra Coal Measures 

and Eneabba Formation, combined into one unit in the 3D model, show that the magnitude 



H.K.H. Olierook   Perth Basin 3D Model 

138 

 

and rate of subsidence are greater in the southern and central Perth Basin relative to the 

northern Perth Basin, perhaps corresponding to spatial differences in rifting magnitudes 

during the Early Jurassic associated with Rift II-1 of Song and Cawood (2000). his would 

indicate that rifting preceding continental breakup was broadly hinged from south to north. 

However, there are significant differences in preserved thicknesses across adjacent troughs, 

terraces, ridges and shelves in the Perth Basin. This indicates that subsidence during the 

Early Jurassic was heterogeneous at a sub-basin scale. Given that these sub-basin boundaries 

are controlled by faults, differences in preserved thickness of the Cattamarra Coal Measures 

and Eneabba Formation imply that heterogeneous subsidence rates were controlled by fault 

(re-)activation. Resolution of the full subsidence history of other stratigraphic formations 

across the basin would require quantitative assessment of exhumation through time and is the 

subject of further investigation (Olierook and Timms, In Press). 

5.2 Implications of the new 3D model for resource exploration and further tectonic 

analysis 

This study represents the first 3D model of the entire Perth Basin. Currently, the only other 

publicly available 3D model is of the northern Perth Basin (Geological Survey of Western 

Australia, 2011). The model builds on previous published work (Crostella and Backhouse, 

2000; Iasky, 1993; Mory and Iasky, 1996; Playford et al., 1976; Song and Cawood, 2000). In 

addition, the principal advantages of our 3D model are: (a) it incorporates the most up-to-

date well data, particularly in the vicinity of Perth; and (b) it integrates onshore and offshore 

data to encompass the entire Perth Basin, excluding the north-western Abrolhos and 

Houtman sub-basins, which permits basin-wide numerical simulations. For example, an early 

generation of this 3D geological model was used by Reid et al. (2012) to model conductive 

temperatures of the entire Perth Basin. The simulated temperature field provides a picture of 

large-scale temperature variations in the Perth Basin, which may be used to identify 

potentially attractive locations of geothermal resources. Improved processing of the gravity 

and aeromagnetic data has led to refinement of the interpretation of major structures in the 

Perth Basin that primarily involves the identification of new faults and fault segment 

extensions. Some of these faults link with faults recognised in the Pilbara and Yilgarn 

cratons. The implications for fluid flow in the Perth Basin depend entirely on the modern-

day permeability properties of the stratigraphic units (Delle Piane et al., 2013a; Olierook et 

al., 2014a; Timms et al., 2015) and faults (Olierook et al., 2014b; Reid et al., 2012).  
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This 3D model also has the potential to identify areas for quantitative geohistory analysis 

(e.g. sonic transit time or AFT analysis) and further develop techniques into 3D geohistory 

analysis. Geohistory analysis is usually restricted to 1D or 2D analysis owing to well 

constraints (Gallagher and Lambeck, 1989; Roberts et al., 1998). Now, instead of being 

limited to the ∼350 deep drill holes in the Perth Basin, each grid node (at 250 × 250 m 

spacing) has sufficient information on formation thickness and position to be a valuable 

input parameter to 3D backstripping (Hansen et al., 2007). However, one key variable that 

remains elusive for the Perth Basin is a reservoir model that accurately describes each 

formation's porosity across the entire Perth Basin. This is required to ‘decompact’ 

sedimentary rocks to their original porosity at the time of deposition (Gallagher and 

Lambeck, 1989). Other inputs such as mantle and crustal densities/thicknesses, eustatic sea-

level and water depths at the time of deposition may be gathered from global studies with 

high degrees of confidence (Carlson and Raskin, 1984; Christensen and Mooney, 1995; 

Müller et al., 2008; Poudjom Djomani et al., 2001), and so would not be an issue. 

5.3 Limitations of the new 3D model 

The new 3D geological was designed to perform basin-scale hydrothermal modelling (see 

Reid et al., 2012), and to provide an invaluable resource in large-scale tectonic studies of the 

southwestern Australian margin (Olierook and Timms, In Press). Therefore, it is important to 

keep in mind that the intention of the modelling is to capture the broad geometry of the Perth 

Basin and so inherently involves structural and stratigraphic simplifications; and, as such, it 

is not suitable for smaller-scale simulations/investigations. The main limitations of the model 

are as follows: 

1. In areas where seismic data are absent, or seismic data quality/coverage is poor, the 

positions and depths of stratigraphic surfaces were poorly constrained. As such, the 3D 

model provides a first-order estimate of horizon positions and depths, but caution must 

be exercised with their interpreted positions and depths. Furthermore, even in areas 

where seismic quality and coverage are good, the deeper parts of the basin are difficult 

to interpret. In particular, the depths of Permian and Triassic stratigraphy in the deep 

troughs are highly uncertain. Consequently, the relative consistency for the thickness of 

the Lesueur Sandstone is unlikely to be as uniform as modelled in this study (see Fig. 

4.6). Similarly, the thick Permian section in the southern Perth Basin adjacent to the 

Darling Fault could be in error. This also prevented us from drawing additional 
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conclusions on the spatial and temporal variations in subsidence, sedimentary fill and 

exhumation in the Perth Basin. 

2. In areas where faults have been interpreted, but there are no seismic surveys or 

petroleum wells to constrain their displacement, an interpretation of small fault throws 

and dipping strata has been assigned instead of large fault throws to maintain horizontal 

stratigraphy. It is acknowledged that the converse is also feasible. Nevertheless, the 

particular choice of interpretation does not change bulk, basin-scale geometry of the 

stratigraphic units significantly. However, the implications of the choice of 

interpretation must be understood because the geothermal transport properties of any 

structural model (e.g. geofluid flow) greatly depend on the physical properties and 

sealing capacity of faults of all scales (Olierook et al., 2014b; Reid et al., 2012). 

3. Geometric uncertainties were not explicitly quantified for the 3D geological model. The 

quantity and quality of data constraints vary significantly in three dimensions across the 

modelled area. The positions of well constraints for each stratigraphic surface (Fig. 4.5) 

provide a qualitative assessment of geometric uncertainty. Furthermore, the parts of the 

model developed from four previous studies could be considered internally consistent 

(Fig. 4.4). However, there are significant domains in the model where well and/or 

seismic constraints are scarce or absent. In these domains, the quality of the model is 

highly reliant on the structural interpretation from potential fields data and the surface 

interpolation algorithm of the modelling software. Geometric uncertainty could be 

quantified by using an information entropy approach (Reid et al., 2012; Wellmann and 

Regenauer-Lieb, 2012). 

 

6 Conclusions 

1. This study has developed the first regional 3D structural and stratigraphic model of the 

Perth Basin and incorporates 270 faults and 12 stratigraphic formations. 

2. The 3D model of the Perth Basin shows heterogeneous preserved formation thicknesses 

through time at a local and regional scale. These may have resulted from differential 

subsidence and/or differential exhumation, but the formation geometries alone cannot 

distinguish between these two models if any erosion has occurred. 

3. The only formations that show minimal unconformities (i.e. no erosion) are the 

Cattamarra Coal Measures and Eneabba Formations. These show greater subsidence in 

the southern and central Perth Basin relative to the northern Perth Basin, and indicate 
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that subsidence is broadly hinged from south to north during the Early and Middle 

Jurassic. 

4. Significant differences in thicknesses of the Cattamarra Coal Measures and Eneabba 

Formation across troughs, terraces, ridges and shelves indicate that subsidence was 

locally heterogeneous. This was most likely controlled by differential displacement 

along faults that bound sub-basins during subsidence and, subsequently, during 

exhumation episodes. 

5. The 3D model has significant potential for future numerical studies of fluid and heat 

flow in the Perth Basin and large-scale tectonic analysis of the southwestern Australian 

margin. 
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Abstract 

The central and southern Perth Basin in southwestern Australia has a geological history 

involving multiple regional unconformity-forming events from the Permian to Recent. This 

study uses sonic transit time analysis to quantify the magnitudes of net and gross exhumation 

for four stratigraphic periods from 43 wells. Most importantly, we quantify gross 

exhumation of the Permian–Triassic, Triassic–Jurassic, Valanginian break-up and post-Early 

Cretaceous events. Post-Early Cretaceous gross exhumation averages 900-m offshore and 

600-m onshore. Up to 200 m of this exhumation may be attributed to localized fault block 

rotation during extension in the Late Cretaceous and/or reverse fault re-activation due to the 

compressive stresses in Australia in the last 50 Ma. The remainder is attributed to regional 

exhumation caused by epeirogenic processes either during the Cenozoic or at the Aptian–

Albian boundary. Maximum burial depths prior to the Valanginian unconformity-forming 

event were less than those reached subsequently, so that the magnitude of Valanginian 

break-up exhumation cannot be accurately quantified. Gross exhumation prior to the break-

up of Gondwana was defined by large magnitude differences (up to 2500 m) between 

adjoining sub-basins. At the end of Triassic, exhumation is primarily attributed to reverse re-

activation of faults that were driven by short-wavelength inversion and exhumation at the 

end Permian is likely caused by uplift of rotated fault blocks during extension. The evidence 

from quantitative exhumation analysis indicates a switch in regime, from locally 

heterogeneous before break-up to more regionally homogeneous after break-up. 

1 Introduction 

The Perth Basin in southwestern Australia has a protracted history involving multiple rifts 

throughout the Late Palaeozoic and Mesozoic before the eventual drift of Greater India at ca. 

137–136 Ma, followed by Antarctica at ca. 90–87 Ma (Direen, 2011; Gibbons et al., 2013). 

The central and southern Perth Basin was ca. 700 km from the relict nexus of eastern 

Gondwana and so it the closest accessible basin to the triple junction. Combined with a 

Permian–Recent stratigraphy, the Perth Basin records a long geological history of the 

tectonism during and after Gondwana (Fig. 5.1). Phases of subsidence and siliciclastic fill 

have been punctuated by regional unconformity-forming events. In the central and southern 

Perth Basin, the most significant unconformities are at the Permian–Triassic boundary (ca. 

251–247 Ma), the Triassic–Jurassic boundary (ca. 201–198 Ma), during the Valanginian (ca. 

137–133 Ma), the Aptian–Albian boundary (Early Cretaceous; ca. 113–108 Ma) and onshore 

in the Cenozoic (ca. 66–0 Ma). These events are recognized from gaps in the 
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palaeontological record  (Backhouse, 1988a; Crostella and Backhouse, 2000), thermal data 

such as vitrinite reflectance and Rock-Eval pyrolysis (Iasky, 1993; Kantsler and Cook, 1979) 

and jumps in fault displacement profiles identified from seismic, magnetic and gravity 

survey data (Iasky, 1993; Iasky et al., 1991; Song and Cawood, 2000).  The unconformity-

forming event that resulted from the break-up of Australia from Antarctica in the Late 

Cretaceous (90–87 Ma) is not known to be preserved in the Perth Basin (Crostella and 

Backhouse, 2000).  
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Figure 5.1: Stratigraphy of the southern and central Perth Basin showing depositional 

regimes and major tectonic stages. Information derived from the following sources: 

Geological timescale (Gradstein et al., 2012); Palynostratigraphic units (Backhouse, 

1988a, 1993; Crostella and Backhouse, 2000; Ingram, 1991; Ingram and Cockbain, 

1978; Playford et al., 1976); lithostratigraphy (Crostella and Backhouse, 2000; Playford 

et al., 1976); facies modified from Iasky (1993); tectonic stages (Pryer et al., 2005; Song 

and Cawood, 2000) and igneous activity (Coffin et al., 2002; Olierook, pers. comms, 

2015). 

Quantification of exhumation may give insights into mantle and crustal processes, such as 

the amount of stretching, thermal-related buoyancy and/or reorganizations of relative plate 

motions (Braun et al., 2009; Conrad and Gurnis, 2003; Kusznir and Karner, 2007; Saunders 

et al., 2007). By examining the spatial and temporal variation in exhumation, the interplay 

between lithospheric processes can be discerned during the evolution of the basin, including 

dynamic topography caused by epeirogenesis, flank uplift during break-up, fault re-

activation/localized inversion or localized uplift caused by fault block rotation during 

extension (Barnett-Moore et al., 2014; Braun and Beaumont, 1989; Czarnota et al., 2014; 

Yielding, 1990). Recognizing these exhumation processes will help understand how 

supercontinents rift, break-up and drift over long time periods. 

The quantification of exhumation is also a key tool for assessing economic potential within 

sedimentary basins. Fault re-activation or variability in palaeo-drainage could cause 

variations in detrital provenance and sediment depocentres, as well as possible intrabasinal 

reworking of sediments (Olierook et al., 2014b). These variations can affect the distribution 

of primary sedimentary characteristics, such as grain size and sorting, and influence the 

diagenetic history across the basin. Vertical changes in petrographic and petrophysical 

characteristics caused by exhumation play an important part of the basin's burial history that 

influences whether or not hydrocarbons mature, the evolution of reservoir properties and the 

development of traps (Corcoran and Doré, 2005; Doré et al., 2002; Tassone et al., 2014a). 

The influence of exhumation on physical properties can also affect modern-day fluid flow, 

which is important for groundwater management, with implications for geothermal 

prospectivity and suitability for carbon capture and storage (Champ, 2010; Daniel, 2005; 

Olierook et al., 2014a; Timms et al., 2012; Timms et al., 2015).  

In this study, we utilize sonic transit time analysis (Δt) analysis, which acts as a proxy to 

measure and characterize the degree of (over)compaction. In turn, overcompaction is a proxy 
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for exhumation. Sonic transit time data are used to quantify the magnitude of exhumation 

from four time periods that bracket the key unconformity-forming events for 43 wells in the 

central and southern Perth Basin. This provides insights into the exhumation history of the 

Perth Basin, the timing and magnitude of faulting, and the tectonic implications of the break-

up of Gondwana. 

 

2 Geological setting 

The southern and central Perth Basin comprises both offshore (Vlaming Sub-basin) and 

onshore (Vasse Shelf, Bunbury Trough, Harvey Ridge, Mandurah Terrace and Beermullah 

Trough) fault-bound subdivisions that have distinct geological histories (Figs. 5.1–5.3). 

Sedimentary basin fill began in the Early Permian with the deposition of the Sue Group until 

the end Permian. Following a short hiatus at the Permian–Triassic unconformity on the 

Vasse Shelf and, possibly, on the Harvey Ridge (Iasky, 1993; Song and Cawood, 2000), the 

Sabina Sandstone and Lesueur Sandstone were deposited until the end of the Triassic period. 

Crostella and Backhouse (2000) interpreted these to be conformably overlain by Jurassic–

lowermost Cretaceous stratigraphy, including the Eneabba Formation, Cattamarra Coal 

Measures, Cadda Formation, Yarragadee Formation and Parmelia Group. However, Iasky et 

al. (1991) suggested that there may be a Triassic–Jurassic unconformity present in several 

sub-basins on the basis of thermal modelling. Given the limited microfossil and 

palynological evidence near the Triassic–Jurassic boundary (Crostella and Backhouse, 

2000), it is possible that this unconformity is present, albeit localized. Furthermore, the 

Jurassic–lowermost Cretaceous formations vary in thickness across the basin, and are 

extremely thin on the Harvey Ridge, and absent on the Vasse Shelf, possibly as a result of 

erosion (Fig. 5.3 & Table 5.1).  
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Figure 5.2: Map of the southern and central Perth Basin showing the location of 

petroleum and stratigraphic wells, major sub-basin dividing structures, smaller scale 

faults. Faults from Iasky (1993), Marshal et al. (1993), Crostella & Backhouse (2000) 

and Timms et al. (2012). 
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Figure 5.3: (a, b) Well tie-sections, modified from Crostella & Backhouse (2000). GR = 

Gamma ray (0–200 API); Δt = sonic transit time (140–40 μs ft-1). (c) Legend to 

accompany sections a & b, with stratigraphic color-scheme from Gradstein et al.  

(2012). 
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Peel 1 0 265 859 1625 3551 – – – – – – –
Warnbro 1 0 ? 1003 2204 2987 – – – – – – –
Minder Reef 1 0 ? 475 864 np – – – – – – –
Roe 1 0 ? 616 873 – – – – – – – –
Sugarloaf 1 0 253 390 np 710 – – – – – – –
Bouvard 1 0 281 650 1137 – – – – – – – –
Challenger 0 ? 868 1429 1907 – – – – – – –
Parmelia 1 0 ? 1108 1593 – – – – – – – –
Gage Roads 1 0 ? 617 1205 2616 – – – – – – –
Gage Roads 2 0 ? 577 1374 2932 – – – – – – –
Tuart 1 0 ? 535 1107 – – – – – – – –
Mullaloo 1 0 ? 443 1825 – – – – – – – –
Charlotte 1 0 ? 450 1576 – – – – – – – –
Marri 1 0 ? 474 1235.5 – – – – – – – –
Quinns Rock 1 0 ? 384 794 1670 – – – – – – –
Gingin 1 0 40 94 189 356 3314 3610 – – – – –
Gingin 2 0 ? ? 280 430 3399 3591 – – – – –
Gingin 3 0 ? 116 267 ? 3209 3223 – – – – –
Gingin West 1 0 ? ? 7.8 251 3080 3187 – – – – –
Bootine 1 0 ? ? ? 257 3066 3372 – – – – –
Eclipse 1 0 ? ? ? 306 2934 3015 – – – – –
Bullsbrook 1 0 np 92 np 160 2809 3050 – – – – –
Badaminna 1 0 np 61 np 288 967 1298 – – – – –
Barragoon 1 0 75 213 np 803 – – – – – – –
Cockburn 1 0 np 39 np 313 1565 1913 – – – – –
Rockingham 1 0 np 65 np 287 730 939 – – – – –
Pinjarra 1 0 np 24 np np np 149 1203 2373 – – –
Wonnerup 1 0 np 17 np 36 po 854 po 2125 3644 4105 –
Sabina River 1 0 np 61 np 150 po 950 po 1800 3432 3914 –
Chapman Hill 1 0 np 18 np 240 po 438 – – – – –
WR1 0 np 15 np 98 po 937 po 1887 3450 3915 –
WR2 0 np 0.1 np 108 po 969 po 1817 3420 3987 –
WR3 0 np ? np 184 po 791 po 1801 3515 4017 –
WR4 0 np 18 np 186 po 932 po 1903 3578 3881 –
Rutile 1 0 np 10 np 126 po 634 po 1205 2280 2337 –
Blackwood 1 0 np 18 np 186 po 531 po 961 2061 2448 –
Scott River 1 0 np np np np po 7 po 403 1320 1801 –
Canebreak 1 0 np 16 np np po 150 po 447 1285 1709 –
Lake Preston 1 0 np 42 np np np np 112 1219 3511 4035 –
Preston 1 0 np 25 np np np np 205 – – – –
GSWA Harvey 1 0 np 31 np np np np 300 813 2895 – –
Sue 1 0 np 6 np np np np np 169 878 1216 3054
Alexandra Bridge 1 0 np 3 np np np np np 70 np 408 –

Vlaming Sub-
basin

Q uat
. 

U. Cretac. 
Coolyena 

L. Cretac. 
Warnbro 

L. Cretac. 
Parmelia 

L. Triass. 
Sabina Sst.

Perm. 
Sue Gp.

Precamb. 
basement

Sub- basin Well name U.–M. Jurassic 
Yarragadee 

M. Juras. 
Cadda 

L. Jurassic 
Cattamarra 

L. Jurassic 
Eneabba 

U.–M. Tria. 
Lesueur 

Bunbury 
Trough

Harvey Ridge

Vasse Shelf

Mandurah 
Terrace

Beermullah 
Trough
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Table 5.1: Stratigraphic tops of wells used in this study. All depths are in meters below 

ground level/seabed. np = not present; – = not penetrated; ? = unknown depth to top. 

After the deposition of the Parmelia Group, Greater India drifted away from Australia, 

resulting in mafic magmatism and basin-wide exhumation that resulted in the formation of 

the Valanginian break-up unconformity (Figs. 5.1 & 5.4) (Green and Duddy, 2013a; Iasky, 

1993; Mory and Iasky, 1996; Olierook et al., 2015b). After breakup, thick deposition of the 

Warnbro Group resumed offshore (Fig. 5.3b) (Backhouse, 1988a; Causebrook et al., 2006). 

However, onshore, only the youngest formation in the Warnbro Group is preserved, either 

due to nondeposition and/or erosion (Fig. 5.3a) (Crostella and Backhouse, 2000; Iasky, 

1993). A regional unconformity-forming event after the deposition of the Warnbro Group at 

the Aptian–Albian boundary (Fig. 5.4) was followed in the Late Cretaceous by deposition of 

the Coolyena Group until the end of the Cretaceous period. The Coolyena Group is only 

recorded in the offshore Vlaming Sub-basin and does not record any hiatuses, such as during 

rifting of Antarctica from Australia (Crostella and Backhouse, 2000). During the Cenozoic, 

deposition continued offshore with sediment filling accommodation space that was generated 

during the formation of the Indian Ocean. Onshore, Palaeogene to Neogene re-activation of 

faults in the Bunbury Trough produced a topographic high known as the Blackwood Plateau 

(Barnett-Moore et al., 2014; Czarnota et al., 2014). Lastly, the Perth Basin experienced 

minor Quaternary deposition of dune limestone, alluvium, laterite and associated sand 

(Playford et al., 1976). 
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Figure 5.4: Interpreted two-way-time seismic section proximal to Roe 1, Tuart 1 and 

Gage Roads 1 & 2 showing evidence of the Valanginian (main) unconformity and Top 

Warnbro Group unconformity in the Vlaming Sub-basin (Crostella and Backhouse, 

2000; Seggie, 1990). The Carnac to Otorowiri Formations are all members of the 

Parmelia Group. 

 

3 Quantifying exhumation magnitudes in sedimentary basins 

3.1 Definition of different exhumation terms 

Exhumation is defined as the combination of the upwards vertical displacement of a rock 

column (i.e. uplift) and the associated removal of overburden (i.e. erosion), relative to a 

specified reference frame, such as ground level or the seabed (England and Molnar, 1990; 

Hillis, 1995a). To avoid confusing terminology, Corcoran and Doré (2005) clearly defined 

two unambiguous exhumation terms: net and gross exhumation, alternatively known as 

differential and total exhumation (Fig. 5.5). Net exhumation is the difference between the 

present-day burial depth of a reference unit/formation and its maximum burial depth prior to 

exhumation, whereas gross exhumation is the thickness of section that must have been 

removed at a particular unconformity prior to any post-exhumation re-burial (Fig. 5.5). It is 

important to note that net exhumation will always be less than gross exhumation, unless 

post-exhumation re-burial has not occurred. 
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Figure 5.5: Calculation of exhumation using sonic transit time (Δt), modified from 

Tassone et al. (2014a). (a) Normal compaction trend, where sonic transit time is a 

function of depth for a specific formation that has homogeneous mineralogy and grain 

size. (b) Undercompaction occurs where rapid burial of low permeability sediments 

(e.g. thick shale layers), resulting in disequilibrium compaction and a 

negative/underestimated exhumation estimate. (c) Overcompaction occurs where a 

formation has been uplifted and eroded with respect to the normal compaction trend 

(gross exhumation). (d) Post-exhumation re-burial results in a lower magnitude of 

exhumation (net exhumation). Note if post-exhumation re-burial exceeds exhumation, a 

formation will return along the normal compaction trend. 

In this study, we measure net exhumation for four different chronostratigraphic intervals and 

also calculate gross exhumation where an unconformity is present between two 

chronostratigraphic intervals (illustrated in Fig. 5.6). Gross exhumation should only be 

calculated where the difference in net exhumation is significant (e.g. more than one standard 

deviation apart) to avoid overestimating gross exhumation (Fig. 5.6). Additionally, it is 

advantageous to measure any differences in net exhumation in adjacent stratigraphic 

sequences (Tassone et al., 2014a; Tassone et al., 2014b). Any major differences between two 

chronostratigraphic intervals is probably a result of exhumation between those intervals, and 
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so may assist in identification previously undocumented exhumation episodes. The 

difference in net exhumation can never be less than zero. It is impossible to exhume younger 

strata more than underlying older strata, unless a thick intrusion exists between them or salt 

doming has occurred, but these situations do not exist in the Perth Basin. If the difference in 

net exhumation between two formations equals zero, then either: (i) no exhumation occurred 

during this particular period, or; (ii) the magnitude of post-exhumation re-burial was equal or 

greater than the magnitude of exhumation, and so the exhumed portion is re-buried to a 

maximum burial depth.  

 

Figure 5.6: Schematic burial history plot to illustrate the difference between net and 

gross exhumation across two unconformities. All numbers are quoted in metres. The 

difference in net and gross exhumation of the Warnbro Group is 18 m derived from the 

amount of Quaternary overburden. The Jurassic–Cretaceous stratigraphy is buried by 

186 m of sediments and sedimentary rock; hence, its gross exhumation (836 m) is 186 m 

more than its net exhumation (650 m). Note that this approach is only valid if an 

unconformity exists between adjacent chronostratigraphic intervals (i.e. the 

chronostratigraphic interval has been brought to the surface to be eroded). 

3.2 Techniques used to quantify exhumation magnitudes 

The identification and quantification of exhumation may be undertaken in four different 

frames of reference: stratigraphic, tectonic, thermal and compaction (cf. Corcoran and Doré, 

2005). In the central and southern Perth Basin, the identification of exhumation has typically 
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relied on a stratigraphic framework. The formations that have been established in the Perth 

Basin are essentially chronostratigraphic based on characteristic palynological biozones (Fig. 

5.1) (Backhouse, 1988a; Crostella and Backhouse, 2000). Time gaps identified from 

biozones and stratigraphic relationships on seismic survey data have been used to infer 

disconformities or angular unconformities, and thus the identification of exhumation 

events(Iasky, 1993; Song and Cawood, 2000). This approach provides a timeframe for the 

exhumation event within the precision of biozones, but it cannot be used to quantify 

exhumation magnitudes. As such, stratigraphic methods are not able to differentiate between: 

(i) uniform subsidence followed by differential exhumation, or; (ii) differential subsidence 

followed by uniform exhumation (Fig. 5.7). 

 

Figure 5.7: Two end-member models to explain the variable stratigraphic thicknesses 

across the southern half of the Perth Basin. (a) Model 1: Differential subsidence 

followed by uniform exhumation. (b) Model 2: Uniform subsidence followed by 

differential exhumation. 
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Exhumation analysis using a tectonic framework utilizes models of theoretical subsidence 

curves (e.g., McKenzie, 1978) and are then compared with observed tectonic subsidence 

histories derived from backstripping and unloading of sedimentary rock columns 

encountered in wells (Corcoran and Doré, 2005). Its main advantage is that it provides 

additional insights into the thermal and mechanical processes of lithospheric stretching, 

basin evolution and uplift. However, the McKenzie (1978)-type lithospheric stretching 

models that assume instantaneous rifting are unlikely to be valid for slow-rifting passive 

margins, such as the Western Australian passive margin (Coffin and Eldholm, 1992). Given 

that this study aims to establish exhumation magnitudes in different stages of Gondwana 

rifting, tectonic exhumation analysis is unsuitable. 

Thermal history data such as vitrinite reflectance (VR) and apatite fission track (AFT) 

analysis are powerful and often preferred techniques to estimate magnitudes of exhumation 

as the absolute timing of cooling that may be associated with exhumation can also be 

estimated  (Bray et al., 1992; Green and Duddy, 2013b). Other techniques require cross-

calibration with thermal or stratigraphic data to identify the absolute timing of exhumation 

episodes. 

3.3 Quantifying exhumation magnitudes using a compaction-based approach 

An alternative exhumation framework utilizes compaction-based techniques, using porosity 

as a proxy for compaction and, in turn, overcompaction as a proxy for exhumation (Corcoran 

and Doré, 2005). To achieve the highest resolution data set, compaction-based techniques 

that have both the highest spatial and depth resolution are preferred. A method that involves 

root-mean-square (RMS) stacking velocity data processed from seismic reflection profiles 

provides superior spatial coverage because data are not restricted to borehole locations 

(Walford and White, 2005). However, seismic quality in the onshore Perth Basin is very 

poor to poor, and so this approach is infeasible. Instead, porosity-sensitive petrophysical data 

such as neutron, density and sonic transit time are useful because these continuously log the 

rock column and are routinely acquired, although at a lower spatial resolution than stacking 

velocity data (Corcoran and Doré, 2005; Walford and White, 2005). Sonic transit time data 

are preferred over bulk density and neutron data, however, because they avoid open fractures 

and void spaces, and so principally record primary porosity (Rider and Kennedy, 2011). 

Sonic transit time data act as a proxy for porosity, and in turn, as a proxy for compaction. 

Compaction is the mechanical process by which the porosity of a sediment or sedimentary 

rock is progressively decreased due to the effects of loading of an overlying rock column 
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(Giles et al., 1998). In a continually subsiding basin, porosity decreases steadily with depth 

along a predictable trend (Normal Compaction Trend – NCT) (Hillis et al., 1994; Japsen et 

al., 2002). This trend is strongly dependent on rock type and constituent grain 

size/mineralogy. For example, mudstone follows a different normal compaction-depth trend 

to sandstone (e.g. Tassone et al., 2014a; Tassone et al., 2014b). The narrower range of grain 

sizes in mudstone makes it more reliable than sandstone, which has a wider range of initial 

textures, and therefore, compaction–depth trends. For a given rock type, a normal 

compaction trend can vary from basin to basin, and must be established independently for 

every basin (Corcoran and Doré, 2005). Exhumation brings compacted rocks closer towards 

the surface, and so a partially exhumed portion of a basin will show a lower porosity (i.e. 

overcompacted) for a given depth than its nonexhumed counterpart (Doré et al., 2002). A 

normal sonic transit time–depth (alternatively: baseline) trend representing normal 

compaction during burial is established from wells with stratigraphic sections that are 

presently at maximum burial depths (Corcoran and Doré, 2005). The normal compaction 

trend (ΔtNCT) may be calculated if it decreases predictably with depth (ZMP), defined by an 

exponential decay constant (b), an initial sonic transit time at the surface (Δt0) and a mineral 

matrix sonic transit time at infinite depth (C) (Japsen et al., 2007; Tassone et al., 2014a): 

ΔtNCT = (Δt0 – C)e–b×ZMP + C     – 1 

The initial sonic transit time (Δt0) is typically 190–220 μs ft-1, whereas the mineral matrix 

sonic time (C) is ca. 50–70 μs ft-1 (Doré et al., 2002; Tassone et al., 2014a). The exponential 

decay function (b) depends critically on the ratio of framework to clay minerals and the 

composition of clay minerals (Marcussen et al., 2009; Peltonen et al., 2008). In particular, 

the relative abundance of smectite/illite to kaolinite is a critical factor for the exponential 

decay function. At ground level, kaolinite with little adsorbed water builds up thick flakes 

that are up to a thousand times larger than smectite or illite particles (Japsen, 2000). 

Consequently, during compaction, sonic transit time rapidly decreases with depth in 

kaolinite-bearing shale/mudstone, but far more slowly in smectite–illite-bearing rocks 

(Mondol et al., 2007).  

Net exhumation can be quantified from the vertical distance required to translate the sonic 

transit time–depth profile to match the constructed NCT (Fig. 5.5). If the absolute ages of 

exhumation events are known (e.g. via thermal or stratigraphic methods), it is possible to 

convert net exhumation to gross exhumation for an unconformity-forming event (Fig. 5.6) 

(cf. Tassone et al., 2014). Net exhumation (EN) may be calculated as the difference between 
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the maximum burial depth (BMax; i.e. the depth on the NCT corresponding to the measured 

sonic transit time) and present-day burial depth (BPresent-day) are known according to the 

following equation (Corcoran and Doré, 2005). 

EN = BMax – BPresent-day     – 2 

As the Perth Basin records four main unconformities from the Permian to the Quaternary 

periods, gross exhumation (EG) may also be calculated at these specific unconformities by 

adding the net exhumation (EN) to the post-exhumation burial (BPost-Exh.; Table 5.1)  using the 

following equation (Corcoran and Doré, 2005) (also see Fig. 5.6).  

EG = EN + BPost-Exh.     – 3 

It must be emphasized that gross exhumation may only be calculated for chronostratigraphic 

intervals that record an unconformity and that have a significant difference in net 

exhumation (i.e. greater than one standard deviation) with the overlying chronostratigraphic 

interval. However, we note that it is possible that previously unidentified unconformities 

may be present, particularly given the lack of palynological constraints in some wells 

(Crostella and Backhouse, 2000). However, this possibility is not investigated further in this 

study. 

 

4 Sonic transit time analyses 

Several parameters and assumptions are involved with sonic transit time analysis. To satisfy 

the main parameters, we require formations that: (i) are hydrostatically pore fluid pressured; 

(ii) are brine-saturated; (iii) are acoustically homogeneous (lithology, grain size and 

mineralogy/diagenesis), thick and laterally extensive, and most importantly; (iv) have 

experienced steady porosity reduction during mechanical and thermochemical/diagenetic 

compaction (Bulat and Stoker, 1987; Hillis, 1995b; Japsen, 1999; Japsen et al., 2007). 

Additionally, precise construction of normal compaction trends is vital in quantifying 

reliable magnitudes of exhumation (Tassone et al., 2014a). Similarly, the reliability of 

collected sonic logs depends on the integrity of the borehole and any tool issues during the 

logging run. However, the most fundamental assumption of using porosity as a method for 

calculating uplift/erosion is that compaction is an irreversible process that is not modified 

during exhumation (Corcoran and Doré, 2005). Porosity lost during diagenesis via chemical 

reactions and overburden compaction will effectively remain unchanged during exhumation 
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(Rider and Kennedy, 2011). Unloading effects such as poroelastic rebound do exist, but are 

negligible in comparison to the effects of burial-related compaction (Lubanzadio et al., 

2006). This assumption tends to be robust except in the least consolidated sedimentary rocks, 

and poorly consolidated sedimentary rocks may be readily identified in a number of ways, 

including by observations of poor consolidation in cores and erratic wireline log responses, 

so they are easily eliminated from sonic transit time analysis (Corcoran and Doré, 2005). 

4.1 Characteristics of the stratigraphic sections to be analyzed 

Available pressure data show that nine wells within the Perth Basin are hydrostatically 

pressured, of which two are in the offshore Vlaming Sub-basin (Fig. 5.8). Fluid samples and 

resistivity wireline logs show that the majority of formation waters are brine-saturated 

(Crostella and Backhouse, 2000; Daniel, 2005). The exceptions include hydrocarbon-bearing 

sandstone intervals and the shallowest, poorly consolidated Cenozoic units. Neither 

sandstones nor Cenozoic sedimentary rocks are used in this study, so these rock types are not 

an issue.  

 

Figure 5.8: Available pore-pressure data from the southern half of the Perth Basin, 

corrected for mud weights. Data are collected via RFT, unless indicated. All wells 

appear to be hydrostatically pressured. 

The southern and central Perth Basin is comprised of at least 10 distinct chronostratigraphic 

formations, with less distinct lithostratigraphic members and units within formations (Fig. 
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5.1). We examine four chronostratigraphic intervals that are bound by local or regional 

unconformities: (i) the Permian; (ii) the Triassic; (iii) the Jurassic–lowermost Cretaceous, 

and; (iv) the Lower Cretaceous. Each of these intervals is thick, laterally extensive and 

includes sets of lithofacies, each with similar petrographic and mineralogical characteristics. 

Mineralogical characteristics of the stratigraphic intervals are examined below. 

4.1.1 Lower Cretaceous Warnbro Group 

X-ray diffraction results have shown that mudstone, shale and claystone in all three members 

of the Warnbro Group are dominated by quartz, kaolinite and smectite (Table 5.2) 

(Descourvieres et al., 2011; Descourvières et al., 2010; Watson, 2006). However, it is 

evident that the proportions of clay minerals are not consistent across the different 

formations of the Warnbro Group. An average of 27 analyses in the Leederville Formation 

shows only kaolinite as the main clay mineral, whereas mudstone units in the Gage 

Sandstone comprise far more smectite. Watson (2006) also indicates that the composition of 

the South Perth Shale is similar to the Gage Sandstone based on optical microscopy 

comparison. The Gage Sandstone and South Perth Shale are confined to the Vlaming Sub-

basin and central Mandurah Terrace, whereas the Leederville Formation is present 

throughout the entire central and southern Perth Basin. As a precaution, we disregard sonic 

transit time data from the Gage Sandstone and South Perth Shale because these formations 

are mineralogically incomparable and spatially restricted relative to the Leederville 

Formation.  
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Quartz K-Feldspar Plagioclase Kaolin Illiteb Smectite Chlorite NatrojarositeOther Method
Leederville Fm. BY07 & M345 27 analyses 18 20 1 54 – – – – 7 XRD
Gage Sst. Gage Roads 1 1520 46 2 – 9 – 34 – 7 2 XRD
Gage Sst. Gage Roads 1 1521 40 1 – 12 4 37 – 4 2 XRD
Gage Sst. Warnbro 1 1961 9 2 – 50 13 23 1 – 1 XRD
Parmelia Group no data
Yarragadee Fm. Cockburn 1 1009 52 14 – 27 1 – 1 – 5 AMA
Cadda Fm. no data
Cattamarra C.M. Gingin 1 2480 45 17 – 29 2 – 4 – 5 AMA
Cattamarra C.M. Gingin 1 2825 50 15 – 27 2 – 4 – 3 AMA
Cattamarra C.M. Gingin 1 2978 58 16 – 17 2 – 1 – 5 AMA
Cattamarra C.M. Gingin 1 3644 46 17 4 23 3 – 1 – 5 AMA
Eneabba Fm. no data
Lesueur Sst. Pinjarra 1 2895 61 9 – 9 7 – – – 3 AMA
Lesueur Sst. Pinjarra 1 3698 60 11 – 2 21 – – – 5 AMA
Lesueur Sst. Pinjarra 1 3698 68 13 – 3 16 – – – 1 AMA
Lesueur Sst. Pinjarra 1 3698 61 7 – 2 21 – – – 9 AMA
Lesueur Sst. GSWA Harvey 1 1266 51 17 21 4 5 2 – – <1 XRD
Lesueur Sst. GSWA Harvey 1 1271 34 11 8 10 26 12 – – <1 XRD
Lesueur Sst. GSWA Harvey 1 1286 29 10 9 11 20 19 – – <1 XRD
Lesueur Sst. GSWA Harvey 1 1296 23 8 8 10 35 14 – – <1 XRD
Lesueur Sst. GSWA Harvey 1 1319 30 11 7 8 20 15 – – 8 XRD
Lesueur Sst. GSWA Harvey 1 1337 58 21 4 6 4 4 – – 4 XRD
Lesueur Sst. GSWA Harvey 1 1343 64 19 0 6 11 0 – – <1 XRD
Lesueur Sst. GSWA Harvey 1 1344 61 23 0 10 4 3 – – <1 XRD
Lesueur Sst. GSWA Harvey 1 1330 38 22 14 7 10 8 – – <1 XRD
Sue Group Whicher Range 2 3947 M m – M M M m – – SEM
Sue Group Whicher Range 3 4029 M m – – M M M – m SEM
Sue Group Whicher Range 4 3938 M m – M – – M – m SEM
Sue Group Whicher Range 4 3936 M m – – M M M – m SEM

aAll analyzed rocks are claystone, mudstone or shale
balso includes muscovite and illite-smectite

Lower 
Cretaceous 

Warnbro 
Group

Pre-breakup 
Jurassic– 

Cretaceous 
stratigraphy

Triassic

Permian

Age Formation/ 
Group

Quantitative and semi-quantitative mineralogy (%)a

Well name Depth (m)
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Table 5.2: Mineralogical analyses of claystone, mudstone and shale samples in the 

studied formation. M= major; m = minor; XRD = x-ray diffraction; AMA = automated 

mineral analysis; SEM = visual inspection using scanning electron microscopy. [1] 

Descourvières et al. (2010); [2] Descourvieres et al. (2011); [3] Watson (2006); [4] 

Timms et al. (2012); [5] Timms et al. (2015); [6] Delle Piane et al. (2013b); [7] Olierook 

et al. (2014a); [8] Butland and George (2012). 

4.1.2 Jurassic–lowermost Cretaceous stratigraphy 

Five formations comprise the Jurassic to lowermost Cretaceous stratigraphy and only two of 

these have quantitative mineralogical data (Table 5.2) (Timms et al., 2012; Timms et al., 

2015). Both the Yarragadee Formation and Cattamarra Coal Measures are dominated by 

quartz, K-feldspar, and kaolinite, with minor other phases. Based on four analyses, the 

Yarragadee Formation and Cattamarra Coal Measures appear to have very similar mineral 

compositions and percentages. Of the three unanalysed formations, the Cadda Formation and 

Eneabba Formation are never the sole formation present in the Jurassic–lowermost 

Cretaceous stratigraphy (Table 5.2). Therefore, these formations are excluded from sonic 

transit time analysis. The Parmelia Group is the predominant Jurassic–lowermost Cretaceous 

interval in the Vlaming Sub-basin. To obtain any net exhumation magnitudes from the 

Jurassic–lowermost stratigraphy in the Vlaming Sub-basin, it is necessary to use of the 

Parmelia Group in sonic transit time analysis. However, the mineralogy of the Parmelia 

Group has not been established and so we exercise caution when interpreting the sonic 

transit time results from the Parmelia Group.  

4.1.3 Triassic Lesueur Sandstone 

Thirteen X-ray diffraction and automated mineral analyses from two wells have been 

performed on mudstone samples from the Lesueur Sandstone (Table 5.2) (Delle Piane et al., 

2013b; Olierook et al., 2014a; Timms et al., 2012; Timms et al., 2015). There are key 

mineralogical differences between the two wells, which are likely attributed to the 

lithologically distinct Wonnerup (deeper; sampled in Pinjarra 1) and Yalgorup Members 

(shallower; sampled in GSWA Harvey 1). Both members of the Lesueur Sandstone are 

dominated by quartz, K-feldspar, illite and smectite, with minor kaolinite. Although the 

constituents in the two members are similar, the mineral proportions are considerably 

different, with more illite and smectite in the Yalgorup Member, and more kaolinite in the 

Wonnerup Member. Therefore, we have treated the two members as mineralogically distinct 
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entities in order to carefully assess whether their mineralogical distinction appears to have 

any bearing on the sonic transit time analysis.  

4.1.4 Permian Sue Group 

No quantitative mineralogical analyses have been performed for Sue 1, but recent visual 

inspection of diagenetic phases using a scanning electron microscope has analysed major and 

minor constituents in the Permian Sue Group (Table 5.2) (Butland and George, 2012). The 

diagenetic phases predominantly comprise of quartz overgrowths, kaolinite, illite, smectite 

and chlorite, but closer inspection of these thin section photomicrographs in the report by 

Butland and George (2012) indicates that chlorite appears to be a fairly minor constituent. 

These analyses were performed on the uppermost formation in the Sue Group, the Willespie 

Formation, and this formation is recorded in all wells that penetrate the Sue Group. Other, 

deeper formations are only present in Sue 1 (Crostella and Backhouse, 2000). For this 

reason, sonic transit time data below 2276 m in Sue 1 are disregarded in this study to avoid 

erroneous comparisons between potentially mineralogically heterogeneous formations.  

4.2 Sonic transit time data processing 

Data from all wells in the southern half of the Perth Basin were considered for sonic transit 

time analysis. To quantify net and gross exhumation robustly, only wells that contain sonic 

transit time wireline data (Δt), gamma ray/chronostratigraphic tops data in combination with 

lithological information from cuttings or cores were utilized. From a total of 55 petroleum 

and stratigraphic exploration wells, 43 included digitized versions of these data. 

Additionally, calliper logs and formation tests helped identify anomalous or erroneous sonic 

transit times caused by borehole rugosities or undercompaction associated with formation 

overpressure (Fig. 5.5b). 

The sonic transit time data were corrected initially for borehole quality to eradicate 

erroneous data via a noise despike filter and calliper (borehole size) correction. This 

involved removing any sonic transit time data >3 μm ft−1 from the median sonic value over a 

10-m interval, and removing any data with a calliper deviation >15% from the supposed 

borehole width (quoted in respective well-completion reports). These two techniques have 

been used successfully in the Otway Basin, South Australia (Tassone et al., 2014a) and Perth 

Basin (Olierook et al., 2014a), respectively. The remaining data were manually scrutinized 

for intervals that contained more than 50% low-energy facies (e.g. mudstone) as indicated by 

well-completion reports to ensure all possible shale/claystone/mudstone were included. 



H.K.H. Olierook   Exhumation during the breakup of Gondwana 

171 

 

These rock types typically exhibit a higher proportion of radioactive minerals than sandstone 

or siltstone. Therefore, gamma ray logs were used to remove nonradioactive sandstone-rich 

intervals below cut-offs of 85–115 gamma API, which differed per well. These cut-off 

values correlated with detailed cuttings descriptions, although it is possible that a small 

portion of relatively radioactive sandstone remains in the input data. To avoid interactions 

with surrounding rock types, only shale units that were thicker than 5 m were considered and 

an arithmetic mean sonic transit time value was calculated for each of these units at the mid-

point depth of each shale unit (cf. Tassone et al., 2014a). A shale unit was considered 

separate from an adjacent unit if the total gap was >2 m. To maximize the number of data 

points, intervals thicker than 20 m were further subdivided into equal thickness portions. 

This rigorous data processing procedure for all wells yielded between 1 and 43 sonic transit 

time points for each stratigraphic interval, with an average of 12 data points per well. 

4.3 Construction of stratigraphic-specific baseline trends 

The offshore Vlaming Sub-basin exhibits all the characteristics required to construct a 

normal compaction trend for both the Jurassic–Cretaceous stratigraphy and the Lower 

Cretaceous Warnbro Group sections. Initial inspection of sonic transit times showed that 

Peel 1, Warnbro 1, Roe 1 and Minder Reef 1 exhibited the highest sonic transit times and 

thus preserve the most primitive sonic transit time–depth curve (see Peel 1 and Warnbro 1 in 

Fig. 5.3). Of these four wells, only Peel 1 and Warnbro 1 yielded data for the Lower 

Cretaceous strata because of the poor borehole quality in the other two wells. The Jurassic–

lowermost Cretaceous strata and Lower Cretaceous Warnbro Group data have a high 

correlation between the measured and NCT equation-derived sonic transit times (Fig. 5.9), 

yielding best-fit R2 correlation coefficients of 0.977 and 0.938, respectively, which is a 

sufficiently high degree of fit for a robust sonic transit time analysis (Table 5.3). This overall 

assessment indicates that the four Vlaming Sub-basin wells are suitable for construction of 

an NCT.  
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Figure 5.9: Construction of baseline trends (normal compaction trends) for four 

chronostratigraphic intervals: (a) Post-break-up Lower Cretaceous Warnbro Group; 

(b) Prebreak-up Jurassic to Cretaceous stratigraphy; (c) Triassic Lesueur Sandstone; 

and (d) Permian Sue Group. Note that data used to construct the baseline trends for 

the Triassic and Permian stratigraphy have net exhumation values calculated from the 

prebreak-up Jurassic–Cretaceous stratigraphy subtracted from their depth (see text 

for discussion). 
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Stratigraphic Formation(s) Normal compaction trend function R 2

Lower Cretaceous Warnbro Gp. Δt NCT-E. Cret    = (210 – 62) × e -0.0008×Z + 62 0.938

Jurassic–Cretaceous Strata Δt NCT-Jura–Cret = (210 – 60) × e -0.00083×Z + 60 0.977

Triassic Lesueur Sandstone Δt NCT-Triassic   = (190 – 50) × e -0.00055×Z + 50 0.745

Permian Sue Group Δt NCT-Permian  = (200 – 50) × e -0.00045×Z + 50 0.725  

Table 5.3: Normal compaction trend functions derived for each stratigraphic interval, 

using a formula from Corcoran & Doré (2005). 

The high exponential decay function (b = −0.0008) in the NCTs of both chronostratigraphic 

intervals is attributed to rapid compaction of kaolinite with increasing depth (Table 5.3) 

(Japsen, 2000). This is very comparable with kaolinite-rich terrestrial shales below 2 km 

studied by Japsen (2000) and also similar to the volcaniclastic fluvial shales studied by 

Tassone et al. (2014a). In contrast, marine shales exhibit far smaller exponential decay 

functions (b = −0.0004 to −0.0005; cf. Tassone et al., 2014a), which are attributed to high 

proportions of illite and/or smectite (Mondol et al., 2007).  

Although the wells used in this study to construct the NCTs are currently at maximum burial 

depths, the uppermost member in both the Parmelia Group (Jurassic–lowermost Cretaceous 

strata) and Warnbro Group in Roe 1 and Minder Reef 1 are not preserved (Crostella and 

Backhouse, 2000). This indicates that some erosion occurred at the Valanginian break-up 

unconformity and after the deposition of the Warnbro Group. All members are preserved in 

Peel 1 and Warnbro 1, but an angular unconformity is clearly visible in 2D reflection seismic 

data proximal to their location (Fig. 5.4), which indicates a significant amount of erosion in 

these wells. Thus, these wells are at maximum burial depth and record zero minimum gross 

exhumation (Corcoran and Doré, 2005). 

Wells in the Vlaming Sub-basin are not deep enough to penetrate the Triassic Lesueur 

Sandstone or the Permian Sue Group. As the Permian Sue Group and Triassic Lesueur 

Sandstone mineralogy is considerably different to the Jurassic to lowermost Cretaceous 

stratigraphy and Warnbro Group (Table 5.2), NCTs must be established independently for 

these chronostratigraphic intervals. However, all wells that have penetrated the Permian and 

Triassic intervals are not at maximum burial depth (see results section) and are, therefore, 

exhumed. Consequently, the NCTs that have been constructed are not equivalent to the 

‘normal’ compaction trend, and are instead ‘quasi-NCTs’, and any net and gross exhumation 

values will be underestimated. The logical way to treat this issue was to add the maximum 

net exhumation derived from younger stratigraphic units (see results section) to the depths of 
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the Triassic and Permian sonic transit time data for the least exhumed wells in order to 

translate the quasi-NCTs to NCTs based on these depths (Fig. 5.9).  

For both the Permian and Triassic chronostratigraphic intervals, Wonnerup 1 and Sabina 

River 1 in the Bunbury Trough have the highest sonic transit times at a given depth (i.e. are 

the least exhumed). After depth adjustment above to account for subsequent exhumation, the 

best-fit NCT equations yielded correlation coefficients of 0.725 and 0.745 for the Permian 

and Triassic intervals, respectively, between the measured and calculated sonic transit time 

(Fig. 5.9). The exponential decay constants here are much lower (b = −0.00045 to 0.00055; 

Table 5.3) than the younger strata, which is attributed to the presence of smectite/illite rather 

than kaolinite (Mondol et al., 2007). The mineral matrix time is much lower as well (C = 50 

for both Permian and Triassic strata; Table 5.3) than the younger strata, which is attributed to 

the presence of smectite/illite rather than kaolinite (Mondol et al., 2007). The mineral matrix 

time is much lower as well (C = 50 for both Permian and Triassic strata; Table 5.3) than the 

younger strata. Reasons for this are uncertain, but a low matrix time could be caused by high 

brine content, which increases the final compressibility of clay-rich rocks (Mondol et al., 

2007) or due to volume-reducing diagenetic reactions at deeper depths (Peltonen et al., 

2009). Given the correlation coefficients for these NCTs, the confidence in subsequent 

exhumation estimate calculations is significantly lower. However, given that the only 

intersected Permian and Triassic strata are in wells from the southern Perth Basin, these 

analyses represent the best and only opportunity to determine net exhumation of Permo–

Triassic strata in the region via sonic transit time analysis. It is, therefore, acknowledged that 

the relatively poor fit statistics for the NCTs could introduce larger uncertainties than for the 

better constrained younger strata, and thus caution is exercised when interpreting the results 

for the Permian and Triassic stratigraphy.  

 

5 Results 

5.1 Sonic transit time–depth relationships 

Average shale unit sonic transit times (Δt) for the four chronostratigraphic intervals were 

plotted against shale unit midpoint depth (ZMP; see Eqn 1) with respect to the seabed for 

offshore wells or ground level for onshore wells, as well the respective calculated NCTs 

(Fig. 5.9). 
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5.1.1 Post-breakup Cretaceous stratigraphic section 

The Lower Cretaceous Warnbro Group yielded sonic transit time data in all sub-basins 

except the Beermullah Trough (Fig. 5.10It is clear that sonic transit time values for all 

onshore wells (e.g. Barragoon 1) and the majority of offshore wells (e.g. Quinns Rock 1) plot 

consistently above the NCT. This indicates that rocks in the Warnbro Group are 

overcompacted and have probably been buried more deeply in the past than at present day, 

and have thus been exhumed. There appears to be only slight variability between each of the 

sub-basins (Fig. 5.10). The exceptions are the wells used to construct the NCT, Peel 1 and 

Warnbro 1, which lie very close to or on the NCT. These two wells are also more deeply 

buried than other wells (Table 5.1), and are thus likely at maximum burial depth. 

 

Figure 5.10: Shale unit average sonic transit time vs. shale unit mid-point depth below 

ground level/seabed graphs for the post-break-up Warnbro Group, subdivided into the 
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penetrated sub-basins defined in Fig. 1. (a) Vlaming Sub-basin wells. (b) Mandurah 

Terrace and Beermullah Trough wells. (c) Bunbury Trough wells. (d) Harvey Ridge 

and Vasse Shelf wells. Well names shaded grey have a lower degree of confidence (see 

Table 5.4). 

The majority of data plot with similar trends to the NCT (Fig. 5.10). This indicates a good 

correlation between the measured sonic transit time data and the NCT curve. However, for 

Sue 1 and Whicher Range 1, the number of sonic transit time data points is only comprised 

of a single point and so this correlation with the NCT cannot be established. In several wells 

(e.g. Parmelia 1), the vertical distance between the NCT and the sonic transit time data is not 

consistent. In Parmelia 1, the depth difference is greater at deeper depths (below 1000 m) 

than shallower depths (above 1000 m). This may suggest that either the Warnbro Group 

shale units do not follow a simple exponential trend with depth, and may follow a step-wise 

trend as proposed by Japsen (2000) due to rapid compaction of kaolinite grains. 

Alternatively, the NCT is poorly constrained below 1000 m. Data below 1500 m used to 

construct the NCT are sparse (Fig. 5.9a), which may also have contributed to the poor 

correlation between sonic transit time data and the NCT. 

5.1.2 Pre-breakup Jurassic to lowermost Cretaceous stratigraphic section 

The prebreak-up Jurassic–Cretaceous stratigraphy was penetrated in all sub-basins with the 

exception of the Vasse Shelf. The majority of onshore wells have data that plot above the 

NCT, so are overcompacted, and are thus interpreted to be exhumed (Fig. 5.11). The 

Bunbury Trough and Harvey Ridge appear to have experienced consistently more 

overcompaction than the Vlaming Sub-basin. Wells in the Vlaming Sub-basin that have 

sonic transit time data at shallower depths (e.g. Sugarloaf 1 or Tuart 1) appear to be exhumed 

more than wells where these sonic transit time data are recorded at deeper depths (e.g. Peel 1 

or Warnbro 1). This may reflect post-exhumation re-burial to deeper depths or less 

exhumation of the deeper wells. 
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Figure 5.11: Shale unit average sonic transit time vs. shale unit mid-point depth below 

ground level/seabed graphs for the prebreak-up Cretaceous–Jurassic stratigraphy, 

subdivided into the penetrated sub-basins defined in Fig. 1. (a) Vlaming Sub-basin 

wells. (b) Mandurah Terrace and Beermullah Trough wells. (c) Bunbury Trough wells. 

(d) Harvey Ridge wells. Well names shaded grey have a lower degree of confidence (see 

Table 5.4). 

Correlation between wells in the Bunbury Trough and Beermullah Trough with the NCT are 

poor relative to wells in other sub-basins, which may reflect a change in mineralogy in these 

sub-basins (e.g. Gingin 1). For Gingin 1, at depths of 3200–3400 m, the sonic transit time 

data plot on the NCT, but at a depth of 300 m, the sonic transit time data are overcompacted 

by several hundred metres. Similarly, Sugarloaf 1 in the Vlaming Sub-basin exhibits 

heterogeneous sonic transit time data at depths of 700–1100 m. Another important 
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observation is the underpressured sonic transit time data (i.e. undercompacted) of Minder 

Reef 1, and, to a lesser degree, of Peel 1. For Peel 1, this may simply reflect a slightly poorly 

constructed NCT at depths exceeding 3000 m. However, the Jurassic–Cretaceous 

stratigraphy in well Minder Reef 1 is relatively shallowly buried. As no pressure data exist 

for Minder Reef 1, the formations may be overpressured or the apparent undercompaction 

may reflect a change in mineralogy.  

5.1.3 Triassic stratigraphic section 

The Triassic stratigraphy is penetrated by wells in the Mandurah Terrace, Harvey Ridge, 

Bunbury Trough and Vasse Shelf (Table 5.1). All Triassic sonic transit time data plot above 

the NCT indicating overcompaction to some degree (Fig. 5.12). Wells in the southern 

Bunbury Trough, Harvey Ridge and Vasse Shelf tend to be more overcompacted than those 

from the central and northern Bunbury Trough and Pinjarra 1 from the Mandurah Terrace. 

This is also reflected in differences in the depths of Triassic stratigraphy (Table 5.1). Wells 

with the deepest buried Triassic stratigraphy (e.g. Wonnerup 1 and Whicher Range 3) have 

the lowest degree of overcompaction. Conversely, the shallow Triassic stratigraphy in 

Alexandra Bridge 1 is overcompacted by several hundred metres. 

 

Figure 5.12: Shale unit average sonic transit time vs. shale unit mid-point depth below 

ground level for the Triassic Lesueur Sandstone, subdivided into the penetrated sub-

basins defined in Fig. 1. (a) Bunbury Trough wells. (b) Vasse Shelf, Harvey Ridge and 

Mandurah Terrace wells. Well names shaded grey have a lower degree of confidence 

(see Table 5.4). 
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There is a difference in correlation coefficient between the NCT and wells in the Bunbury 

Trough relative to wells in the other sub-basins. For example, for Wonnerup 1, at depths of 

2800–3400 m, sonic transit time data are overcompacted by ca. 700 m, whereas at a depth of 

3900 m, overcompaction is significantly less (ca. 200 m). Wells on the Vasse Shelf, Harvey 

Ridge and Mandurah Terrace, although sparser in sonic transit time data, tend to be better 

correlated with the curvature of the NCT.  

5.1.4 Permian stratigraphic section 

The Permian stratigraphy is penetrated by wells in the Bunbury Trough, Harvey Ridge and 

Vasse Shelf (Fig. 5.13Similar to the Triassic stratigraphy, all wells are overcompacted and 

therefore likely exhumed because of the method used to construct the NCT (see Fig. 5.9In 

the Bunbury Trough, wells with a deeply buried Permian interval (4000–4500 m; e.g. 

Wonnerup 1) are less overcompacted than wells with a shallower Permian interval (e.g. 

Canebreak 1). This overcompaction–depth relationship is similar to wells on the Vasse Shelf, 

but the Permian stratigraphy in Lake Preston 1 on the Harvey Ridge is deeply buried (>4000 

m), and is still significantly overcompacted. 

 

Figure 5.13: Shale unit average sonic transit time vs. shale unit mid-point depth below 

ground level for the Permian Sue Group, subdivided into the penetrated sub-basins 

defined in Fig. 1. (a) Bunbury Trough wells. (b) Harvey Ridge and Vasse Shelf wells. 

Well names shaded grey have a lower degree of confidence (see Table 5.4). 
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5.2 Estimating average net exhumation magnitudes 

5.2.1 Post-breakup Cretaceous stratigraphic section 

Average net exhumation magnitudes for the Warnbro Group vary from −61 to 790 m across 

all sub-basins, although the data quality is often sub-optimum (Figs 5.14a and 5.15a, Table 

5.4). The two wells interpreted to be at maximum burial depth, Peel 1 and Warnbro 1 (Fig. 

5.14a), are located in the deepest part of the Vlaming Sub-basin (Table 5.1). Other wells in 

the Vlaming Sub-basin have had similar magnitudes of net exhumation, with reliable net 

exhumation magnitudes between 178 and 530 m (Table 5.4). Onshore, the Mandurah Terrace 

has experienced between 94 and 790 m of net exhumation, but in three of the four wells the 

data quality was poor, and so these values remain tentative. The Bunbury Trough is limited 

to one data point from Whicher Range 4, which indicates 401 m of net exhumation.  The 

only well on the Harvey Ridge (Preston 1) has a net exhumation magnitude of 576 m. A 

single data point from the well Sue 1 on the Vasse Shelf indicates a net exhumation 

magnitude of 491 m. The sonic transit time data from sub-basins other than the Vlaming 

Sub-Basin are relatively poorly constrained (Table 5.4). 
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Figure 5.14: Comparison of net exhumation estimates from the four 

chronostratigraphic intervals. (a) Post-break-up Warnbro Group; (b) Prebreak-up 

Jurassic to Cretaceous stratigraphy; (c) Triassic Lesueur Sandstone; (d) Permian Sue 

Group. BT = Bunbury Trough; HR = Harvey Ridge; VS = Vasse Shelf; MT = 

Mandurah Terrace. St. dev = Standard deviation. 
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Figure 5.15: Maps of the Perth Basin showing the net exhumation magnitude calculated for each well for each stratigraphic formation(s) (see Table 4 

for tabulated values). Note that the NCTs constructed for the Triassic and Permian and maps (c & d) are from wells not at maximum burial depth 

(see  Figure 5.9). Thus, these net exhumation magnitudes should be seen as a minimum only. 
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R 2 n σ (m) E N  (m) E G  (m) R 2 n σ (m) E N  (m) E G  (m) R 2 n σ (m) E N  (m) E G  (m) R 2 n σ (m) E N  (m) E G  (m)
Peel 1 – – – – – – – – – – 0.95 18 99 93 n/a U 0.33 6 78 -61 MB U
Warnbro 1 – – – – – – – – – – 0.90 32 103 60 n/a U 0.57 6 34 -10 MB U
Minder Reef 1 – – – – – – – – – – 0.93 23 52 -25 n/a U nr nr nr nr nr U
Roe 1 – – – – – – – – – – 0.96 34 77 116 n/a U nr nr nr nr nr U
Sugarloaf 1 – – – – – – – – – – 0.72 18 182 643 n/a U 0.94 3 82 449 839 U
Bouvard 1 – – – – – – – – – – 0.71 11 124 434 n/a U 0.65 4 82 371 1021 U
Challenger – – – – – – – – – – 0.96 6 177 344 n/a U 0.96 6 49 190 1058 U
Parmelia 1 – – – – – – – – – – 0.84 7 95 269 n/a U 0.86 16 101 178 MB? U
Gage Roads 1 – – – – – – – – – – 0.88 43 156 259 n/a U 0.98 12 94 416 1033 U
Gage Roads 2 – – – – – – – – – – 0.97 25 91 350 n/a U 0.25 3 94 412 989 U
Tuart 1 – – – – – – – – – – 0.94 23 72 326 n/a U 0.85 8 61 391 926 U
Mullaloo 1 – – – – – – – – – – 0.62 9 59 344 n/a U 0.88 5 90 343 786 U
Charlotte 1 – – – – – – – – – – 0.50 6 36 221 n/a U 0.73 20 59 391 841 U
Marri 1 – – – – – – – – – – 0.97 25 37 264 n/a U 0.64 5 143 366 840 U
Quinns Rock 1 – – – – – – – – – – 0.96 10 77 540 n/a U 0.93 5 21 530 914 U
Gingin 1 – – – – – – – – – – 0.98 37 169 378 n/a U nr nr nr nr nr U
Gingin 2 – – – – – – – – – – 0.94 27 164 383 n/a U nr nr nr nr nr U
Gingin 3 – – – – – – – – – – 0.88 32 157 452 n/a U nr nr nr nr nr U
Gingin West 1 – – – – – – – – – – 0.79 5 99 178 n/a U nr nr nr nr nr U
Bootine 1 – – – – – – – – – – 0.90 32 165 354 n/a U nr nr nr nr nr U
Eclipse 1 – – – – – – – – – – 0.66 25 166 323 n/a U nr nr nr nr nr U
Bullsbrook 1 – – – – – – – – – – 0.98 8 117 236 n/a U nr nr nr nr nr U
Badaminna 1 – – – – – – – – – – 0.86 26 210 707 995? U 0.84 4 79 94 MB U
Barragoon 1 – – – – – – – – – – 0.73 11 205 377 n/a U 0.88 10 70 494 707 U
Cockburn 1 – – – – – – – – – – 0.96 31 95 930 1243? U 0.58 7 45 605 644 U
Rockingham 1 – – – – – – – – – – 0.85 18 161 754 n/a U 1.00 3 2 790 855 U
Pinjarra 1 – – – – – 0.99 3 71 522 n/a n/a 1 n/a 638 n/a U nr nr nr nr U
Wonnerup 1 0.99 5 107 440 n/a 0.84 6 249 462 n/a 0.40 4 141 382 n/a U nr nr nr nr nr U
Sabina River 1 0.99 8 68 513 n/a 0.75 10 9 477 n/a 0.92 27 184 532 n/a U nr nr nr nr nr U
Chapman Hill 1 – – – – – – – – – – 0.88 13 134 759 n/a U nr nr nr nr nr U
WR1 0.66 17 206 593 n/a 1.00 5 25 588 n/a 0.98 6 139 446 n/a U nr nr nr nr nr U
WR2 0.98 3 1 612 n/a 0.99 15 160 520 n/a 0.91 8 269 610 n/a U nr nr nr nr nr U
WR3 nr nr nr nr nr 0.98 5 235 393 n/a nr nr nr nr nr U nr nr nr nr nr U
WR4 0.79 18 198 536 n/a 0.99 11 258 577 n/a 0.97 6 203 554 740? U 1.00 1 n/a 401 419 U
Rutile 1 0.84 5 122 1531 3868 U? 0.91 14 82 998 2203 U? 0.84 5 33 595 n/a U nr nr nr nr nr U
Blackwood 1 0.93 17 126 989 n/a nr nr nr nr nr 0.89 15 125 606 n/a U nr nr nr nr nr U
Scott River 1 0.98 13 37 1095 n/a nr nr nr nr nr nr nr nr nr nr U nr nr nr nr nr U
Canebreak 1 0.91 8 35 1114 n/a 0.97 13 78 1247 1694 U? nr nr nr nr nr U nr nr nr nr nr U
Lake Preston 1 0.74 7 197 1412 n/a U? 0.86 15 310 1160 2379 U? 0.94 5 102 739 n/a U nr nr nr nr nr U
Preston 1 – – – – – – – – – – 0.82 14 75 713 918? U 0.78 5 63 576 601 U
GSWA Harvey 1 – – – – – 0.91 12 60 1209 n/a nr nr nr nr nr U nr nr nr nr nr U
Sue 1 0.92 12 74 1238 2454 U 0.75 3 52 926 1095 U? np np np np np U? n/a 1 n/a 485 491 U
Alexandra Bridge 1 0.55 4 54 1613 2021 U 0.64 10 110 813 883 U? np np np np np U? nr nr nr nr nr U

Harvey Ridge

Vasse Shelf

Mandurah 
Terrace

Beermullah 
Trough

Post-breakup Warnbro Group

Vlaming Sub-
basin

Sub-basin Well name Permian Sue Group Triassic Lesueur Sandstone Jura.–Cret. Pre-breakup Str.

Bunbury 
Trough
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Table 5.4: Net and gross exhumation estimates per well for each chronostratigraphic 

interval. –, chronostratigraphic interval not penetrated/too deep; n/a, not applicable for 

gross exhumation calculation; U?, possible unconformity present; nr, no sonic transit 

time results; R2, regression coefficient between measured and calculated (using the 

NCT) sonic transit time data; n, number of data points; σ, one standard deviation; EN, 

net exhumation; EG, gross exhumation. Gross-exhumation is only calculated where an 

unconformity (U) is present between chronostratigraphic intervals. Present-day burial 

depths used to calculate gross exhumation may be found in Table 5.1. Results are 

italicized where n < 5, R2 < 0.6, σ > 250 m (i.e. lower degree of confidence). 

5.2.2 Pre-breakup Jurassic to lowermost Cretaceous stratigraphic section 

Average net exhumation in each of the sub-basins varies considerably, with average 

magnitudes ranging from −25 to 930 m (Figs 5.14b and 5.15b, Table 5.4). The Vlaming Sub-

basin is the least exhumed, with magnitudes ranging from −25 to 643 m. Three populations 

can be defined within this range (Fig. 5.14b). Four wells, Peel 1, Warnbro 1, Minder Reef 1 

and Roe 1 have net exhumation magnitudes at or close to maximum burial (−25 to 116 m). 

Although Peel 1 and Warnbro 1 are deeply buried with respect to other wells (Table 5.1), 

Minder Reef 1 and Roe 1 both are relatively upthrown (Fig. 5.4), indicating that the latter 

two wells have experienced relatively significant post-exhumation re-burial to be at 

maximum burial depths. A second population of nine wells is exhumed between 221 and 434 

m, which are all relatively similar given their associated uncertainty (Table 5.4). The highest 

exhumation magnitudes are from the southernmost well Sugarloaf 1 (643 m) and 

easternmost Quinns Rock 1 (540 m), both of which are situated proximal to the footwall of 

major normal faults (Figs 5.2 and 5.15b).  

Adjacent to the Vlaming Sub-basin, the Mandurah Terrace wells have net exhumation 

estimates of 377–930 m (Fig. 5.15b & Table 5.4). Net exhumation estimates are spatially 

variable, with the highest magnitudes recorded in the central part of the Mandurah Terrace, 

near the present-day coastline and in the footwall block of a large oblique-slip (normal and 

dextral) fault system that separates the Mandurah Terrace from the Beermullah Trough (Fig. 

5.15b). Wells in the Beermullah Trough have net exhumation magnitudes of 170–452 m, 

significantly less than the Mandurah Terrace (Fig. 5.15b). The Harvey Ridge shows 

relatively high net exhumation magnitudes between 713 and 739 m, which are comparable to 

estimates from the Mandurah Terrace (Fig. 5.15b). In the Bunbury Trough, net exhumation 

is 446–759 m for reliable estimates.  
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5.2.3 Triassic stratigraphic section 

Average net exhumation magnitudes vary considerably and may be spatially subdivided into 

two groups (Figs 5.14c and 5.15c, Table 5.4). The central–northern Bunbury Trough wells 

and Pinjarra 1 on the Mandurah Terrace have modest exhumation magnitudes of 462–588 m 

(Fig. 5.15c). The southern Bunbury Trough, Harvey Ridge and Vasse Shelf show 

significantly higher net exhumation magnitudes, between 813 and 1209 m (Figs 5.12 and 

5.15c). These portions of the southern Perth Basin have significantly shallower stratigraphy 

in the present-day than their northern Bunbury Trough and Mandurah Terrace counterparts 

(Table 5.1). The wells with higher net exhumation magnitudes are situated either on uplifted 

blocks (i.e. the Harvey Ridge and Vasse Shelf) or are located proximal to the hangingwalls 

of major north–south striking faults (e.g. Rutile 1 and Canebreak 1) (Fig. 5.15c).  

5.2.4 Permian stratigraphic section 

The southern Bunbury Trough, Harvey Ridge and Vasse Shelf all show significant average 

net exhumation relative to the central–northern Bunbury Trough (Figs 5.14d and 5.15d, 

Table 5.4). All central–northern Bunbury Trough wells have exhumation magnitudes 

between 440 and 612 m (Table 5.4). The southern Bunbury Trough has net exhumations 

magnitudes of 989–1114 m for wells Blackwood 1, Scott River 1 and Canebreak 1 in the 

hangingwall of normal faults and a net exhumation magnitude of 1690 m for Rutile 1 that 

sits in the hangingwall of two normal faults (Fig. 5.15d & Table 5.4). The Harvey Ridge 

only has one well that penetrated into the Sue Group, Lake Preston 1, which has a net 

exhumation magnitude of 1412 m, approximately 900 m more than the adjacent wells in the 

northern Bunbury Trough (Fig. 5.15d). On the Vasse Shelf, net exhumation magnitudes of 

Sue 1 and Alexandra Bridge 1 wells are 1238 and 1613 m, respectively (Fig. 5.15d).  

 

5.3 Estimating average gross exhumation magnitudes and differences in average 

net exhumation 

5.3.1 Post-Warnbro Group unconformity 

An angular unconformity exists between the Lower Cretaceous Warnbro and Upper 

Cretaceous Coolyena Group that is clearly visible on 2D seismic reflection images (Fig. 5.4). 

Gross post-Warnbro exhumation magnitudes have been calculated for all wells that have net 

exhumation magnitudes >200 m (Fig. 5.16 & Table 5.4). This excludes Peel 1, Warnbro 1, 
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Badaminna 1 and, perhaps, Parmelia 1 that are interpreted to be at maximum burial depth 

(Fig. 5.14a), and so gross exhumation cannot be calculated for these wells. The remaining 

wells have gross exhumation magnitudes between 419 and 1058 m (Fig. 5.16). However, 

when excluding data with a low degree of confidence (see Table 5.4), this range narrows 

from 601 to 1058 m. The offshore wells in the Vlaming Sub-basin have a very narrow range 

of gross exhumation magnitudes (786–1058 m) (Fig. 5.16). Gross exhumation magnitudes 

are significantly less onshore than offshore, ranging between 401 and 855 m, but the amount 

of post-exhumation re-burial is typically <70 m, with the exception of Barragoon 1, which 

has an overburden of 213 m (Table 5.1). 

 

Figure 5.16: Comparison of gross exhumation values for four unconformities: (a) Post-

Warnbro Group unconformity; (b) Valanginian break-up unconformity; (c) Triassic–

Jurassic unconformity; (d) Permian–Triassic unconformity. Note that it is not possible 

to constrain when the exhumation of the most recent episode (a) occurred using solely 

sonic transit time analysis for the Perth Basin. 

5.3.2 Valanginian breakup unconformity 

There is no evidence for significant exhumation on the break-up unconformity. The net 

exhumation magnitudes for the prebreak-up Jurassic–Cretaceous stratigraphy and the 

Warnbro Group in each well are within error of each other, with the exception of Badaminna 
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1 and Cockburn 1 (Fig. 5.16 & Table 5.4). However, the net exhumation magnitudes from 

these two wells have a low degree of confidence for the Warnbro Group (see Table 5.4), so it 

may be that the calculated gross exhumation estimates for Badaminna 1 and Cockburn 1, 995 

and 1243 m respectively, could be meaningless if the sonic transit time analysis here is 

incorrect.  

5.3.3 Triassic–Jurassic boundary 

Unconformities at the Triassic–Jurassic boundaries have not been conclusively shown to be 

present in the stratigraphy, yet have been suggested (Iasky et al., 1991; Song and Cawood, 

2000). As such, any differences in net exhumation and gross exhumation calculations are 

treated with caution. There are differences in net exhumation magnitudes that are >1 SD for 

wells in the southern Bunbury Trough, Harvey Ridge and Vasse Shelf (Fig. 5.16 & Table 

5.4). In particular, the difference in net exhumation between the Triassic and prebreak-up 

Jurassic–Cretaceous stratigraphy for Rutile 1 is 403 m and the associated gross exhumation 

at the Triassic–Jurassic boundary is 2203 m. The Lesueur Sandstone in adjacent wells to 

Rutile 1 (e.g. Whicher Range 1–4) did not experience exhumation at the Triassic–Jurassic 

boundary, and the Lesueur Sandstone is between 1170 and 1298 m shallower in the 

stratigraphic column for these wells. This gives credibility to a localized exhumation event 

encompassing Rutile 1. Similar arguments can be made for Canebreak 1, and perhaps Sue 1, 

Alexandra Bridge 1, Lake Preston 1 and GSWA Harvey 1. It appears that these wells that 

may have experienced exhumation are all located in uplifted blocks and sub-basins (southern 

Bunbury Trough, Harvey Ridge and Vasse Shelf; Fig. 5.3a).  

5.3.4 Permian–Triassic unconformity 

Differences in net exhumation between the Permian and Triassic stratigraphy for wells Sue 1 

and Alexandra Bridge 1 are 312 and 800 m, respectively, indicating that deposition and 

exhumation is a more plausible explanation than a period of stability and nondeposition for 

the absence of Sabina Sandstone on the Vasse Shelf (Table 5.4). This permits calculation of 

gross exhumation magnitudes for these two wells, yielding 2454 and 2021 m respectively 

(Fig. 5.16). Rutile 1 has a net exhumation difference between the Permian and Triassic 

stratigraphy of 533 m and an associated gross exhumation estimate of 3868 m. If the sonic 

transit time analysis is correct, then this amount is significantly greater than any other gross 

exhumation magnitude in the southern and central Perth Basin (Fig. 5.16). It also possible 

that Lake Preston 1 on the Harvey Ridge was exhumed at the end of the Permian period, but 
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the difference in net exhumation falls inside 1 SD, and so gross exhumation is not calculated 

for this well. 

 

6 Discussion 

6.1 Comparison between sonic transit time, thermal and stratigraphic exhumation 

data 

The quantification of average net and gross exhumation of different time periods permits 

interpretations regarding the spatial and temporal evolution of the southern and central Perth 

Basin during and after the existence of Gondwana. The results that were obtained from this 

study were compared to independent thermal exhumation data and biostratigraphic 

constraints to facilitate more robust interpretations. The most important of these is thermal 

history data obtained from vitrinite reflectance and apatite fission track analysis (Fig. 5.17). 

Typically where low-energy facies (i.e. shale/claystone/mudstone) were available for sonic 

transit time analysis, there were also interspersed organically rich units that could be used for 

vitrinite reflectance analysis due to the typical stacking patterns of facies in fluvial settings 

(Miall, 1996). This is particularly evident for the Permian Sue Group and Jurassic 

Cattamarra Coal Measures, which are dominated by interspersed coal measures, shale and 

sandstone (Crostella and Backhouse, 2000; Western Australian Energy Research Alliance 

(WAERA), 2012), but minor organic-rich material also exists dispersed throughout other 

stratigraphic units.  
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Figure 5.17: Uplift and exhumation estimates from other studies: (a & b) Burial plots 

derived from AFT analysis for wells Jurien 1 and Arranoo South 1 in the northern 

Perth Basin that show exhumation episodes. (c & d) Cumulative uplift history of 

Australia from joint inversion of 254 longitudinal river profiles at 50 Ma and present 

day (Czarnota et al., 2014). Note that these are attributed to dynamic topography (i.e. 

uplift without erosion ≠ exhumation). (e–g) Vitrinite reflectance data and (h–j) 

associated burial plots for wells Whicher Range 1, Sue 1 and Lake Preston 1 that show 

exhumation episodes (Iasky, 1993). 
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6.1.1 Post-Warnbro Group exhumation 

The post-Warnbro Group (i.e. post-Aptian; 113 Ma) gross exhumation is evident in almost 

all wells (except Peel 1, Warnbro 1 and Badaminna 1), and is remarkably similar, averaging 

ca. 900 m offshore and ca. 600 m onshore. Exhumation episodes in the Late Cretaceous or 

Cenozoic have not been previously recorded in the central and southern Perth Basin. The 

paucity of Late Cretaceous to Cenozoic sedimentary rocks in the onshore Perth Basin and the 

lack of exhumation data for these stratigraphic intervals in the Vlaming Sub-basin means that 

the timing of exhumation after the deposition of the Warnbro Group cannot be narrowed 

down any further using sonic transit time analysis alone. However, gross exhumation of ca. 

500 m in the Cenozoic using AFT analysis in the northern Perth Basin has been recorded for 

two wells Jurien 1 and Arranoo South 1 by Green and Duddy (2013a) (Fig. 5.17). This is 

similar to onshore estimates in this study (ca. 400–700 m; Table 5.4 Thus, a Cenozoic 

exhumation event may correlate regionally across the Perth Basin. However, a significantly 

greater amount of gross exhumation is recorded in wells from the Vlaming Sub-basin 

(average = 900 m), which may have similarly occurred during the Cenozoic or at an earlier 

time, such as at the Aptian–Albian unconformity (Fig. 5.1). Green and Duddy (2013a) have 

modelled an exhumation event at the Albian–Aptian unconformity, but only in the well 

Arranoo South 1, with a gross exhumation magnitude of ca. 1000 m (Fig. 5.17). Thus, it is 

possible that the stratigraphy in the southern and central Perth Basin experienced similar 

exhumation magnitudes offshore (average = 900 m) and slightly less onshore (average = 600 

m) during an Aptian–Albian exhumation event. In an attempt to correlate these events over 

regional distances, we compare exhumation estimates in the Perth Basin to net exhumation 

magnitudes of 800–900 m using sonic transit time analysis on the North West Shelf recorded 

by Densley et al. (2000). Gross exhumation was not calculated, but present-day burial depths 

beneath the seabed in the order of 1–2 km would indicate gross exhumation estimates on the 

order of 2–3 km, far greater than those of the Perth Basin, which denotes a change in 

exhumation magnitudes over length scales of more than 2000 km. 

6.1.2 Valanginian breakup exhumation 

The break-up of Gondwana culminated with the opening of the Indian Ocean as Greater 

India began to drift away from Australia in the Valanginian (Gaina et al., 2007; Markl, 1974, 

1978). Sonic transit time data show negligible differences in net exhumation between the 

Jurassic–Cretaceous strata and Warnbro Group across the break-up unconformity for the 

majority of wells, although it is clear that an unconformity exists from seismic reflection data 
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(Fig. 5.4). Therefore, it is not possible to quantify the amount of gross exhumation at the 

unconformity for the majority of wells as it will be less or equal to the gross exhumation 

after the deposition of the Warnbro Group (i.e. <1058 m; see Challenger 1 in Table 5.4). 

Where there are significant differences in net exhumation across the Valanginian 

unconformity (typically 150–300 m, with the exception of Badaminna 1–600 m), gross 

exhumation averaged ca. 1000 m (Fig. 5.16). This value is approximately equivalent to 

vitrinite reflectance modelled burial plots by Iasky (1993) (e.g. Sue 1 and Whicher Range 1; 

Fig. 5.17). Green and Duddy (2013a) have shown that Jurien 1 in the northern Perth Basin 

experienced ca. 1500 m of gross exhumation at the Valanginian unconformity, which, within 

error of analyses, is more than estimates in the southern and central Perth Basin (Fig. 5.17). 

However, Arranoo South 1 in the northern Perth Basin underwent subsidence at this time 

(Baron and Parnell, 2007)(Fig. 5.17). Given that Arranoo South 1 is further northwest in the 

northern Perth Basin compared to Jurien 1, this may indicate a significant spatial variation in 

gross exhumation across the Perth Basin during the break-up of Gondwana.  

6.1.3 Triassic–Jurassic exhumation 

Exhumation at the Triassic–Jurassic boundary has only ever been interpreted as a localized 

uplift event in the northern Perth Basin (Mory and Iasky, 1996; Song and Cawood, 2000), 

but it has never been identified in the southern and central Perth Basin (Iasky, 1993; Iasky et 

al., 1991). However, sonic transit time data from the southern Bunbury Trough and Harvey 

Ridge show significant differences in net exhumation between the Triassic and prebreak-up 

Jurassic–Cretaceous strata (400 m between Wonnerup 1/Sabina River 1 and Lake Preston 1; 

Table 5.4). Calculated gross exhumation estimates are between 1694 and 2203 m for the 

southern Bunbury Trough and 2379 for the Harvey Ridge. No vitrinite reflectance data exist 

for the Lesueur Sandstone in any wells in the southern Bunbury Trough (Iasky, 1993), so the 

validity of sonic transit time-derived magnitudes of gross exhumation presented here cannot 

be independently verified. However, Lake Preston 1 on the Harvey Ridge shows no strong 

deflection in the vitrinite reflectance trend at the Triassic–Jurassic boundary (1200 m depth 

in Lake Preston 1; Fig. 5.17, Table 5.1) when compared to overlying Jurassic strata. Wells in 

the Vasse Shelf have no net exhumation magnitudes for the Jurassic–Cretaceous 

stratigraphy, so it cannot be ascertained if exhumation occurred at the Triassic–Jurassic 

boundary. Although not conclusive, the sonic transit time data indicate for a distinct 

possibility of exhumation of the southern Bunbury Trough by about ca. 2000 m. However, 

uncertainty in the constructed NCT could have led to overestimates in net exhumation at the 

Triassic–Jurassic boundary that would have led to these conclusions.  
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6.1.4 Permian–Triassic exhumation  

Sonic transit time data have indicated significant net exhumation differences of ca. 300–800 

m of wells on the Vasse Shelf and Rutile 1, which translate to gross exhumation estimates of 

2000–2500 m for the Vasse Shelf wells, and nearly 4000 m for Rutile 1 at the end Permian. 

Available Permian vitrinite reflectance data from Lake Preston 1 and Sue 1 are significantly 

higher than that of the younger stratigraphy, and have previously led to the interpretation that 

the Harvey Ridge was exhumed at the Permian–Triassic boundary (Iasky, 1993) (Fig. 5.17). 

However, Iasky (1993) required a heat pulse of 120 °C km-1 to model the vitrinite reflection 

data trend, which could only have been caused by a magmatic intrusion at the end Permian. 

In contrast, a normal geothermal gradient (20 °C km−1) is sufficient to yield a modelled 1000 

m of exhumation at the Permian–Triassic unconformity for Sue 1 on the Vasse Shelf (Iasky, 

1993). Our sonic transit time results indicate more than double this amount of exhumation 

has occurred. Given the scatter in vitrinite reflectance data below 2700 m in Sue 1 (Fig. 

5.17), it is likely that the sonic transit time analysis provides a better estimation of gross 

exhumation (2000–2500 m). Rutile 1 sits in an imbricate fault system that steps down from 

west to east, from the Vasse Shelf to the Bunbury Trough as indicated by seismic reflection 

line data (Crostella and Backhouse, 2000). This well was drilled several years after the 

vitrinite reflectance study by Iasky (1993), so the calculated magnitude of gross exhumation 

(ca. 3900 m) cannot be independently verified. 

6.2 Geodynamic implications of exhumation during rifting and after breakup of 

Gondwana 

Quantification of exhumation magnitudes over space and time reveal changes of observed 

exhumation regimes before and after the break-up of Gondwana, which permits investigation 

into the processes that drove these exhumation events.  

The Permian to Lower Cretaceous stratigraphy in the central and southern Perth Basin has 

experienced an average ca. 900 m of offshore and ca. 600 of onshore post-Warnbro Group 

gross exhumation. Given the gross exhumation magnitudes by Green and Duddy (2013a) in 

the northern Perth Basin of ca. 700–1000 m, there appears to be a long-wavelength process 

that is causing regional exhumation of the entire Perth Basin across distances of ca. 850 km. 

Post-break-up exhumation in the Perth Basin could have been produced by tectonic 

processes such as fault inversion or fault block rotation, and/or epeirogenic processes such as 

dynamic topography, each with a significant erosional component (Barnett-Moore et al., 

2014; Braun et al., 2009; Czarnota et al., 2013; Czarnota et al., 2014). Pryer et al. (2005) 
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identified uplift on the WA basin margin during the Aptian–Albian unconformity that may 

have contributed to the observed gross exhumation (Fig. 5.1). Wells in the footwall block 

experienced ca. 200 m less exhumation than those in the hangingwall block, indicating fault 

inversion. For example, Sugarloaf 1 is situated in the footwall block of a NW-striking fault 

and has experienced 839 m of post-Warnbro Group gross exhumation, whereas Challenger 1 

in the respective hangingwall block has undergone 1058 m of gross exhumation (Fig. 5.16 

and Table 5.4). Thus, tectonism is best explained by compressional stresses that induced 

reverse fault re-activation and associated hangingwall uplift rather than fault block rotation 

during extension. Thus, ca. 200 m of exhumation probably occurred during the last 40 Ma to 

match the time that Australia was in a compressional regime (Fig. 5.1). A compressional 

regime may explain the entire exhumation magnitude, but alternative processes are 

considered. The remainder of the observed post-break-up exhumation may have resulted 

from long-wavelength epeirogenesis of the Perth Basin caused by interaction between the 

rapidly migrating Australian Plate over a mantle hotspot (Czarnota et al., 2013). 

Longitudinal river profile studies across Western Australia have indicated that the entire 

southwest was uplifted during the last 50 Ma at rates of 15–20 m Ma−1 (Barnett-Moore et al., 

2014; Czarnota et al., 2014) (Fig. 5.17). However, uplift maps by Czarnota et al. (2014) 

indicate that the Perth Basin is less uplifted than the adjacent Precambrian Yilgarn Craton 

which dominates the southwestern portion of Australia. It is therefore likely that much of the 

uplift in the Perth Basin during the Cenozoic was accompanied by significant erosion to 

account for the present-day topographic differences between the low-lying coastal plains of 

the Perth Basin and the ca. 300–400 m elevated Yilgarn Craton (see location on Fig. 2). If 

erosion kept track with uplift in the Perth Basin, uplift rates calculated by by Czarnota et al. 

(2014) would necessitate 30–60 Ma of exhumation. This is a possibility, given our sonic 

transit time data and apatite fission track exhumation estimates during the Cenozoic in the 

northern Perth Basin (Green and Duddy, 2013a). 

At the Permian–Triassic and Triassic–Jurassic boundaries, sonic transit time data indicate 

that exhumation varies across relatively short distances (<100 km). Exhumation during the 

Permian–Jurassic in the Perth Basin has previously been attributed to rapid mantle upwelling 

(Middleton and Hunt, 1989). A mantle upwelling event has particularly been suggested for 

the Permian–Triassic unconformity to account for rapid coalification and anomalously high 

vitrinite reflectance on the Vasse Shelf and Harvey Ridge respectively (Iasky, 1993; 

Middleton and Hunt, 1989). However, our results indicate that gross exhumation magnitudes 

varied over short distances on the Harvey Ridge, Vasse Shelf and Rutile 1 in the 

southwestern Bunbury Trough relative to other sub-basins. Short-distance variations in 
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exhumation are unlikely to be a consequence of mantle upwelling, which is expected to have 

long-wavelength effects (e.g., Japsen et al., 2002; Jones et al., 2001). To explain the short-

distance exhumation variations, a component of compressional stress is required to induce 

reverse fault (re-) activation resulting in localized hangingwall uplift, or a component of 

extension inducing rotational faulting could result in localized footwall uplift (Hillis, 1995b; 

Yielding, 1990). At the Triassic–Jurassic boundary, north–south compression is recognized 

by Song and Cawood (2000) (Fig. 5.1), which could explain the large hangingwall uplift 

(1.7–2.2 km) in the southern Bunbury Trough. Tectonic events have not been previously 

recognized at the Permian–Triassic boundary in the southern and central Perth Basin, 

although the Permian stratigraphy in the Vasse Shelf, Harvey Ridge and Rutile 1 are 

exhumed. Extensional fault block rotation provides an explanation for the uplift of the Vasse 

Shelf and Harvey Ridge, both of which are essentially large footwall blocks bound by listric 

normal faults. It is possible that Rutile 1 is significantly more exhumed than other Bunbury 

Trough wells because it is situated in imbricate footwall blocks of the listric Sabina and 

Busselton Faults. If extension occurred in southwestern Australia at the end Permian, the 

footwall blocks of the Sabina and Busselton Fault would be uplifted via fault block rotation 

(Yielding, 1990). If any erosion was associated with fault block rotation, then the Permian 

stratigraphy in Rutile 1 would be exhumed. Therefore, we suggest a rifting event is likely for 

the Permian–Triassic exhumation event to cause footwall block uplift that explains both the 

large exhumation magnitudes on the Vasse Shelf, Harvey Ridge and Rutile 1.  

 

7 Conclusions 

This study successfully uses sonic transit time analysis to quantify the magnitudes of net and 

gross exhumation for four different chronostratigraphic intervals that span a period during 

rifting and after break-up of Gondwana in the central and southern Perth Basin. 

Post-Warnbro Group gross exhumation averages 900 m offshore and 600 m onshore, with 

the highest values in the hangingwall blocks of faults. A relatively small magnitude 

(<200 m) may be attributed to reverse re-activation of faults due to compression in the 

Cenozoic. The remainder is attributed to regional exhumation caused by epeirogenic 

processes either at the Aptian–Albian boundary or in the last 50 Ma. 

Gross exhumation prior to the break-up of Gondwana was defined by large magnitude 

differences between sub-basins. The postulated unconformity near the Triassic–Jurassic 
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boundary may have produced ca. 1000 m of exhumation of the Vasse Shelf and ca. 2000 m 

along the Harvey Ridge and in the southern Bunbury Trough via north–south compression 

caused uplift of the hangingwall blocks. The Permian–Triassic unconformity event 

comprised a minimum of 2000 m of gross exhumation along the Vasse Shelf, which we 

suggest was produced via fault block rotation during extension and associated footwall block 

uplift. 

Evidence from exhumation analysis of the southern and central Perth Basin indicates a 

switch in regime from localized tectonically induced exhumation prior to break-up, to 

regional epeirogenic-driven exhumation after break-up. 
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Abstract 

In this contribution, we investigate the role of the Kerguelen mantle plume in the breakup of 

eastern Gondwana between Greater India and Australia–Antarctica using high-precision 
40Ar/39Ar geochronology and whole-rock geochemistry from the Bunbury Basalt, and crustal 

basement thickness of the eastern Indian Ocean and western Australian continent. The 

Bunbury Basalt is a series of lava flows and deep intrusives thought to be early igneous 

products from the Kerguelen plume in southwestern Australia, which emplaced in close 

temporal and spatial proximity to the breakup triple junction of eastern Gondwana. Nine new 

plateau ages indicate that the Bunbury Basalt erupted in three distinct phases, at 136.96 ± 

0.43 Ma, 132.79 ± 0.42 Ma and 130.45 ± 0.82 Ma. All Bunbury Basalt samples are enriched 

tholeiitic basalts, but samples have varying contribution from the continental lithosphere. 

The youngest, ca. 130.5 Ma, samples show a stronger contribution relative to the older 

samples. The oldest Bunbury Basalt ages are synchronous with the breakup of eastern 

Gondwana and the initial opening of the Indian Ocean at ca. 137–136 Ma, suggesting a 

common cause for breakup and volcanism. Based on plate reconstructions, the eruption of 

the oldest Bunbury Basalt preceded the emplacement of the Kerguelen large igneous 

province by at least 9 m.y. The temporal lag between the two magmatic events and the 

lateral distance (~1000 km) that the Kerguelen magma would need to travel to reach the 

eruptive center(s) in the southern Perth Basin without erupting anywhere else, suggests that 

the two magmatic events have different origins. We propose that the Bunbury Basalt was 

generated from a patch of enriched shallow mantle beneath the southern Perth Basin by 

decompression melting resulting from passive rifting between Greater India and Australia 

with no contribution from the Kerguelen hotspot and ascended to the surface through 

relatively thin continental crust. 

 

1 Introduction 

The mechanisms and underlying causes of supercontinent breakup and their dispersal into 

smaller continental plates are still strongly debated (e.g., Whitmarsh et al., 2001). Possible 

causes include unusually hot mantle upwellings, known as deep-rooted mantle plumes, or 

changes in plate-boundary driving forces. One of the key manifestations of a plume-

influenced breakup is thought to be the presence of continental flood basalts temporally 

associated with breakup, resulting in a volcanic passive margin (Franke, 2013) although a 

plume origin for some continental flood basalt provinces has been vigorously challenged in 
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the past two decades (e.g., Anderson, 1994; van Wijk et al., 2001). In contrast, passive 

margins formed solely by lithospheric stretching are magma-poor, with very little associated 

volcanism (Franke, 2013). The southwestern Australian passive margin is enigmatic, 

conforming to neither of these end-member models. The formation of the southwestern 

Australian margin resulted from the breakup of Greater India and Australia–Antarctica and is 

associated with intermediate volumes of volcanism (Olierook et al., 2015a). To date, the only 

volcanism known to be potentially coeval with this breakup is the Bunbury Basalt, located in 

the onshore Perth Basin. All other Mesozoic volcanism along the Western Australian margin 

predates or postdates continental breakup by at least 10 m.y. (Olierook et al., 2015a; Pyle et 

al., 1995). 

The origin of the Bunbury Basalt has been attributed to melting as a result of the interaction 

between the Kerguelen deep-rooted mantle plume and the continental lithosphere (Frey et 

al., 1996; Ingle et al., 2004b; Ingle et al., 2002). Indeed, the Bunbury Basalt shares 

geochemical characteristics with the Kerguelen archipelago but also with several other 

occurrences attributed to the Kerguelen hotspot, such as the 117–118 Ma continental 

Rajmahal Traps in India and present-day Indian Ocean mid-ocean ridge basalts (MORBs) 

(Frey et al., 1996; Ingle et al., 2004b; Ingle et al., 2002). Nevertheless, this hypothesis is 

based on sparse geochronological data, and Kerguelen hotspot activity and the eruption of 

the Bunbury Basalt have never been confirmed to be coeval. The oldest eruption recorded on 

the oceanic Kerguelen Plateau is currently constrained by 40Ar/39Ar dating to ca. 119 Ma 

(Coffin et al., 2002; Duncan, 2002) noting that the oldest possible age for the onset of 

magmatism is constrained by the oldest oceanic floor at ca. 128–126 Ma (Williams et al., 

2011). On the other hand, flows of the Bunbury Basalt are currently believed to have erupted 

during two events at 123.4 ± 1.8 Ma (2σ) at Black Point (Cape Gosselin) and 132.2 ± 0.6 Ma 

(2σ) at Cape Casuarina (Coffin et al., 2002; Frey et al., 1996; Pringle et al., 1994). However, 

those ages are based on 40Ar/39Ar dating of whole rocks and one sample of plagioclase. 
40Ar/39Ar analyses performed on whole-rock samples have been demonstrated to be 

unreliable due to the younging effect of alteration (Verati and Jourdan, 2014) and therefore 

the published ages should be reassessed using picked mineral grains and modern analytical 

instruments . 

Alternatively, the Bunbury Basalt could have been produced by the partial melting of 

shallow-level mantle material due to either heat provided by the Kerguelen plume or by 

passive rise prior to continental breakup (decompression melting). However, the 

geochemical characteristics of the basalts cannot be explained solely by melt derived from 
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depleted asthenosphere but also requires an enriched component. This enriched component 

could be derived from the Kerguelen hotspot or the subcontinental lithospheric mantle 

(SCLM; Ingle et al., 2004b) and, therefore, the origin of the Bunbury Basalt remains 

uncertain. The mechanism by which the Bunbury Basalt magma was transported from its 

melt site to its eruptive center(s) also remains poorly constrained (Olierook et al., 2015b). 

The origin and magma transport mechanisms of the Bunbury Basalt are important for 

understanding the early sequence of volcanic events that occurs when continents breakup 

apart and a new ocean forms. To gain this understanding, a precise and accurate chronology 

of events is necessary. 

Here we investigate the chronology of the eruption of the Bunbury Basalt using 40Ar/39Ar 

geochronology on 10 plagioclase separates using an ARGUS VI multi-collection machine. 

We clarify the temporal relationships between the eruption of the basalts, the breakup of 

Greater India and Australia, the emplacement of the Kerguelen large igneous province and 

provide whole rock major and trace element compositions of the samples for a robust 

comparison with other volcanic rocks related to Kerguelen hotspot magmatism in the Indian 

Ocean. Crustal basement thickness has been generated to facilitate assessment of the magma 

melt-to-eruption transport mechanisms. We integrate this information to better constrain the 

origin of the Bunbury Basalt. 

 

2 Geological Setting 

Prior to its breakup, eastern Gondwana comprised the present-day Australia, Antarctica, 

Greater India and Madagascar continents that have since drifted to form the Indian Ocean. 

The timing of breakup of eastern Gondwana has been constrained to ca. 137–136 Ma using 

recent plate reconstructions and palynological biozones from underlying strata (Gibbons et 

al., 2012; Jones et al., 2012), although the oldest confirmed sea floor spreading anomaly in 

the Indian Ocean adjacent to Australia is chron M10 (ca. 134 Ma) (Williams et al., 2013). 

The Bunbury Basalt in southwestern Western Australia represents the earliest recorded 

volcanism potentially coeval with continental breakup of Greater India and Australia. The 

Bunbury Basalt is a series of lava flows (and possibly scarce sheeted intrusive rocks), 

situated largely within the north–south striking, fault-bound Bunbury Trough of the Perth 

Basin, and encroaching onto the Yilgarn Craton to the east and the Vasse Shelf to the west 

(Fig. 6.1)(Olierook et al., 2015b). The southern Perth Basin contains up to 12 km of 
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sedimentary fill, constrained from geophysical exploration and petroleum wells, ranging in 

age from the Permian to Recent (Olierook et al., 2015c). During the Early Cretaceous, the 

Bunbury Basalt lava flows erupted from vent sites postulated to lie at intersections of minor 

faults with the basin-bounding Darling Fault. They were extruded as three distinct flows into 

two deeply-incised paleovalleys that form the Valanginian breakup unconformity (Olierook 

et al., 2015b). The western paleovalley, the Bunbury Paleovalley, comprises both an upper 

and lower flow, with interflow siltstone and claystone that represents a volcanic hiatus of ca. 

2.5 Ma around  ca. 136 Ma (Backhouse, 1988b). The eastern paleovalley, the Donnybrook 

Paleovalley, hosts a continuous layer of basalt, and is interpreted to be a single flow that is 

younger as it appears to cross-cut the Bunbury Paleo-valley (Olierook et al., 2015b). 

Possibly comagmatic, deep-seated, discontinuous dolerite bodies intruded into Permian and 

Triassic sedimentary rocks at elevations of 2700–4600 m below sea level. Since the 

formation of the breakup unconformity, the southern Perth Basin has had relatively little 

preserved sedimentary fill due to rift-related and epeirogenic exhumation, so that the 

Bunbury Basalt is relatively accessible for sampling (Olierook and Timms, In Press). 

The Bunbury Basalt has been split into two geochemical groups based on the degree of 

continental contamination: Casuarina-type (ca. 132 Ma) and Gosselin-type (with no reliable 

age data) (Frey et al., 1996). Assuming the less-contaminated Casuarina group most closely 

represents the original magmatic source, the Bunbury Basalt shows initial Sr-Nd-Pb-Hf-Os 

isotopic ratios similar to the continental Rajmahal Traps in India (Ingle et al., 2004b; Ingle et 

al., 2002), which have been dated by 40Ar/39Ar at ca. 116.2 ± 0.8 Ma (recalculated from 

Coffin et al., 2002) based on a mini-plateau (including 62% of the 39Ar released). Although 

geochemical, temporal and geodynamic constraints indicate that the Rajmahal Traps are 

derived from the Kerguelen hotspot, the Bunbury Basalt also shares some of the chemical 

characteristics of present-day Indian Ocean MORBs (Klein et al., 1991). Aside from the 

Kerguelen Plateau, other Kerguelen-plume related oceanic flood basalts include Ninetyeast 

Ridge and Broken Ridge in the Indian Ocean (Coffin et al., 2002).   
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Figure 6.1: (A) Bathymetric map of the Indian Ocean in the vicinity of the margin of 

Western Australia, after Amante & Eakins (2009). Major bathymetric features of the 

Indian Ocean and locations of extrusive rocks recovered from DSDP, ODP, IODP and 

industry volcanic basement sites are indicated after Coffin et al. (2002). Age data (in 

Ma) is indicated by coloured circles, from various sources (Coffin et al., 2002; Coleman 

et al., 1982; Olierook et al., 2015a; Pyle et al., 1995). Note that data from intrusive rocks 

(including lamprophyres) are not included on this map. (B) Map of onshore 

southwestern Australia showing the position and thickness of the Bunbury Basalt, 

modified from Olierook et al. (2015b). Sampled outcrops and drill holes are indicated. 

 

3 Sample descriptions 

Twenty-four basalt samples were collected, including sixteen hand samples from outcrops 

and quarries, one interval of drill core, and ditch cuttings from two shallow water wells and 

five deep petroleum wells (Fig. 6.1b, Table 6.1). Outcrop exposures, hand samples and thin 



H.K.H. Olierook   Bunbury Basalt Geochronology 

209 

 

sections indicate the Bunbury Basalt comprises dark grey, sparsely vesicular, porphyritic, 

fine-grained mafic rocks (Fig. 6.2). Casuarina-type localities (cf. Frey et al., 1996) include 

Casuarina Point, the Gelorup basalt quarry, Donnelly River and Quindalup 6, where samples 

are typically glomero- to microporphyritic, with phenocrysts of plagioclase, and 

microphenocrysts of clinopyroxene and opaque oxides (Fig. 6.2a,c). Variably coloured and 

altered glass is common in these samples. Gosselin-type localities (Frey et al., 1996) include 

Black Point and the roadside south of Nannup, where samples are fine- to medium-grained 

and macroporphyritic, with phenocrysts of plagioclase, clinopyroxene and opaque minerals 

and little to no glass (Fig. 6.2b). The deep intrusive rocks tend to have similar petrographic 

characteristics to Gosselin-type basalts, but are slightly coarser grained. Olivine is absent in 

all samples. All samples show minor alteration of groundmass and infilled vesicles. 

Sample Well/Area name Flow context

no. Latitude Longitude Start End

BN 1 -33.321 115.631 Casuarina Point Bunbury Pv., upper flow - -

BN 2 -33.317 115.633 Casuarina Point Bunbury Pv., upper flow - -

BN 3 -33.407 115.654 Gelorup Quarry Bunbury Pv., upper flow - -

BN 4 -33.407 115.654 Gelorup Quarry Bunbury Pv., upper flow - -

BN 5 -33.398 115.654 Gelorup Quarry Bunbury Pv., upper flow - -

BN 6 -33.398 115.654 Gelorup Quarry Bunbury Pv., upper flow - -

BN 7 -33.397 115.651 Gelorup Quarry Bunbury Pv., upper flow - -

BN 8 -33.397 115.651 Gelorup Quarry Bunbury Pv., upper flow - -

BN 9 -34.418 115.542 Black Point Bunbury Pv., ? Flow - -

BN 10 -34.423 115.541 Black Point Bunbury Pv., ? Flow - -

BN 11 -34.422 115.541 Black Point Bunbury Pv., ? Flow - -

BN 12 -34.422 115.551 Black Point Bunbury Pv., ? Flow - -

BN 13 -34.065 115.319 Sue 1 Deep-seated intrusives 2860.1 2860.4

BN 14 -33.641 115.586 Quindalup 6 Bunbury Pv., upper flow 42.0 51.0

BN 15 -33.641 115.586 Quindalup 6 Bunbury Pv., lower flow 63.0 72.0

BN 16 -33.631 115.473 Wonnerup 1 Deep-seated intrusives 3249.1 3261.4

BN 17 -33.841 115.384 Whicher Range 2 Deep-seated intrusives 2785.0 2805.0

BN 18 -33.841 115.384 Whicher Range 2 Deep-seated intrusives 3020.0 3040.0

BN 19 -33.841 115.384 Whicher Range 2 Deep-seated intrusives 3280.0 3300.0

BN 20 -33.841 115.384 Whicher Range 2 Deep-seated intrusives 3385.0 3405.0

BN 21 -34.483 115.685 Donnelly River Donnybrook Pv. - -

BN 22 -34.481 115.689 Donnelly River Donnybrook Pv. - -

BN 23 -34.480 115.694 Donnelly River Donnybrook Pv. - -

BN 24 -34.378 115.793 Vasse Hwy, S. Nannup Donnybrook Pv. - -
aAll coordinates used GCS WGS84

Depth (m)Coordinatesa
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Table 6.1: Location of newly-collected samples for the Bunbury Basalt lava flows and 

associated intrusive rocks. Flow context from Olierook et al. (2015b). Pv. = Paleo-

valley. 

 

Figure 6.2: Photographs (a, c, e) and photomicrographs (b, d, f) of selected samples that 

show petrography and freshness: (a–b) Cape Casuarina colonnade; (c–d) Black Point 

(Cape Gosselin) colonnade, and; (e–f) Donnelly River toppled colonnade. 

4 Analytical techniques 

4.1 40Ar/39Ar geochronology 

To determine the age of the Bunbury Basalt, 13 fresh samples were selected from the three 

lava flows and six intrusive rocks for 40Ar/39Ar dating. Samples were crushed and minerals 

separated using a Frantz magnetic separator. The non-magnetic fraction was carefully hand-

picked under a binocular microscope to select unaltered, optically transparent, 125–212 µm-

size plagioclase grains. Plagioclase crystals from the Casuarina-type basalts were pristine, 

whereas grains from the Gosselin-type and the deep intrusive rocks were slightly altered. 
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The selected plagioclase grains were leached in diluted (5N) HF for one minute and then 

thoroughly rinsed with distilled water in an ultrasonic cleaner. 

The 40Ar/39Ar analyses were performed at the Western Australian Argon Isotope Facility at 

Curtin University. Three samples (BN 6, 10 & 12) were run on a MAP 215-50 mass 

spectrometer and yielded low age precision due to the unusually low K/Ca ratio of the 

plagioclase crystals. Ten samples were run on a recently acquired ARGUS VI and yielded 

much better age precision than those run on the MAP 215-50 due to better electronics and 

detectors. Aliquots of BN 10 and 12 were also run on the ARGUS VI to assess how much 

more precise this new instrument was (see supplementary material). The ages were 

calculated using Hb3gr hornblende and GA1550 biotite neutron flux monitors, for which 

ages of 1081 ± 1.189 Ma and 99.738 ± 0.100 Ma, respectively, were used (Jourdan et al., 

2006; Renne et al., 2011; Renne et al., 1998a). The mean J-values computed from standard 

grains on the ARGUS VI are 0.01127800 ± 0.00001804 (0.16%) and 0.00081110 ± 

0.00000057 (0.07%), and 0.00848400 ± 0.00001600 (0.19%) for the MAP instrument, all 

determined as the average and standard deviation of J-values of the small wells for each 

irradiation disc. Mass discrimination was monitored using an automated air pipette and 

provided a mean value of 0.99386 ± 0.00050 per dalton on the ARGUS VI. The correction 

factors for interfering isotopes were (39Ar/37Ar)Ca = 7.30x10-4 (± 11%), (36Ar/37Ar)Ca = 

2.82x10-4 (± 1%) and (40Ar/39Ar)K = 6.76x10-4 (± 32%).  

Our criteria for the determination of plateaus are as follows: plateaus must include at least 

70% of 39Ar. The plateaus should be distributed over a minimum of 3 consecutive steps 

agreeing at 95% confidence level and satisfying a probability of fit (P) of at least 0.05. 

Plateaus ages are given at the 2σ level and are calculated using the mean of all the plateau 

steps, each weighted by the inverse variance of their individual analytical error. All sources 

of uncertainties are included in the calculation. 

4.2 Major and trace element geochemistry 

Whole-rock major and trace element geochemistry data were acquired for all samples, with 

the exception of BN 20 due to the low volume of available material. Samples were crushed 

with a tungsten carbide mill and analyzed at Genalysis Laboratory Services, Perth. All 

elements/oxides were fused with lithium borate and analyzed via Inductively Coupled 

Plasma Optical (atomic) Emission Spectroscopy and Mass Spectrometry (ICP-OES and ICP-

MS), with the exception of Ni, Co and Pb, which were digested using four acid digest and 

analyzed via flame atomic absorption spectrometry. 
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4.3 Crustal basement thickness 

Crustal basement thickness has been determined from gravity inversion using the method of 

Chappell and Kusznir (2008) and Alvey et al. (2008). The 3D spectral gravity inversion 

methodology incorporates a lithosphere thermal gravity anomaly correction and uses as input 

public domain satellite free-air gravity anomaly (Sandwell and Smith, 2009), bathymetry 

(Amante and Eakins, 2009), sediment thickness (Laske and Masters, 1997) and ocean 

isochron data (Müller et al., 2008). A continental breakup age of 130 Ma has been used to 

define the cooling age of continental margin 1ithosphere, appropriate to the Perth Basin 

margin. Example applications elsewhere of the gravity methodology, with discussion of 

input parameter sensitivities, are given in Torsvik et al. (2015). 

 

5 Results 

5.1 40Ar/39Ar results of the Bunbury Basalt 

Three low-precision plateau ages were obtained from the three samples analyzed on the 

MAP215-50 (Fig. 6.3, Table 6.2). Sample BN 6 from the Gelorup quarry yielded a plateau 

age of 136.5 ± 4.5 Ma (MSWD = 0.67, P = 0.74). Samples BN 10 and BN 12 from Black 

Point yielded plateau ages of 144 ± 9 Ma (MSWD = 0.35, P = 0.98) and 133 ± 8 Ma 

(MSWD = 0.33, P = 0.95), respectively. The samples from Black Point are known to be part 

of the same flow and should therefore be the same age. The very high uncertainties 

associated with these ages are a result of low K/Ca ratios in plagioclase from the Bunbury 

Basalt, mostly ranging between 0.002 and 0.008 (= Ca/K values ranging between 125 and 

500). Aliquots of BN 10 and 12 (BN 10-A and BN 12-A) were run on the ARGUS VI to 

determine whether a multi-collection instrument yielded more precise ages. Samples BN 10-

A and BN 12-A yielded ages of 130.6 ± 1.0 Ma (MSWD = 1.32, P = 0.16) and 130.3 ± 1.3 

Ma (MSWD = 0.67, P = 0.87), respectively, concordant within error, and as expected for a 

single flow from Black Point. The ARGUS VI yielded results 5–10 times more precise than 

the MAP 215-50 for exceptionally low K/Ca samples like the Bunbury Basalt. The 

remaining Bunbury Basalt samples were therefore run on the ARGUS VI.  
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Figure 6.3: 40Ar/39Ar apparent ages and related K/Ca ratio spectra of the plagioclase 

separates versus the cumulative percentage of 39Ar released measured on the MAP 215-

50. Errors on plateau ages are quoted at 2σ. See online supplementary material for full 

analytical results. 

Nine high-precision plateau ages were obtained from the ten samples analyzed on the 

ARGUS VI (Fig. 6.4, Table 6.2). These nine ages define three distinct populations. The 

oldest age cluster from Donnelly River and sample BN4 from the Gelorup quarry ranges 

from 137.63 ± 0.89 to 136.50 ± 0.87 (MSWD = 0.62–1.52; P = 0.12–0.88). The second 

oldest cluster of ages from Casuarina Point and sample BN3 from the Gelorup quarry have 

an age range between 133.56 ± 0.70 Ma and 132.17 ± 0.89 Ma (MSWD = 0.82–1.62; P = 

0.08–0.45). The youngest cluster of ages from Black Point ranges from 130.6 ± 1.0 to 130.3 

± 1.3 (MSWD = 0.67–1.32; P = 0.16–0.87).  

One sample, BN 24, did not yield a plateau (see supplementary data tables). The sample was 

either weathered or altered, or absorbed excess argon from crustal contamination.  
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Sample 
no* K/Ca Machine

Plateau Age 
(Ma ±2σ)

Total 39Ar 
Released 

(%) MSWD P
Inv. Isochron Age 

(Ma ±2σ) n

40Ar/36Ar 
Intercept 

(±2σ) MSWD P
Spreading 
factor (%)

Casuarina Point

BN 1 0.0058 ARGUS VI 132.17 ± 0.89 82 1.50 0.13 133.0 ± 4.2 14 277 ± 93 1.62 0.08 27

BN 2 0.0059 ARGUS VI 133.43 ± 0.75 95 1.30 0.16 134.1 ± 2.2 19 287 ± 44 1.38 0.13 23

Gelorup Quarry

BN 3 0.0075 ARGUS VI 132.45 ± 0.65 92 1.00 0.45 133.4 ± 1.2 16 272 ± 29 0.82 0.65 65

BN 4 0.0077 ARGUS VI 136.90 ± 0.84 78 1.43 0.14 137.6 ± 2.9 13 269 ± 99 1.52 0.12 19

BN 6 0.0075 MAP 215-50 136.5 ± 4.5 96 0.67 0.74 137 ± 6 10 295 ± 16 0.73 0.66 48

Black Point (Cape Gosselin)

BN 10 0.0021 MAP 215-50 144 ± 9 96 0.35 0.98 139 ± 17 13 312 ± 42 0.34 0.98 55

BN 10-A 0.0042 ARGUS VI 130.6 ± 1.0 93 1.32 0.16 134 ± 6 20 236 ± 71 1.27 0.20 21

BN 12 0.0029 MAP 215-50 133 ± 8 80 0.33 0.95 132 ± 12 9 300 ± 33 0.38 0.92 48

BN 12-A 0.0034 ARGUS VI 130.3 ± 1.3 86 0.67 0.87 128.1 ± 3.1 21 338 ± 49 0.57 0.93 33

Donnelly River

BN 21 0.0059 ARGUS VI 136.85 ± 0.88 100 0.95 0.52 136.71 ± 0.91 19 300 ± 2.5 0.91 0.57 79

BN 22 0.0060 ARGUS VI 136.50 ± 0.87 100 0.58 0.91 136.47 ± 0.91 19 299 ± 4.3 0.62 0.88 71

BN 23 0.0059 ARGUS VI 137.63 ± 0.89 88 0.75 0.75 137.6 ± 1.0 17 301 ± 17 0.79 0.69 38

*Samples with suffix -A are aliquots of the same sample prefix  

Plateau characteristics Isochron characteristicsGeneral characteristics

                      
included in the isochron, and 40Ar/36Ar intercept are indicated. Analytical uncertainties on the ages are quoted at 2 sigma (2σ) confidence levels.

 

Table 6.2: Summary of plateau and inverse isochrons ages for concordant 40Ar/39Ar lava flow analyses. 
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Figure 6.4: 40Ar/39Ar apparent age and related K/Ca ratio spectra of the plagioclase 

separates versus the cumulative percentage of 39Ar released measured on the ARGUS 

VI that yielded concordant plateau ages. Errors on plateau ages are quoted at 2σ. Ages 

in bold represent the most reliable ages for each sample. See online supplementary 

material for full analytical results. 

5.2 Major and trace element geochemistry 

All the volcanic samples are fresh with a loss on ignition (LOI) lower than 1 wt% (see online 

supplementary material). They plot in the fields of basalts or basaltic andesites in the total 

alkalis vs. silica (TAS) diagram, in the subalkaline domain (Fig. 6.5), and can therefore be 

classified as continental tholeiitic basalts. All samples are slightly evolved as shown by their 

MgO content (5–6 wt%).  
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Figure 6.5: Geochemistry discrimination diagrams for the Bunbury Basalt. (A) Total 

alkalis vs. silica (TAS) diagram (Bas et al., 1986) with alkaline/sub-alkaline line from 

Miyashiro (1974). (B) Rare-earth element (REE) diagram normalized to CI chondrite. 

(C) Incompatible element (IE) plot normalized to primitive mantle. (D)  Nb/Yb versus 

Th/Yb, after Shervais (1982). See online supplementary material for geochemistry data 

for shaded fields and respective sources. Normalisation, normal mid-ocean ridge 

basalts (N-MORB), enriched MORB (E-MORB) and ocean island basalt (OIB) values 

from Sun and McDonough (1989). Bunbury Basalt points: circles = Casuarina-type; 

triangles = Gosselin-type; squares = Whicher-type. 

The Bunbury Basalt samples show incompatible and rare earth elements (REE) patterns 

similar to average enriched MORBs (Fig. 6.5, see supplementary material for full table). 

Specifically, the samples display slight enrichment in the most incompatible elements such 

as large ion lithophile elements (LILE; e.g., Rb, Cs, Ba) and light REE (LaCN/SmCN = 0.89-

1.74; CN: ratio normalized to chondrite values from Sun and McDonough, 1989). The 

samples have flat patterns from moderate to least incompatible elements (DyCN/YbCN = 1.06-

1.56). The samples also show positive Pb and negative Nb anomalies indicative of a 

contribution of continental lithosphere in the chemical characteristics of the basalts. Such 

characteristics are common to many continental flood basalts, such as Karoo (Jourdan et al., 

2007) and the Central Atlantic Magmatic Province (Merle et al., 2014). Gosselin-type basalts 
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are slightly more enriched in light REE (LaCN/SmCN = 1.43-1.74) and have flatter heavy REE 

patterns (DyCN/YbCN = 1.06-1.26) than Casuarina-type basalts (LaCN/SmCN = 1.11-1.40; 

DyCN/YbCN = 1.28-1.56).   

In the Th/Yb versus Nb/Yb discrimination diagram (Fig. 6.5d), the Bunbury Basalt displays 

values ranging from mantle-like between N- and E-MORB similar to the Kerguelen Plateau 

to higher Th/Yb ratios that may be associated with a contribution from the continental 

lithosphere. In particular, the Casuarina-type basalts show a trend from mantle-like ratios 

towards higher Th/Yb for little variations of the Nb/Yb ratios, which indicates a variable 

contribution from the continental crust (Fig. 6.5d). Such a trend is also shown by the 

Rajmahal traps (Ingle et al., 2004a). The Gosselin- type basalts and the deep intrusives plot 

away from the mantle array and have higher Th/Yb for the same Nb/Yb ratios as the 

Casuarina-type basalts indicating a stronger contribution from the continental crust (Fig. 

6.5d). 

5.3 Crustal basement thickness 

The crustal basement thickness map (Fig. 6.6a) shows the thin oceanic crust within the Perth 

Abyssal Plain and a relatively sharp ocean-continent transition onto thick continental crust of 

the Yilgarn Craton to the north of the Bunbury Basalt. Further south, the E–W transition 

from thick cratonic crust to thin oceanic crust is much wider with a broad region of 

intermediate crustal thickness encompassing the Naturaliste Plateau, the Mentelle Basin and 

Bunbury Basalt region. The superimposed shaded relief free-air gravity anomaly onto crustal 

thickness highlights the complex tectonic pattern of transform faults and abandoned sea-floor 

spreading axes formed during the breakup of Australia from Greater India. 

The Bunbury Basalt is predominantly situated on top relatively thick crust (30–40 km; Fig. 

6.6a). The crustal basement thickness beneath the northern portion of the Bunbury Basalt is 

significantly thinner (~25 km). This NW–SE trending structure, known as the Harvey Ridge, 

is known to have a thinned sedimentary basin thickness and a relatively shallow depth to 

basement, which probably was a structural high from the end Permian onwards (Olierook 

and Timms, In Press; Olierook et al., 2015c). Other thinner (~25 km) areas of continental 

basement thickness are poorly sampled (e.g., Naturaliste Plateau and Western Mentelle 

Basin) or distal to the relict breakup nexus (e.g, Houtman and Zeewyck sub-basins). 
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Figure 6.6: (a) Present day crustal basement thickness determined from gravity 

inversion with superimposed shaded relief free-air gravity anomaly. (b–d) Plate 

reconstructions before, during and after the breakup of Greater India from the 

Austral–Antarctic portion of Gondwana, modified from Gibbons et al. (2012) and Hall 

et al. (2013): (a) 140 Ma; (b) 130 Ma; (c) 120 Ma. WP = Wallaby Plateau; ZP = Zenith 

Plateau; EP = Exmouth Plateau; GB = Gascoyne Block; G = Gulden Draak Knoll; NP 

= Naturaliste Plateau; B = Batavia Knoll; V = Vlaming Sub-Basin; Z = Zeewick Sub-

basin; H = Houtman Sub-Basin; EP = Exmouth Plateau; FZ = Fracture Zone;; PAP = 

Perth Abyssal Plain; CAP = Cuvier Abyssal Plain, and; WM = Western Mentelle Basin. 

K = Kerguelen mantle plume head, using reconstruction parameters from Antretter et 

al. (2002). 
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6 Discussion 

6.1 Discussion of previously published ages and new 40Ar/39Ar plagioclase ages 

Prior to this study, the Bunbury Basalt had been characterized by seven 40Ar/39Ar ages based 

on five whole rock and two plagioclase analyses (see online supplementary material) (Coffin 

et al., 2002; Frey et al., 1996; Pringle et al., 1994). Whole-rock 40Ar/39Ar analyses of basalt 

older than Cenozoic, which notoriously contain cryptic alteration, might yield apparent 

plateau ages that significantly depart from the true emplacement age (Verati and Jourdan, 

2014). Of the previous analyses, only the plagioclase separates yielded a reliable plateau age 

at ca. 132 Ma (Coffin et al., 2002). This age should be recalculated using the constants and 

standard ages of Renne et al. (2011) or at least it should be calibrated against a set of 

constants. However, the standard used to measure this age is not calibrated against any 

internal standard, which precludes recalculation of the age of the sample and making it 

difficult to compare to our results. Since a sample from the same flow has been re-dated in 

the present study, we choose to use our new dataset of results, based on the 40Ar/39Ar dating 

that we carried out using the latest generation of multi-collection instrumentation.  

From our thirteen analyses, only nine samples yielded robust and high-precision plateau 

ages. These ages fall into three distinct age clusters. As each group is associated with what 

we interpret as a single flow, a weighted mean age for each group has been calculated (Fig. 

6.7). The oldest cluster of four samples from Donnelly River and sample BN 4 from the 

Gelorup quarry yielded a concordant age at 136.96 ± 0.43 Ma (P = 0.32). The Gelorup 

quarry samples were not collected in situ, but rather from blasted wall rock, and so 

stratigraphic relationships between samples are uncertain. Nevertheless, it is likely that the 

Donnelly River samples and sample BN 4 represent the lower flow of the Bunbury 

Paleovalley (Olierook et al., 2015b). The Bunbury Basalt at the Donnelly River and Gelorup 

quarry sites has not previously been dated. An age population at ca. 137 Ma is the oldest 

trace of volcanism associated with the Greater India–Australia breakup that has yet been 

dated. 

The second cluster of three samples from Casuarina Point and sample BN 3 from the 

Gelorup Quarry has a concordant age of 132.71 ± 0.43 Ma (P = 0.06; Fig. 6.7). Based on 

these data, we suspect that two flows are present in the Gelorup Quarry, the upper one of 

which is the same as the outcrops at Casuarina Point (Olierook et al., 2015b). 
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The youngest cluster of two samples from Black Point yields a concordant age of 130.45 ± 

0.82 Ma (P = 0.68; Fig. 6.7). Olierook et al. (2015b) suggested that Black Point may be part 

of the same flow as Casuarina Point, although recognizing that previous workers noted a 

geochemical discrepancy between the two localities (Frey et al., 1996; Ingle et al., 2004b; 

Ingle et al., 2002). However, the new age of ca. 130.5 Ma implies that Black Point is in fact 

a distinct flow younger than that from Casuarina Point. 

 

Figure 6.7: (a) Weighted averages for three age clusters of the Bunbury Basalt (2σ 

internal errors). Q. = Quarry, Cas. = Casuarina.  (b) Plagioclase 40Ar/39Ar plateau ages 

for volcanism postulated to be related to the Kerguelen mantle plume in grey boxes 

(Coffin et al., 2002; Duncan, 2002; Nicolaysen et al., 2000; Olierook et al., 2015a; Weis 

et al., 2002), whole-rock Ar/Ar plateau ages as black arrows (cf. Coffin et al., 2002) and 

the onset of breakup of Greater India and Australia based on earliest magnetic 

anomalies in the Perth Abyssal Plain (M10N or M10) (Gibbons et al., 2012; Hall, 2013; 

Veevers and Li, 1991). 
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6.2 Causes and mechanisms for the emplacement of the Bunbury Basalt 

The earliest recorded eruption of the Bunbury Basalt and the initial breakup of Gondwana, as 

indicated from plate reconstructions, both occurred at ca. 137–136 Ma (Gibbons et al., 2012) 

(Fig. 6.6). This synchronicity suggests a common cause, although that cause remains to be 

identified. Did the Bunbury Basalt erupt as a result of simple decompression melting due to 

plate stretching or was its eruption driven by the Kerguelen mantle plume, either as melt or 

heat purveyor, as has previously been suggested (Coffin et al., 2002; Frey et al., 1996; Ingle 

et al., 2002)?  

6.2.1 Plume-related models 

Ingle et al. (2004b) have shown, via Hf and Os isotope initial ratios, that the Casuarina-type 

basalts cannot be explained by mixing of an asthenosphere-like depleted upper mantle source 

with subcontinental lithospheric mantle (SCLM), instead suggesting that the involvement of 

an enriched deep-rooted mantle source was necessary to generate the Casuarina-type lavas. If 

the Kerguelen plume was, at least partially, responsible for the Bunbury Basalt and the 

breakup of Gondwana, then the plume must have been incubating underneath the 

Gondwanan lithosphere at 137 Ma (Fig. 6.6, Fig. 6.8). Although it has been suggested that a 

plume was resident underneath Antarctica as far back as the Jurassic–Cretaceous boundary at 

ca. 145 Ma (Zhu et al., 2009), the position of the plume head has only been modeled as far 

back as 131 Ma (Antretter et al., 2002). Given that apparent polar wander paths indicate no 

evidence exists for global plate re-organizations from 105 to 200 Ma (Matthews et al., 2012), 

it is justified to infer that the relative motion of the plate movements above the plume head 

have been in the same direction relative to the Australian–Antarctic plate since 140 Ma, 

assuming a quasi-stationary plume head and migrating tectonic plates. Using recent plate 

reconstructions (Gibbons et al., 2012), we infer the position of the plume head back to 140 

Ma in a relative ESE direction (Fig. 6.6). At 137 Ma, the locus of the plume head is below 

the proto-Antarctic continent, ~1000 km south of the eruptive center(s) of the Bunbury 

Basalt and ~1000 km from the nascent mid-ocean spreading center (Fig. 6.6). Not until 120 

Ma was the plume head positioned underneath the spreading center between India and 

Australia–Antarctica (Fig. 6.6). 
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Figure 6.8: Different cross-sectional models for the petrogenesis of the Bunbury Basalt 

and associated breakup of Greater India and Australia–Antarctica. (a) Melt generated 

from the Kerguelen mantle plume channeled to the Bunbury Trough. (b) Distal 

thermal perturbations from the Kerguelen mantle interacting with an already thinned 

and stretched lithosphere. The mantle plume provided an extra heat source necessary 

for the initiation of melting. (c) Decompression melting of an enriched, metasomatised 

shallow mantle.  B = Batavia Knoll; NP = Naturaliste Plateau; WM = Western Mentelle 

Basin; L = Leeuwin Complex; BT = Bunbury Trough. 

Unless the plume head reconstruction models are incorrect (within uncertainty of the 

available data), it would seem implausible that the only magmatism at ca. 137 Ma occurs 

1000 km from the Kerguelen plume head. The gap of 18 m.y. between the first pulse of 

Bunbury Basalt volcanism and the oldest dated Kerguelen Plateau volcanics (ca. 119 Ma; 

Fig. 6.7) (Duncan, 2002) is also far longer than predicted by plume models, which predict 

initially voluminous magmatism over 1–2 m.y. followed by steady-state flux at lower rates 

(Duncan and Richards, 1991). There is a distinct possibility that the Kerguelen Plateau has 

older parts that have not been sampled. However, given that the Kerguelen Plateau erupted 

on oceanic crust and that the Indian Ocean did not exist in the Plateau’s position before 128–

126 Ma (Williams et al., 2011), it could not be any older than 128 Ma. This means that the 
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oldest Bunbury Basalt eruptions predate the earliest possible Kerguelen Plateau volcanism 

by at least 9 m.y. Isotopic age data from continental flood basalt provinces (e.g., Karoo, 

Central Atlantic Magmatic Province, Paraná-Etendeka) show that there is no temporal lag 

between the first eruption of tholeiitic basalt and the peak of magmatism. Continuous 

volcanic activity is observed between the onset of CFB provinces and peak stage 

magmatism, which only spans some 2–3 m.y. (Jourdan et al., 2008; Nomade et al., 2007).  

Therefore, we suggest that melting related to the Kerguelen mantle plume as the origin for 

the Bunbury Basalt is difficult to reconcile with the available geodynamic reconstructions 

and our new robust geochronological constraints. 

6.2.2 Models involving shallow mantle melting 

The classic shallow mantle melting model involves the passive rise of the sub-lithospheric 

asthenosphere due to within-plate extensional strain (Foucher et al., 1982). In this model, the 

adiabatic rise of the asthenosphere is likely to produce melting via decompression. This 

melting process can be aided by fluids transferred via lithospheric faults active during rifting, 

thereby causing metasomatism of the subcontinental lithospheric mantle (SCLM). 

Metasomatised (hydrated) mantle requires a lower temperature and pressure to initiate 

melting than dry mantle (Kawamoto and Holloway, 1997). During the early stages of 

continental rifting, the produced melts are usually enriched liquids such as alkali basalts 

interpreted as derived from an enriched and metasomatised, subcontinental lithospheric 

mantle. As the rift evolves toward oceanization, moderately enriched melts similar to 

continental tholeiites or E-MORBs can be produced by the interaction of melts from the sub-

lithospheric, depleted asthenosphere and the metasomatised SCLM. Note that the enriched 

and hydrated uppermost part of the asthenosphere that is isolated from the convecting mantle 

under continents may share chemical characteristics with the SCLM (Anderson, 1994). The 

interaction of depleted asthenosphere and SCLM is likely to produce a wide spectrum of 

basaltic liquids ranging in composition from N-MORBs to E-MORBs or continental 

tholeiites (Charpentier et al., 1998). Phases of MORB-like and alkaline magmatism could 

even alternate during the rifting process (Jagoutz et al., 2007). Such passive continental 

rifting is a possible explanation for the origin of the Bunbury Basalt in the context of eastern 

Gondwana breakup as it could account for the chemical composition of the Bunbury Basalt 

(Fig. 6.8). 

Nevertheless, interaction between the ascending asthenosphere and the SCLM does not 

explain the geochemical similarities, including initial isotopic ratios, between the Kerguelen 
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Plateau, the Rajmahal Traps, the Indian MORBs and the Bunbury Basalt. The geodynamical 

and chronological constraints suggest that not all of these magmatic activities were coeval or 

located close enough to be fed by the plume head (Fig. 6.6). The geochemical similarities 

suggest rather that a large domain of enriched mantle was sampled by these magmatic 

activities through time. Alternatively, small heterogeneities, such as delaminated SCLM 

formed during continental rifting and later recycled into the passively upwelling shallow 

mantle during the mid-ocean ridge spreading, could be scattered in the shallow mantle. 

Decompression melting of the SCLM heterogeneities in the distal part of the upwelling 

asthenosphere is likely to produce intraplate magmatism. Such a process has been proposed 

to explain the Christmas Island Seamount Province (Hoernle et al., 2011).   

A plausible mechanism for the origin of the Bunbury Basalt involves an enriched patch of 

shallow mantle directly underneath the southern Perth Basin (Fig. 6.8). A larger area of 

enriched shallow mantle would be expected to have produced more widespread magmatism, 

which is not observed along the Western Australian margin.  

The breakup of Greater India and Australia is crucial in providing significant decompression 

melting of this enriched patch. Multiple rift events have been recorded that have thinned the 

continental crust in the southern Perth Basin during the Permian to Jurassic, but there is no 

evidence of Permian to Jurassic igneous rocks (Fig. 6.1b) (Olierook et al., 2015b; Olierook et 

al., 2015c). Decompression melting could only be achieved when the crust was sufficiently 

thinned at the point of breakup during the Valanginian. The present-day crust is thinnest 

(~25 km) at the northern edge of the Bunbury Basalt (Fig. 6.6a). The Bunbury Basalt likely 

erupted at or near this portion of thinner crust (Olierook et al., 2015b). As the WA margin 

has been relatively quiescent since breakup (Olierook and Timms, In Press), the present-day 

onshore crustal thickness is a good approximation for the thickness of the crust at the time of 

breakup. Crustal thickness has been shown elsewhere to be a factor in vertical magma ascent 

(Davies et al., 2015). Therefore, it is likely that the Bunbury Basalt erupted only in the 

southern Perth Basin because this was the only location where the crust was sufficiently 

thinned. Other areas of significantly thin crustal thickness are either poorly sampled, distal to 

the postulated enriched patch of shallow mantle or contain significantly younger magmatic 

events (Olierook et al., 2015a; Pyle et al., 1995). Onshore, crustal basement thickness 

adjacent to the Bunbury Basalt is significantly thicker elsewhere (>30 km) (Fig. 6.6a). In 

these thick crustal regions, we suggest that magma instead underplated and could not ascend 

to the surface. The most likely mechanism for vertical ascent of the Bunbury Basalt is via 

intersections between the lithospheric-scale Darling Fault and subordinate deep-seated NW 
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and NE-trending faults (Olierook et al., 2015b). There is a strong similarity of NE–SW strike 

of the sea floor spreading centers (Fig. 6.6a) and the NW–SE transforms in the proto-Perth 

Abyssal Plain and the faults in the Perth Basin. Therefore, it can be reasonably assumed that 

these were active simultaneously during continental breakup and so have acted as conduits 

for magma ascent. 

 

7 Conclusions 

1. New high-precision geochronology of the Bunbury Basalt in southwestern Australia has 

yielded three weighted mean ages of 136.96 ± 0.43 Ma, 132.71 ± 0.43 Ma and 130.45 ± 

0.82 Ma, implying at least three pulses of magmatism in the southern Perth Basin, 

spread over a period of 7 m.y. 

2. The oldest Bunbury Basalt ages are synchronous with the breakup of eastern Gondwana 

and the initial opening of the Indian Ocean at ca. 137–136 Ma, suggesting a shared 

cause. 

3. The eruption of the Bunbury Basalt precedes the emplacement of the Kerguelen large 

igneous province by at least 9 m.y., based on plate reconstructions. The temporal lag 

between the two magmatic events and the distance (~1000 km) that the Kerguelen 

magma would need to travel to reach the southern Perth Basin without erupting 

anywhere else, suggests that the two magmatic events have different origins. Instead, 

we propose that the Bunbury Basalt was produced from a patch of enriched shallow 

mantle beneath the southern Perth Basin by decompression melting related to passive 

rifting between Greater India and Australia and was able to ascend to the surface 

through relatively thin (~25 km) continental crust. 
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Abstract 

The temporal relationship between tectonic and volcanic activity on passive continental 

margins immediately before and after the initiation of mid-ocean ridge spreading is poorly 

understood because of the scarcity of volcanic samples on which to perform isotope 

geochronology. We present the first accurate geochronological constraints from a suite of 

volcanic and volcaniclastic rocks dredged from the 70,000 km2 submerged Wallaby Plateau 

situated on the Western Australian passive margin. Plagioclase 40Ar/39Ar and zircon U–Pb 

sensitive high-resolution ion microprobe (SHRIMP) ages indicate that a portion of the 

Plateau formed at ca. 124 Ma. These ages are at least 6 m.y. younger than the oldest oceanic 

crust in adjacent abyssal plains (minimum = 130 Ma). Geochemical data indicate that the 

Wallaby Plateau volcanic samples are enriched tholeiitic basalt, similar to continental flood 

basalts, including the spatially and temporally proximal Bunbury Basalt in southwestern 

Australia. Thus, the Wallaby Plateau volcanism could be regarded as a (small) flood basalt 

event on the order of 104–105 km3. We suggest that magma could not erupt prior to 124 Ma 

because of the lack of space adjacent to the Plateau. Eruption was made possible at 124 Ma, 

via the opening of the Indian Ocean during the breakup of Greater India and Australia along 

the Wallaby–Zenith Fracture Zone. The scale of volcanism and the temporal proximity to 

breakup challenges the prevailing theory that the Western Australian margin formed as a 

volcanic passive margin. Given that the volume of volcanism is too small for typical flood 

basalts associated with volcanic passive margins, we suggest that the two end-members, 

magma-poor and volcanic passive margins, should rather be treated as a continuum. 

 

1 Introduction 

Passive margins are the locus of complex tectonic and magmatic processes leading from 

continental rifting to oceanic spreading. Understanding these processes is critical to decipher 

how the continental lithosphere eventually breaks up and how the first oceanic lithosphere is 

generated by the mid ocean ridge. Specifically, the tectonic and chronological mechanisms 

that drive the switch from rifting to spreading and how associated magmatism is generated 

are still not well constrained. Relatively little has been published on many of the known 

passive margins, in part due to the prohibitive cost associated with offshore sample recovery 

expeditions, including on the Western Australian passive margin that formed during the 

breakup of Greater India and Australia. The relict northeastern junction between Greater 

India and Australia is enigmatic. Evidence of seaward dipping reflectors and high-velocity 
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lower crust led researchers to consider this margin as a volcanic passive margin (Coffin and 

Eldholm, 1994; Goncharov and Nelson, 2012; Symonds et al., 1998). Estimations of the 

volume of volcanic rocks are not well constrained, but such volume is probably on the order 

of 104–105 km3 (Goncharov and Nelson, 2012), which is not as voluminous as ‘true’ volcanic 

passive margins (Courtillot et al., 1999; Franke, 2013). However, no high-quality 

geochronological data exist for offshore volcanic rocks along the Western Australian margin, 

and so the timing between breakup and magmatism remains poorly understood (Ludden, 

1992; von Stackelberg et al., 1980). In this contribution, we present radioisotopic data on a 

set of volcanic and volcano-detrital rocks dredged from the Wallaby Plateau, a continental 

fragment that was once situated along the relict northeastern junction between Greater India 

and Australia prior to the breakup of eastern Gondwana. The data provide the first 

constraints on the timing of volcanism and new constraints on the geochemical composition 

of the Wallaby Plateau volcanic rocks associated with the continental breakup on the 

northeasternmost conjugate paleo–Greater Indian and paleo-Australian margins. 

 

2 Geological Setting 

The Wallaby Plateau is a large bathymetric high with an areal extent of ~70,000 km2, ~500 

km off the northwest coast of Australia (Fig. 7.1) (Daniell et al., 2009). The current 

understanding of the nature and evolution of the Wallaby Plateau is based largely on 

interpretations of sea-floor-spreading magnetic anomalies (e.g. Gibbons et al., 2012; Mihut 

and Müller, 1998; Robb et al., 2005), seismic reflection profiles (e.g. Goncharov and Nelson, 

2012; Rey et al., 2008), and dredge sampling data (Colwell et al., 1994; Daniell et al., 2009; 

von Stackelberg et al., 1980). These studies have indicated that the Wallaby Plateau is 

probably comprised of continental crust thinned during lithospheric rifting, which is buried 

beneath a volcanic sequence, which is in turn overlain by a sedimentary carapace (Daniell et 

al., 2009). Geochemical and paleontological studies of dredged rocks indicate a continental 

origin for the Wallaby Plateau, and the plateau is therefore interpreted as a continental 

fragment (Colwell et al., 1994; Stilwell et al., 2012; von Stackelberg et al., 1980). 
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Figure 7.1: Bathymetric map of the Wallaby Plateau (off northwest Australia) with 

geomorphic features and numbered sample sites (Daniell et al., 2009). BB—Bunbury 

Basalt; FZ—Fracture Zone; QR—Quokka Rise; AP—Abyssal Plain; ZP—Zenith 

Plateau. 

The thick volcanic sequence overlying the continental basement is thought to have formed 

during a magmatic event located along the adjoining northwest-southeast–trending Wallaby–

Zenith Fracture Zone (WZFZ) (Mihut and Müller, 1998). Seaward-dipping reflectors 

interpreted on two-dimensional seismic reflection images indicate 320,000 km3 of volcanic 

flows interspersed with sedimentary strata (Goncharov and Nelson, 2012; Symonds et al., 

1998). Volcanic rocks are estimated to comprise ~10–90% of the total volume, which 

approximates to 104–105 km3. Interpretations from sea-floor-spreading anomalies imply this 

volcanism could be either rift-related and coeval with breakup (Robb et al., 2005), or be 

pseudo-intraplate and postdate breakup by ~ 20–30 m.y. (Mihut and Müller, 1998). As there 

are no accurate ages for these volcanic rocks, it remains unknown whether the Wallaby 

Plateau volcanism occurred relatively quickly during breakup or during a prolonged and/or 

episodic period of volcanism after breakup. 

 

3 Results 

Samples dredged from the sea floor on the Wallaby Plateau during the marine 

reconnaissance survey GA2746 in 2009 (Daniell et al., 2009) provide an opportunity to 

improve temporal constraints on magmatic activity along the rifted margin of northwest 
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Australia. Zircons from three volcaniclastic samples were dated by the sensitive high-

resolution ion microprobe (SHRIMP) U–Pb method, and plagioclase separates from three 

basaltic samples were dated by the 40Ar/39Ar method. Four samples were analyzed for major 

and trace element geochemistry. 

 

3.1 SHRIMP U–Pb geochronology of detrital zircons from the Wallaby–Zenith 

Fracture Zone 

Three volcaniclastic samples from two dredge sites (sites 53 and 61; see Figure 7.1; see 

Table DR1 in the GSA Data Repository1 for full sample names) along the WZFZ less than 1 

km apart were dated using zircon U–Pb SHRIMP. Zircons were separated using 

conventional techniques (see the Data Repository for analytical techniques). 

The three samples display age clusters at ca. 124 Ma and scattered ages ranging from 

Paleozoic to Archean (Fig. 7.2). Zircon grains from two volcaniclastic samples 53–1 and 53–

2 from dredge site 53 yielded weighted average 206Pb/238U ages of 123.9 ± 1.0 Ma (mean 

square of weighted deviated [MSWD] = 1.0; P = 0.42) and 123.9 ± 1.3 Ma (MSWD = 1.8; P 

= 0.10), respectively (Fig. 7.2). The sample from dredge site 61 produced a similar apparent 

age range with individual spot 206Pb/238U ages ranging from 118 to 134 Ma, but MSWD- and 

P-values of 4.9 and <0.001 indicate that the data are scattered beyond statistical expectation 

for a single population and thus a reliable weighted mean age could not be calculated. 

In the three samples, the 14 analyses yielding Paleozoic, Proterozoic and Archean ages 

indicate that the grains were derived from older continental sources, either directly available 

to sedimentary transport at the time of deposition or via recycling from preexisting 

sedimentary units. 
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Figure 7.2: Tera–Wasserburg inverse concordia plots for zircon populations. Insets 

show weighted average ages based on 206Pb/238U for zircons younger than 140 Ma. 

MSWD—mean square of weighted deviates. 

 

3.2 40Ar/39Ar plagioclase ages from the Wallaby–Zenith Fracture Zone, Sonne 

Ridge and Wallaby Seamount 

Three plagioclase separates from basaltic samples of the Wallaby Plateau yielded statistically 

reliable 40Ar/39Ar plateau ages (Fig. 7.3, Table DR2; see the Data Repository). The first 

sample was collected along the WZFZ (46B from dredge site 52; Fig. 7.1). Two aliquots of 

plagioclase from this sample yielded plateau ages of 125.12 ± 0.90 Ma (MSWD = 0.99; P = 

0.45) and 123.8 ± 1.0 Ma (MSWD = 1.80 P = 0.09) with at least 97% of the total 39Ar 

released included in the plateau calculation (Fig. 7.3). A weighted mean age between the two 

aliquots yields an age of 124.53 ± 0.54 Ma for this sample. The 37Ar/39Ar ratio, a proxy for 

Ca/K, was abnormally low (~0.1; Fig. 7.3), which is incompatible with pure plagioclase and 

illustrates the quasi-complete sericitization of the crystals, a process commonly often 

observed for altered basaltic samples (Verati and Jourdan, 2014). Therefore, this age is 

interpreted as the age of the alteration process (Verati and Jourdan, 2014) and thus provides 

a minimum age for the eruption of the basalt. 
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Figure 7.3: 40Ar/39Ar apparent age and related 37Ar/39Ar ratio spectra of the plagioclase 

separates versus the cumulative percentage of 39Ar released. Steps included in the 

plateau (>70% 39Ar released) and mini-plateau (50%–70% 39Ar released) age 

calculation are shaded gray. Errors on plateau and mini-plateau ages are quoted at 2σ. 

WZFZ—Wallaby–Zenith Fracture Zone; Smt.—Seamount; plat.—plateau; MSWD—

mean square of weighted deviates. 

The second sample was collected on the Sonne Seamount (49B from dredge site 56; Fig. 

7.1). Two aliquots of plagioclase from this sample yielded plateau and mini-plateau ages of 

59.39 ± 0.64 Ma (MSWD = 1.08; P = 0.38) and 63.49 ± 0.79 Ma (MSWD = 1.02; P = 0.39), 

respectively, which include 94% and 69% of 39Ar, respectively (Fig. 7.3). Similar to the 

previous sample, the 37Ar/39Ar ratio was abnormally low (~0.1; Fig. 7.3), which is interpreted 

to result from sericitic replacement of plagioclase and thus these ages represent the age of the 

alteration event(s) and provide minimum ages for the timing of the eruption of the host 

basalt. 

The third sample was recovered from the Sonne Ridge (51A from dredge site 57; see Fig. 

7.1). Two aliquots of plagioclase yielded imprecise mini-plateau apparent dates of 120 ± 14 
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Ma and 123 ± 11 Ma (Fig. 7.3) indicating an Early Cretaceous age for the Sonne Ridge 

samples, but the relatively poor resolution of the age spectra prevent detailed age comparison 

(cf. Fig. 7.3). 

 

3.3 Major and Trace Element Geochemistry from the WZFZ, Sonne Ridge, and 

Sonne Seamount 

Two samples from the WZFZ (52 and 61), one sample from the Sonne Ridge (57), and one 

sample from the Sonne Seamount (56) were analyzed for major and trace elements (Table 

DR2; see the Data Repository). All samples are basaltic or slightly differentiated as shown 

by their low Mg content. Three of the samples show negative Nb and positive Pb anomalies, 

which are characteristic of many continental flood basalts (CFBs). Incompatible and rare 

earth element (REE) patterns are similar to those of enriched tholeiitic basalts such as 

enriched mid-oceanic ridge basalts (Fig. 4; Dadd et al., 2015). They are remarkably similar 

to the ca. 132 Ma Bunbury Basalt in southwestern Australia (Fig. 7.4) (Coffin et al., 2002; 

Frey et al., 1996). The sample from the Sonne Seamount presents a stronger light REE 

(LREE) enrichment relative to heavy REE (HREE) compared to the other samples, and 

shows positive Nb, and negative Pb anomalies. 

 

Figure 7.4: P Primitive mantle normalized incompatible element patterns. Primitive 

mantle normalization, average ocean island basalt (OIB), enriched mid-oceanic ridge 

basalt (E-MORB), and normal MORB (N-MORB) values from Sun and McDonough 

(1989). Bunbury Basalt data are from Frey et al. (1996). Smt.—Seamount; WZFZ—

Wallaby–Zenith Fracture Zone; differ’d—differentiated; CFB—continental flood 

basalt. 
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4 Discussion 

The chronology of volcanism on the Wallaby Plateau as indicated by zircon and 

sericite/plagioclase isotopic ages provides new constraints on the duration of magmatism as 

Greater India drifted away from Australia. The concordant U-Pb ages from volcaniclastic 

detrital zircon indicates an episode of volcanism occurred along the WZFZ at ca. 124 Ma on 

the edge of the Wallaby Plateau. The sericite minimum 40Ar/39Ar age of 124 Ma furth  

west along the WZFZ confirms the importance of this volcanic phase along the WZFZ. 

Despite the sericitization age being very similar to the age recorded by the zircon and thus 

indicating a strong hydrothermal activity at the time, we note that the true age of the basaltic 

eruption could range from being synchronous with the alteration process (cf. Jourdan et al., 

2009) to up to a few million years older (Verati and Jourdan, 2014). Therefore, we can say 

with certainty that some of the Wallaby Plateau volcanic rocks formed at ca. 124 Ma, but the 

total duration of volcanism remains uncertain. The sericite 40Ar/39Ar age from the Sonne 

Seamount has indicated a much younger age of alteration of 60 Ma. As a    

age of the eruption remains elusive. The Sonne Seamount sample could be related to the rest 

of the Wallaby Plateau volcanism at ca. 124 Ma and have been severely altered at ca. 60 Ma. 

However, the geochemistry of the Sonne Seamount is more typical of an ocean island basalt 

(Fig. 7.4). Alternatively, we note that the closest magmatic occurrences of ca. 60 Ma are 

located in the Christmas Island Seamount Province (CHRISP; Hoernle et al., 2011), which 

was, at the time, only a few hundred kilometers away from the Sonne Seamount, suggesting 

a possible connection between the two. In any case, the difference in age and chemistry 

points to a distinct origin for the Sonne Seamount relative to the rest of the Wallaby Plateau. 
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Figure 7.5: Plate reconstructions during the breakup of Greater India from the 

Austral–Antarctic portion of Gondwana, modified from Gibbons et al. (2012) and Hall 

et al. (2013). CAP—Cuvier Abyssal Plain; PAP—Perth Abyssal Plain; ZP—Zenith 

Plateau; WP—Wallaby Plateau; NP—Naturaliste Plateau; FZ—fracture zone. 

 

The age of the bordering oceanic crust in adjacent abyssal plains is significantly older than 

that of the 124 Ma Wallaby Plateau volcanic rocks, taking into account the uncertainties 

associated with the ages of the magnetic anomalies. Although most authors agree that the 

oldest magnetic anomalies adjacent to the Wallaby Plateau are M11 (Perth Abyssal Plain) 

and M10 (Cuvier Abyssal Plain), in the absence of isotopic ages, there is current debate 

about the absolute ages of these chrons, ranging from 136 to 132 Ma (M11) and 134 to 130 

Ma (M10) (cf. Heine et al., 2013). In any case, some portion of the volcanic rocks on the 

Wallaby Plateau erupted at least 6 m.y. after the onset of oceanic spreading, although the 

initiation of the volcanism on the plateau could have happened a few million years earlier. 

Furthermore, we showed that the Wallaby Plateau has rocks with enriched compositions 

similar to that of continental tholeiitic basalt (Fig. 7.4). Such geochemical signatures clearly 

point to the involvement of continental material during the melt generation for the Wallaby 

Plateau volcanic rocks, either by contamination of the basaltic melts ascending through the 

continental lithosphere or by derivation from a fertile subcontinental lithospheric mantle. 

Temporally and spatially, the closest known basalt with similar geochemical signatures is the 

ca. 132 Ma Bunbury Basalt in southwestern Australia (Fig. 7.4) (Coffin et al., 2002), 

although it only has a volume of ~102 km3 (Olierook et al., 2015b). The Bunbury Basalt and 



H.K.H. Olierook   Wallaby Plateau Volcanics 

242 

 

volcanism on the Wallaby Plateau have a similar composition despite an 8 m.y. gap, 

suggesting that both eruptive processes share some affinities. Nevertheless, the volumetric 

approximations for the Wallaby Plateau volcanism are two to three orders of magnitude 

greater than for the Bunbury Basalt flood basalt (Goncharov and Nelson, 2012). Plate 

reconstruction models indicate that the position of the dredge samples along the WZFZ 

coincide with the opening of the Indian Ocean along this major lithospheric discontinuity 

(Gibbons et al., 2012; Hall et al., 2013) (Fig. 7.5). This would imply that while the Bunbury 

Basalt volcanism was restricted to southwest Australia at ca. 132 Ma, the Wallaby Plateau 

could have initiated only when space opened sufficiently at ca. 124 Ma that could allow 

basaltic lavas to flow freely along the WZFZ and over the Wallaby Plateau. The sericite age 

of 124 Ma could be explained by an intense hydrothermal activity associated with the 

magmatism along the WZFZ. 

Incubation of a mantle plume head underneath the lithosphere could provide an origin for the 

Wallaby Plateau volcanism that is consistent with the volcanic rock geochemistry (e.g., Xu 

et al., 2014). Upwelling plume material is stored at the base of the thick continental 

lithosphere below its solidus before continental breakup. This plume can only rise after 

breakup, crossing its solidus and melting by decompression. This provides an alternative 

mechanism to generate plume-type magmatism after continental breakup and is probably the 

direct consequence of mantle melting caused by plate breakup. 

Despite 104–105 km3 of basalt on the Wallaby Plateau, these contiguous margins are still 

neither like magma-poor (e.g., Iberia–Newfoundland; <103 km3), nor volcanic passive 

margins (e.g., East Greenland; 106–107 km3) (Courtillot et al., 1999; Eldholm and Grue, 

1994). We suggest that magma-poor and volcanic passive margins are only ‘end-members’ 

of a continuous spectrum for continental breakup. The age, geochemistry and volume of the 

Wallaby Plateau volcanic rocks indicate that intermediate levels of volcanism exist within 

what we suggest should be a continuum between the two end-members. 

 

5 Conclusions 

New zircon U–Pb and 40Ar/39Ar ages of volcaniclastic and volcanic rocks at 124 Ma along 

the Wallaby–Zenith Fracture Zone indicate a significant magmatic event shortly after the 

onset of sea-floor spreading. Geochemical and volume constraints indicate that the Wallaby 

Plateau volcanic rocks are part of a small continental flood basalt province with a volume of 
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104 to 105 km3. Known plate reconstruction constraints imply that this volcanism occurred 

when space was generated as the northeastern Indian Ocean opened adjacent to the Wallaby 

Plateau, potentially by means of an incubating plume. These intermediary volumes of 

continental flood basalts related to continental breakup challenge the prevailing theory that 

passive margins are either magma-poor or volcanic. We suggest that a continuum between 

these end-members is far more suitable. 
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Chapter 8 

 

 THESIS CONCLUSIONS 

The research, results and conclusions described within each individual chapter of this thesis 

have documented the evolution of depositional environments, paleo-drainage and 

provenance, the quantification of- and causes for subsidence and exhumation, and the timing 

and causes of magmatic events, in order to provide a better understanding of the “Tectono-

stratigraphic evolution during rifting of the southwestern Australia margin”. This thesis has 

primarily focused on the central to southern Perth Basin, the most proximal onshore basin to 

the relict triple junction of eastern Gondwana, with secondary investigations into magmatism 

on the Wallaby Plateau located along the relict northern boundary between Greater India and 

Australia. The new tectonic, stratigraphic and magmatic events are summarized in Figure 

8.1. The complex geological histories recorded in these regions facilitate a deeper 

understanding of the processes that lead from continental rifting to oceanic spreading. 

Depositional environments are predominantly fluviatile prior to breakup, but become paralic 

after breakup. Lithofacies analysis of the core from the GSWA Harvey 1 well has shown that 

the lower Wonnerup and upper Yalgorup Members of the Triassic Lesueur Sandstone 

comprise a variety of fluviatile lithofacies that are consistent with meandering to braided 

fluvial systems interspersed with overbank lagoons and paleosols (vertisols). These 

lithofacies are characteristic of Mesozoic formations elsewhere in the central and southern 

Perth Basin during continental rifting. The proportions of lithofacies vary between 

formations, and are typically stacked heterogeneously over short vertical distances (i.e., at 

the cm- to m-scales). Diagenesis in these lithofacies is dominated by kaolinite in meandering 

to braided fluvial facies, but predominantly comprise of smectite in overbank lagoons and 

paleosols. Pore-occluding kaolinite has not significantly reduced the primary porosity and 

permeability in meandering to braided fluvial facies. Given that the lower reservoir 

Wonnerup Member comprises predominantly of braided fluvial facies, the reservoir unit is 

characterized by consistently high porosity and permeability. In contrast, smectite-rich 

vertisol development has produced sandstone dykes in the Yalgorup Member. This study has 

shown that lithofacies and depositional environments have a strong first order control on 

diagenesis/mineralogy, and these, in turn, strongly control the petrophysical characteristics 

of formations. This new lithofacies-based petrophysical analysis has been used for a 
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feasibility study of a potential CO2 storage site near GSWA Harvey 1, and highlight good 

reservoir and seal potential of the Wonnerup and Yalgorup Members, respectively, assuming 

that the sealing potential of the Yalgorup Member is not compromised by potentially 

interconnected sandstone dykes. 

 

Figure 8.1: Summary of new findings presented in this thesis, showing the tectonic, 

lithostratigraphic and magmatic evolution of the Perth Basin.  
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The high frequency of facies intercalation combined with sparsely distributed wells and poor 

quality seismic reflection surveys preclude interpretations of the fluvial paleo-drainage 

network and their broad scale stacking patterns in the southern Perth Basin. However, the 

Bunbury Basalt lava flows were extruded around the time of continental breakup, and a new 

3D model of their geometry reveals that the lava flows ponded in two distinct, meandering to 

braided paleo-valleys. The 3D model of the Bunbury Basalts provides snapshots of the 

broadly N–S fluvial paleo-drainage patterns at ~137 Ma. This provides new constraints for 

the switch in drainage patterns in the Perth Basin, from south–north prior to and during 

breakup, to the modern east–west pattern shortly after breakup. The paleo-valley architecture 

at the time of eruption is interpreted to be sub-horizontal, as meandering channels cannot 

exceed gradients of 1°. However, the Bunbury Basalt is significantly faulted with net normal 

displacements of 370 and 210 m on the Darling and Busselton Faults, respectively, and net 

normal displacements on subordinate NE- and NW-striking faults are between 30 and 175 m. 

Post-breakup faulting challenges the established view that the Western Australian passive 

margin experienced long-standing quiescence after breakup. 

Three-dimensional modelling of the Perth Basin shows faulting has controlled the evolution 

of depocentres before, during and after breakup during both subsidence and exhumation 

events. As a result, the thicknesses of preserved chronostratigraphic formations vary in both 

in both space and time. The rate of sedimentation of fluviatile facies is interpreted to have 

kept track with accommodation space generation, and so the magnitudes of preserved 

thicknesses are able to constrain the rate of subsidence, where erosion has not reduced the 

total formation thickness. Only the Jurassic Cattamarra Coal Measures and Eneabba 

Formation preserve their full thickness in deep troughs and intermediate-depth terraces, 

which show that subsidence during the Jurassic was broadly hinged from north to south, with 

greater subsidence in the southern Perth Basin. The presence of several regional and 

localized unconformities indicates that episodic exhumation events occurred in the Perth 

Basin that have (partially) eroded the chronostratigraphic formations. However, analysis of 

the 3D geometry alone is unable to distinguish between contributions of subsidence/burial 

versus uplift/erosion to the finite preserved distribution of strata. Therefore, exhumation 

associated with unconformity-forming events in the southern and central Perth Basin was 

quantified for stratal packages via sonic transit time analysis from all existing well data. 

Sonic transit time analysis shows that the magnitude of exhumation was locally 

heterogeneous prior to breakup (gross exhumation = 0–2500 m), probably caused by fault 
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block rotation during extension at the end of the Permian period and inversion during 

compression at the end of the Triassic period. After breakup, exhumation was more 

regionally homogenous (gross exhumation = 600–1000 m), which is predominantly 

attributed to Late Cretaceous and/or Cenozoic epeirogeny with a minor component of 

inversion. The magnitude of exhumation during breakup, however, was consistently less 

than 1 km, which either reflects marginal flank uplift/fault block rotation caused during 

lithospheric stretching-driven breakup or, alternatively, rapid and transient uplift from an 

underlying mantle plume that resulted in little erosion. 

The petrogenesis of the Bunbury Basalt provides an explanation for the likely causes of less 

than 1 km of exhumation during breakup. In the onshore Perth Basin, the Bunbury Basalt is 

the only known and most proximal volcanism to the relict triple junction, which is dated 

using 40Ar/39Ar geochronology at 136.96 ± 0.43 Ma, 132.79 ± 0.42 Ma and 130.45 ± 0.82 

Ma. The oldest of Bunbury Basalt are synchronous with breakup, suggesting a common 

cause for breakup and volcanism. Based on plate reconstructions, the eruption of the oldest 

Bunbury Basalt preceded the emplacement of the Kerguelen large igneous province by at 

least 9 m.y. The temporal lag between the two magmatic events and the lateral distance 

(~1000 km) that the Kerguelen magma would need to travel to reach the eruptive center(s) in 

the southern Perth Basin without erupting anywhere else, suggests that the two magmatic 

events have different origins. Instead, we propose that the Bunbury Basalt was generated 

from a patch of enriched shallow mantle beneath the southern Perth Basin by decompression 

melting resulting from passive rifting between Greater India and Australia with no 

contribution from the Kerguelen hotspot. Therefore, the 1 km of regional exhumation was 

most likely caused by marginal flank uplift or fault block rotation, rather than rapid and 

transient uplift from an underlying mantle plume. 

This explanation is also supported by voluminous magmatism (104–105 km3) on the Wallaby 

Plateau, several thousand km from the Kerguelen plume head. 40Ar/39Ar and U–Pb dating has 

shown that a portion of the Wallaby Plateau erupted at ~124 Ma, at least 6 m.y. after 

breakup. The Wallaby Plateau volcanics and Bunbury Basalt share geochemical 

characteristics, suggesting a cognate origin despite the large time lag between the two 

volcanic events. We suggest that the temporal and volumetric differences are related to the 

availability of space to propagate magma to the surface. The Bunbury Basalt is only small 

(~90 km3) because of the limited available space. Similarly, magma on the Wallaby Plateau 

could not erupt until 124 Ma because of the lack of space adjacent to the plateau. Eruption 



H.K.H. Olierook   Thesis Conclusions 

251 

 

was made possible at 124 Ma via the opening of the Indian Ocean during the breakup of 

Greater India and Australia along the Wallaby-Zenith Fracture Zone.  

It is clear that the stratigraphic and magmatic evolution of the southwestern Australian 

margin was profoundly influenced by tectonic events before, during and after the breakup of 

eastern Gondwana. The Perth Basin experienced: a change from fluvial-dominated to paralic 

sedimentation; a switch in paleo-drainage and provenance from south–north to east–west, 

and; locally heterogeneous subsidence and exhumation driven by tectonic events to more 

regionally homogeneous subsidence and exhumation driven predominantly by epeirogenesis. 

The breakup of eastern Gondwana resulted in coeval magmatism proximal to the relict triple 

junction. Both proximal and distal magmatic events were solely caused by the breakup of the 

Gondwana lithosphere, rather than by the incubation of the Kerguelen mantle plume. 
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a b s t r a c t

GSWA Harvey 1 was drilled as part of the South West CO2 Geosequestration Hub carbon capture and
storage project (South West Hub) to evaluate storage volume, injectivity potential and carbon dioxide
retention capacity in the south-western Perth Basin. Six cored intervals from the Triassic Lesueur
Sandstone contain nine lithofacies consistent with fluvial depositional environments: the lower Won-
nerup Member is dominated by fluvial lithofacies consisting of stacked beds of porous, permeable
sandstone deposited as high-energy fill and barforms, with rare finer-grained swampy/overbank de-
posits. The overlying Yalgorup Member contains mainly floodplain palaeosols with low- to moderate-
energy barforms. The high- to moderate-energy fluvial facies typically have a low gamma response
and contain clean, medium to very coarse-grained quartz-dominated sandstones. Other clastic compo-
nents include K-feldspar (8e25%) with trace muscovite, garnet and zircon, and interstitial diagenetic
kaolinite (up to 15%) and Fe-rich chlorite (up to 13%). The low-energy facies contain variably interbedded
mudstone and thin, moderate to well sorted fine-grained sandstone, typically with a high gamma
response, and are consistent with deposition under swampy, overbank and palaeosol conditions. These
facies have significantly higher proportions of mica and diagenetic clays, including smectite (up to 8%)
and illite (up to 10%), and detrital plagioclase (up to 21%) and trace carbonate bioclasts. High porosity and
permeability in the cored intervals of the Wonnerup Member indicate good reservoir characteristics in
terms of storage capacity and injectivity at depths relevant to CO2 injection (>1500 m). High porosity and
extremely variable permeability values in the Yalgorup Member were measured. The variation is due to
permeable vertical sandstone features in low permeability sandy mudstone and indicate limited sealing
potential, although the spatial connectivity of the vertical features cannot be resolved from the available
core. A preliminary assessment of the area as a CCS site seems favourable; however, the project is only in
the early stages of its characterization and far more regional and site-specific data are needed to evaluate
how injected CO2 may behave in the subsurface.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon Capture and Storage (CCS), involving CO2 geo-
sequestration, is a relatively recent development to moderate
anthropogenic carbon dioxide emissions and to reduce the green-
house effect (Bielicki, 2009; Gibbins and Chalmers, 2008; Pires
et al., 2011; Scott, 2013). Initially, carbon dioxide gas is captured

from industrial emissions, compressed and converted into a su-
percritical state as it is injected, and in this denser state higher
volumes can be injected into porous and permeable reservoirs in
the subsurface. Among the different strategies proposed for un-
derground storage, deep saline aquifers have been globally indi-
cated to possess the highest potential capacity for CO2
sequestration (cf. review byMichael et al., 2010). In such a scenario,
hydrodynamic and chemical reactions between the carbon dioxide,
brine and rock can ‘trap’ it underground for hundreds to hundreds
of millions of years depending on the physical and chemical
reservoir properties (Janda and Morrison, 2001).
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As of 2009, coal is only mined at two localities in the Collie
Basin, in south-western Western Australia, where the majority of
this coal is used in adjacent coal-fired power stations (Cuevas-
Cubria et al., 2011). Coal is the main fuel used for electricity gen-
eration in southwestern Australia, with 29% of total electricity
coming from coal in 2009 (Cuevas-Cubria et al., 2011). The most
geologically feasible location for a carbon storage site was evalu-
ated within a 50 km radius of these coal-fired power plants (Varma
et al., 2009), in order to limit the CO2 transportation costs. The
‘South West Hub’ is an initiative in the Perth Basin, to the west of
the Collie Basin, to investigate a potential site for CO2 sequestration.
Preliminarily studies indicated favourable conditions in terms of
aquifer salinity at depth, estimated storage capacity and proximity
to stationary CO2 emitters (see review by Stalker et al., 2013b).
Estimates indicate that the South West Hub could becomeWestern
Australia’s first major onshore carbon capture and storage project,
with the potential to sequester up to 6.5 million tonnes of CO2 per
annum for 40 years from industrial emission streams (Global CCS
Institute, 2012).

Initial evaluation of the suitability of the target site has relied on
geophysical methods and the extrapolation of petrophysical ana-
lyses of sparse core material extracted from deep wells outside the
proposed site due to the distance from outcrop of the proposed
target rocks (280 km) in the region (Delle Piane et al., 2013a; Varma
et al., 2009). The stratigraphic well GSWA Harvey 1, drilled by the
Geological Survey of Western Australia (GSWA) in early 2012, near
the town of Harvey to a total depth of 2945 m below rotary table,
was designed to provide key information about the subsurface
geology to facilitate evaluation of the SW Hub CCS Project (Stalker
et al., 2013a). The proposed CCS site intends to use the Wonnerup
Member of the Lesueur Sandstone formation as the main storage
interval with CO2 contained below the interbedded sandy and
muddy facies of the Yalgorup Member that would act as hydraulic
baffles to retard the vertical movement of CO2 and enhance capil-
lary trapping as a main containment mechanism (Flett et al., 2004;
Hovorka et al., 2004; Stalker et al., 2013b). A secondary, potentially
regional seal may be provided by the overlying Eneabba Formation
although its thickness, structural integrity and lateral extent in the
area are not yet well established. New data from this well are
currently being used in order to plan further data acquisition in the
area to improve characterization.

This paper presents novel sedimentological, petrographic and
petrophysical data of the cored intervals of GSWA Harvey 1 in the
context of the geology of the Perth Basin. In particular we focus on
the evaluation of three critical aspects for the assessment of CCS
potential of the site: (a) lithofacies analysis of the proposed reser-
voir and seal rocks; (b) petrographic, mineralogical and petro-
physical properties for storage and injectivity estimation, and; (c)
the relationships between these properties and local lithofacies.
Observations and measurements of geological and petrophysical
parameters include wireline logs of the hole, detailed sedimentary
and mineralogical logging of the cored section, laboratory mea-
surements of porosity, permeability and water distribution, and
petrographic descriptions of the sedimentary facies. Physical
properties are rationalized according to lithofacies and depth to
facilitate generalization of the results across the southern/central
region of the Perth Basin.

2. Geological setting

The Perth Basin extends over 1000 km northesouth along the
south-western margin of Australia between latitudes 26�300S and
34�300S. Exploration for various resources includes over 360 pe-
troleum exploration holes, over 200 groundwater productionwells,
and, more recently, evaluation for geothermal energy and carbon

capture and storage (Champ, 2010; Crostella and Backhouse, 2000;
Ennis-King and Wu, 2005; Mory and Iasky, 1996; Timms et al.,
2012). The basin contains mainly continental clastic rocks depos-
ited since the Permian in a rift system that culminated with the
breakup of Gondwana in the Early Cretaceous (Crostella and
Backhouse, 2000; Mory and Iasky, 1996; Song and Cawood,
2000). During the Permian, the Perth Basin was the eastern half
of a rift valley that formed due to sinistral transtension with a
predominant south-westerly extension direction (Cawood and
Nemchin, 2000; Song and Cawood, 2000). Extension continued
into the Jurassic leading to the central zone subsiding as a series of
grabens and half-grabens, with deposition of transgressive marine
sediments during the Middle and Late Jurassic/Early Cretaceous
(Song and Cawood, 2000). The large-scale architecture of the Perth
Basin is dominated by listric, extensional, north to north-west
trending faults that controlled the distribution of sediments and
were reactivated during the breakup of Gondwana to compart-
mentalize the basin into a series of sub-basins (McPherson and
Jones, 2005; Mory and Iasky, 1996; Song and Cawood, 2000).

GSWA Harvey 1, shortened to Harvey 1, is a 2945 m-deep
stratigraphic hole drilled during February and March, 2012, at
32�59030.7900S, 115�55039.2300E (Fig. 1 A). The well intersected sur-
ficial laterite and unconsolidated sand, the Quaternary Guildford
Formation, the Lower Cretaceous Leederville Formation, the Lower
Jurassic Eneabba Formation, the MiddleeUpper Triassic Lesueur
Sandstone (subdivided into an upper Yalgorup Member and lower
Wonnerup Member) and the Lower Triassic Sabina Sandstone
(Fig. 1 B). Formations and members (summarized in Table 1) were
identified via correlation with nearby exploration wells based on
breaks on the induction-electrical, gamma-ray and sonic logs, and
supported by palynology. A total of 217 m of core was retrieved
from 6 intervals in Harvey 1 (Table 2). The cored intervals consist of
the Yalgorup Member (cores 1e4) and Wonnerup Member (cores
5e6) of the Lesueur Sandstone. Sedimentary logging of core from
the Lesueur Sandstone in the central Perth Basin indicate deposi-
tion in a braided, fluvial-dominated environment (Timms et al.,
2012). The braided fluvial-dominated facies scheme developed by
Miall (1996) and modified by Timms et al. (2012) for wells in the
central Perth Basin was used to differentiate lithofacies in Harvey 1.

3. Approach/methods

Methods used include core analysis, petrography, core plug
petrophysical tests and wireline log petrophysical evaluation; a
detailed description of the analytical techniques is supplied as
Supplementary material.

Analyses of the six cores from Harvey 1 include gamma ray
measurements, sedimentary logging, facies analysis, hyperspectral
logging and X-ray diffraction (XRD) mineralogy. Natural core
gamma ray was measured on whole core at 5 cm intervals. Sedi-
mentary logging of the cores, including lithology, colour, sedi-
mentary structures, grain size, sorting and roundness were
recorded graphically and described. The logs were used to assign
lithologically-distinct lithofacies (here referred to as ‘facies’), uti-
lizing a facies scheme adapted from the central Perth Basin (Timms
et al., 2012). Ninety core plug samples targeting a wide range of
facies and depths were selected where cohesive plugs could be
taken. Hyperspectral logging was used to yield semi-quantitative
and almost continuous data on the depth distribution of clay
minerals and chlorite at 8 mm intervals (Haest et al., 2012; Hancock
and Huntington, 2010; Huntington et al., 2004). Quantitative
mineralogy of the sediments was estimated using XRD on 27
samples.

Petrographic analyses were done on polished thin sections
prepared from 27 core plug offcuts, photomicrographed
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(catalogued in Delle Piane et al., 2013b) and analysed for mineral
abundance and texture. Scanning electron microscopy (SEM) im-
ages of three core samples were collected to reveal the
morphology of pore spaces, and the mineralogy and form of
interstitial phases.

Petrophysical tests on core plugs were done to characterize
porosity and permeability. Helium porosity and permeability were
measured on all 90 samples. Mercury-injection capillary pressure
was measured on 27 offcuts to estimate the pore throat diameter
distributions. Nuclear magnetic resonance (NMR) analyses of 27

Figure 1. (A) Geological map of the central Perth Basin showing the location of onshore petroleum and stratigraphic wells. GSWA Harvey 1 is shown in red. Geology after Playford
et al. (1976). ‘Faults at depth’ control pre-Cretaceous architecture and are interpreted from vertical gradient of isostatic residual gravity, after Wilkes et al. (2011). (B) Generalized
stratigraphy of the Perth Basin, after Crostella and Backhouse (2000), with modified geological timescale, after Gradstein et al. (2012). Tectonic stages after Song and Cawood (2000).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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plugs were used to further characterize pore size distribution and
permeability.

A selection of wireline logs acquired from Harvey 1 was used to
assess the facies, porosity and permeability distribution in non-
cored intervals of the Lesueur Sandstone. The wireline gamma
ray log was compared to the core gamma to extrapolate a simplistic
facies scheme from core to non-cored intervals. Effective density
log data had the best correlation with core plug helium porosity
and were therefore used to extrapolate porosity. Downhole
permeability was estimated from a NMR wireline tool in sandy
intervals; consequently, the estimations may not be valid for
muddy intervals.

4. Results

4.1. Sedimentary and petrographical characteristics of facies

Nine distinct facies were recorded by Timms et al. (2012) in
petroleumwells to the north of Harvey 1 in the central Perth Basin.
The same facies were also identified in Harvey 1 core, consistent
with the interpretation of a fluvial depositional setting; the char-
acteristics of the nine facies are reported in Table 3. An overview of
the typical appearance of the facies at the core and microscopic
scale is shown in Figure 2 and their distribution in the core is
summarized in Figures 3 and 4.

In addition to the nine facies recorded by Timms et al. (2012),
palaeosols (facies D) also contain structures that are consistent
with vertisol development (Fig. 5). This facies exhibits sandstone-
filled fractures or ‘dykes’ in mudstone, with thin layers of
medium-grained sandstone, and intermittent very coarse-grained
sandstone layers (Fig. 3 B, C). Medium-grained sandstone filling

these fractures lithologically resemble poorly-sorted moderate-
energy channel barforms (facies B), whereas coarse-grained sand-
stone in such fractures resembles poorly-sorted high-energy
channel fill (facies AieAiii). Vertical to sub-vertical, trans-bedform
fractures are pervasive in themudstone; they are typically planar to
irregular, and can extend from 5 cm to several metres. These frac-
tures could act as permeable pathways through the less permeable
mudstone. Open, gently-dipping fractures often present as conju-
gate sets and exhibit prominent slickensides at an acute angle to
the horizontal, thereby implying a horizontal maximum stress
direction.

4.2. Downhole distribution of facies

The six cores in Harvey 1 are all from the Lesueur Sandstone
(Table 2): cores 1e4 are from the Yalgorup Member (Fig. 3) and
cores 5e6 from the Wonnerup Member (Fig. 4). The Yalgorup
Member contains mixed sandstone/siltstone/claystone, and vari-
able porosity and permeability because of its heterogeneous na-
ture; the dominant lithology is typically assigned to facies D. The
Wonnerup Member consists mostly of interbedded coarse to very
coarse to gravelly sandstone, typically assigned to facies Ai and Aii,
with high porosity and permeability.

4.2.1. Yalgorup Member
Core 1 (895e931.5 m) consists of mixed coarse-grained to

gravelly, high-energy channel fill (facies Ai to Aiii) and fine- to
medium-grained, moderate-energy channel barforms and ripple-
forms (facies B and C) (Fig. 3 A). Siltstone and claystone beds are
rare, with the exception of one 1.36 m-thick bed.

Cores 2 to 4 (1266e1344 m), which are almost continuous,
consist primarily of mudstone and sandstone indicative of a
palaeosol (vertisol) depositional environment (facies D) (Fig. 3 B, C).
The top of core 2 contains fracture-filled silty claystone and sand-
stone beds. Sandstones have similar texture and composition to
fracture-fills that are immediately above. Towards the middle of
core 2, sandstone becomes more common, forming poorly sorted
horizons of facies Ai, Aii and B up to 3 m thick. As at the top of core
2, facies Ai, Aii and B sandstones have a similar composition to
those immediately below, indicating that material has filled in from
above. Towards the base of core 2, and throughout cores 3 and 4,
claystone/siltstone of facies D is dominant, with intercalations of
high-energy channel fill and barforms (facies Ai, Aii) andmoderate-
energy channel barforms (B).

The Yalgorup Member contains mixed facies, with numerous
small-scale changes in facies throughout the core. Approximately
35% of the cored sections contain high-energy fills and barforms
(facies AieAiii) (Fig. 3 D). The Yalgorup member is dominated by
floodplain palaeosols (facies D) in cores 2e4, but is otherwise
mixed, with 5e15% of facies AieC and EeG. The individual thick-
nesses of most facies in the Yalgorup Member are relatively similar,
with a mean of 0.7e1.5 m (Fig. 6 A). Exceptions include facies D and
E, where the mean is 2.5e3 m, and facies G, where the mean is less
than 0.1 m. With the exception of facies D, 50% of individual facies
thicknesses fall within 0.5 m of the mean.

4.2.2. Wonnerup Member
Core 5 (1896e1947.7 m) consists primarily of interbedded

coarse to gravelly sandstones (AieAii), indicating high-energy
channel fill and barforms, with foresets 1e5 cm thick, defined by
alternating grain sizes (Fig. 4 A). Crossbeds are 0.4e1.5 m thick.
These facies are occasionally interspersed with fine- to medium-
grained, cross-laminated sandstone (facies C), indicative of low- to
moderate-energy stacked rippleforms and medium-grained mod-
erate-energy barforms (facies B). Thin siltstone and claystone beds

Table 1
Summary of formation tops within Harvey 1 (formation tops provided by Geological
Survey of WA).

Formation Age Primary lithology Height (m)

Below
surface

ASL

Surficial Quaternary Sand and laterite 0 24.5
Guildford

Formation
Quaternary Sand and clay 5.2 19.3

Leederville
Formation

E Cretaceous Sandst., carb./glauc.
shale & lignite

36 11.5

Eneabba
Formation

E Jurassic Feldspathic sandst.,
minor conglom. & mudst.

250 �225.5

Lesueur
Sandstone

L-M Triassic Feldspathic sandstone 704 �679.5

Yalgorup
Member

L Triassic Heterogeneous
feldspathic sandst./mudst.

704 �679.5

Wonnerup
Member

M Triassic Homogeneous
feldspathic sandstone

1380 �1335.5

Sabina
Sandstone

E Triassic Micaceous sandst.,
with interbedded mudst.

2895 �2870.5

End of Hole 2945 �2920.5

Table 2
Summary of cored sections within Harvey 1.

Core no. Member Depth, below surface (m) Length (m)

Start of core End of core

1 Yalgorup 895 931.5 36.5
2 Yalgorup 1266 1319.2 53.2
3 Yalgorup 1320 1335.0 15.0
4 Yalgorup 1336 1344.0 8.0
5 Wonnerup 1896 1947.7 51.7
6 Wonnerup 2480 2532.5 52.5
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Table 3
Summary of facies within cored sections of Harvey 1. For comprehensive descriptions, see Miall (1996) or Timms et al. (2012).

Facies code Lithology Grain size Sorting Sedimentary structures Depositional environment

Ai Sand/gravel V.coarseegravelly Poor X-bedded H. energy channel fill
Aii Sandstone Mediumev.coarse Poor X-bedded H. energy barforms
Aiii Sandstone Coarseev.coarse Medium Massive Fluidized barforms
B Sandstone Medium Medium Massive w/flaser M. energy barforms
C Sandstone Fineemedium Medium X-lamination w/flaser M.eL. energy rippleforms
D Clay/silt/sand Siltemedium Poor Frac., dykes, slicks Floodplain paleosols
E Clay/silt/sand Clayev.fine Mediumewell Bio., slumps, dewater. Swampy dep.; waterlog.
F Silt/sand Siltev.fine Mediumewell Trough X-lamination Crevasse splays
G Clay/silt/sand Clayev.fine Well Thin lamination Swampy/overbank dep.

Figure 2. Core photo and photomicrograph examples of each facies. Note that no samples were taken from facies F or G.
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Figure 3. (AeC) Distribution of rock properties in the Yalgorup Member cored intervals of Harvey 1: (A) Core 1, 895e931.6 m; (B) Core 2, 1266e1319 m, and; (C) Core 3 and 4, 1320e
1344 m. Facies were determined through a facies model developed by Timms et al. (2012), modified from Miall (1996). Gamma was taken at 5 cm intervals on whole core. Porosity
(Por.) and permeability (Perm.) were determined fromwireline logs; permeability data were not shown for B and C because wireline log equations only applied to clean sandstone.
Helium-injection of core plugs provided statistical data at sample localities (black points). Short-wavelength infrared (SWIR) spectra from the HyLogger were binned every 20e
30 cm. (D) Pie chart showing the relative abundance of each facies of the Yalgorup Member.
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Figure 4. (AeB) Distribution of rock properties in the Wonnerup Member cored intervals of Harvey 1: (A) Core 5, 1896e1847.7 m, and; (B) Core 6, 2480e2532.5 m. Facies were
determined through a facies model developed by Timms et al. (2012), modified from Miall (1996). Gamma was taken at 5 cm intervals on whole core. Porosity (Por.) and
permeability (Perm.) were determined from wireline logs. Helium-injection of core plugs provided statistical data at sample localities (black points). Short-wavelength infrared
(SWIR) spectra from the HyLogger were binned every 20 cm. (C) Pie chart showing the relative abundance of each facies of the Wonnerup Member.
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(facies G) are rare and are interpreted as swampy/overbank
deposits.

Core 6 (2480e2532.5 m) consists primarily of interbedded
coarse to gravelly sandstones (facies AieAii), indicating high-
energy channel fill and barforms, with foresets 1e10 cm think,
defined by alternating grain sizes (Fig. 4 B). Crossbeds are 0.3e1.8m
thick. Facies present include intercalations of meter-scale, massive,
coarse-grained, high-energy fluidized barforms (Aiii), massive,
medium-grained, moderate-energy channel barforms, (B), and
finely crossbedded, fine to medium stacked rippleforms (C). Thin
(w1e20 cm thick) laminated and finely interbedded siltstone/
claystone layers (facies F, G) are rare, and are occasionally bio-
turbated and show dewatering structures (facies E).

Thick, continuously stacked high-energy fluvial channel fill and
migrating barforms (facies AieAiii) and minor swampy/overbank
deposits make up 85% of the Wonnerup Member (Fig. 4 C). The
thicknesses of 50% of individual beds in facies AieAiii fall within 1e
2 m of the mean (Fig. 6 B). Facies B to G have a mean thickness of
less than 0.2 m, with the exception of facies C, which has a mean of
0.5 m.

4.3. Gamma ray logging and its relationship with facies

4.3.1. Core gamma
Core gamma values vary systematically with facies (Figs. 3, 4).

High- to moderate-energy, clean, channel fill and barforms (facies

Figure 5. Vertisol development at various scales. (A) Schematic diagram showing vertisols among other soil types, developing in fluvial floodplains, after Spaargaren (1994). (B)
Schematic diagram showing components of vertisol development, after Spaargaren (1994). (C) Photograph of a vertical sandstone infill in a section of Harvey 1 core. (D) Photograph
of vertical sandstone infill in a polished segment. (E) Thin section image of vertical sandstone infill, under transmitted, plane polarized light. (F) Photograph of vertisol in Harvey 1
core, with black lines marking slicken surfaces. (G) Scanning electron microscopy image of slicken surface, under backscatter electron emission.
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Ai to B) typically exhibit the lowest gamma response; facies C to D
are intermediate, and facies E to G have higher gamma response. An
overview of the correlation between facies and core gamma (Fig. 7
A) demonstrates this relationship; however, there are overlaps in
the gamma response from different facies types. Facies B to D
typically have intermediate values between 50 and 90 cps. For
facies E to G, gamma ray values are most commonly in the range of
70e90 cps.

Core gamma ray values can be divided into sand-rich, sand-poor
and intermediate values. Gamma below 50 cps have w80% chance
of being facies AieAiii (sand-rich), which was derived from the
facies distribution in Figure 7 A. Similarly, values above 60 cps have
w80% chance of being facies D (sand-poor). Between 50 and 60 cps,
facies proportions are relatively even, and hence, no distinctionwas
made for these intermediate gamma values.

4.3.2. Wireline gamma
Wireline gamma typically has systematically higher gamma

radiation values than core gamma values and the two data sets
show similar distribution patterns (Fig. 7 C). However, the corre-
lation coefficient between the two measurements is poor
(R2 ¼ 0.329) (Fig. 7 D). The discrepancy between the two gamma
ray measurements possibly arises from differences in investigated
volume; the core gamma tool has an interaction depth of approx-
imately 7.5 cm, whereas the wireline gamma ray senses an almost
hemispherical volume with depth of a few tens of cm.

4.4. Detrital mineralogy and petrography

Relative abundances of mineralogy quantified via X-ray
diffraction (XRD) are shown by facies and depth (Fig. 8). X-ray

diffraction and petrography analyses show that facies AieC contain
primarily quartz, K-feldspar, with minor framework carbonates and
rare opaque minerals, micas, organic carbon and heavy minerals
(Fig. 8). Microstructural observations indicate that quartz is pri-
marily monocrystalline; 5e10% of total quartz is polycrystalline.
Polycrystalline quartz is usually composed of quartz polycrystals
typically of 0.5e2 mm diameter, which are more conspicuous in
large clasts present in facies Ai. Quartz is also commonly deformed,
as shown by undulose extinction. Feldspar grains are mostly
microcline with minor orthoclase. Orthoclase, in particular, is
skeletal with kaolinite infill. Sparse carbonate bioclasts are present
in some samples. Detrital minerals in facies D and E comprise the
same minerals as facies AieC, but also include plagioclase (albite).

4.5. Diagenetic mineralogy and petrography

Quartz overgrowth cements identified by oxide coatings
defining primary detrital quartz grain boundaries, euhedral and
elongated boundaries, are very weakly developed in cores 1e4, but
are more common in cores 5e6 (Fig. 9 A).

Kaolinite is the most abundant clay mineral and typically is
present as microcrystalline coatings on detrital grains and as het-
erogeneously distributed pore-occluding clots in the vicinity of
skeletal feldspar grains (Fig. 9 AeE). Illite and smectite in floodplain
palaeosols (facies D in cores 2e4) are less abundant than kaolinite
and are typically intergrown in pore-occluding clots (Fig. 9 E).
Berthierine, an iron-rich chlorite, is found in the Wonnerup
Member, particularly in finely laminated and bedded sandstone
(facies C and Aii, respectively). Clay-rich laminae found in these
facies comprise primarily of organic carbon, berthierine and minor
kaolinite. HyLogger data shows downhole variations in the pro-
portions of clay minerals (Figs. 3, 4 and 9 G). These data also show
that kaolinite in cores 1, 5 and 6 is well-crystallized, whereas cores
2e4 contain mainly poorly-ordered kaolinite and montmorillonite
(smectite), and an increase in chlorite with depth (core 6 exhibiting
more chlorite). The distribution of illite is difficult to quantify via
spectral techniques because its response is very similar to (detrital)
white mica.

4.6. Petrophysical properties and their relationship with facies

4.6.1. Porosity and permeability measurements from core plugs
Helium injection tests on core plugs show wide variations in

porosity and permeability (Fig. 10). Mean values are reported for
further discussion where duplicate (inter-laboratory) results are
available. The maximum measured porosity decreases with depth
from 27% at w900 m to 16% at w2500 m (Fig. 10). The maximum
measured permeability diminishes by almost an order of magni-
tude from 5000 mD at w900 m to 700 mD at w2500 m (Fig. 10).
However, porosity and permeability vary within each cored interval
by at least 20% and five orders of magnitude, respectively.

Correlations between variations in porosity/permeability and
lithofacies and depth (Fig. 11 A) show that at a given depth, high-
energy channel fills and barforms (facies AieAiii) have the high-
est porosity and permeability; moderate- to low-energy barforms,
migrating rippleforms and palaeosols (facies BeD) have interme-
diate porosity and permeability, and; swampy/overbank deposits
and crevasse splays have the lowest porosity and permeability
(facies EeG) (Fig. 11 BeG). The minimum, maximum and mean
porosity and permeability values and porosityepermeability re-
lationships for different lithofacies are summarized in Table 4. An
exponential trend line can be fitted to the global porosity-
permeability dataset with a moderate correlation factor (R2) of
0.600. Grouping data according to the facies scheme yields
regression lines that deviate from the ‘global’ fit, but typically lie
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Figure 6. Continuous facies thickness box-and-whisker plots of individual facies
thicknesses. (A) Yalgorup Member. (B) Wonnerup Member.
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Figure 7. Core and wireline gamma ray observations: (A) Core gamma shown by relative abundances of facies. (B) Wireline gamma from the Lesueur Sandstone; bad data are
removed. (C) Comparison between core and wireline gamma with depth. (D) Correlation between core and wireline gamma.
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sub-parallel to it with correlations as high as 0.951 (Fig. 11 A). Trend
lines for facies E to G could not be fitted because facies E and G had
only a single data point, and the permeability in the only two
samples for facies F was the same. Facies AieAiii tend to plot above
the global trend line, having a higher permeability for a specific
porosity value (Fig. 11 A). Conversely, facies BeG plot consistently
below the global trend line, having a lower permeability for a
specific porosity value than the mean. In particular, facies EeG plot
far below the global trend line.

For samples taken at the same depth, permeability values are
dependent on the measurement direction with respect to the
macroscopic bedding; i.e. permeability is anisotropic (Bernabé,
1992). Permeability anisotropy, defined by the ratio of perme-
ability along the bedding (khor) over permeability across the
bedding (kvert), varies with depth and with facies (Fig. 12). Samples
from facies Aii show nearly isotropic permeability at shallow
depths in the Yalgorup Member and become increasingly aniso-
tropic with depth in the Wonnerup Member, with up to two orders
of magnitude of difference between permeability across and along
bedding. Samples from facies B show approximately isotropic
behaviour independent of their depth, which reflects their lack of
sedimentary structures at the core plug scale (massive sandstone).
Only one pair of samples from facies C was tested and indicates
slightly higher vertical permeability than horizontal, which may
reflect the heterogeneity of fine-grained cross laminated sand-
stone. Finally two pairs of core plugs identified as mixed facies B/C
show contrasting behaviour at similar depth with one pair dis-
playing khor/kvert > 1 and the other khor/kvert < 1.

Pore throat size distribution as measured by mercury-injection
capillary pressure shows a systematic monotonic decrease in
modal pore throat sizes from facies Ai to E (Fig. 13). The modal pore
throat size for facies Ai and Aii is typically around 10 mm, whereas
the modal pore throat for facies B to E is between 0.8 and 2 mm
(Fig. 13 A). Macro- and micropore throats were defined as >3 mm
and <0.1 mm, respectively, based on the distribution observed from
nuclear magnetic resonance results (Fig. 14). Pore throats larger
than 3 mm are limited to facies Ai and Aii where they dominate the
pore throat distribution, but comprise less than 10% in facies B and
C, and are absent in facies D and E (Fig. 13 B). The proportion of pore
throats smaller than 0.1 mm systematically increases from w10% to
over 50% in facies A to E, respectively (Fig. 13 C).

Similar trends in pore throat size distributions are also
confirmed by the nuclear magnetic resonance experiments per-
formed on the saturated core plugs. Results have been separated for
the Wonnerup and Yalgorup Members (Fig. 14). In the Yalgorup
Member, facies Ai and Aii typically have bimodal pore throat widths
(0.1e1 mm and 10e100 mm). Facies B is unimodal, with throat sizes
averaging 3 mm. Facies C is unimodal, with varying means per
sample between 0.1 mmand 1 mm. Facies D is unimodal, withmeans
between 0.02 mm and 1 mm, but the majority of samples are posi-
tively skewed. Facies E is unimodal, with a mean of 0.03 mm. In the
Wonnerup Member, pore throat sizes are typically smaller for the
same facies when compared to the Yalgorup Member, which may
be attributed to compaction and hence reduction in pore throat
sizes. Facies Ai and Aii typically have bimodal throat sizes, aver-
aging 1 mm and 10e100 mm. Facies Aiii is bimodal, with peaks at 0.2
and 7 mm. Facies C is unimodal, with a mode of 1 mm.

4.6.2. Porosity and permeability from wireline logs
Porosity was calculated from effective rock densities measured

during wireline logging, as these provided the best correlation
when benchmarked against laboratory measurements (Fig. 15 A).
The linear regression between the calculated porosity for each
cored interval and the laboratory measured helium porosity
showed good correlations (R2 ¼ 0.72) (Fig. 15 D). The wireline log-

Figure 8. Bar charts to show relative abundances of modal mineralogy from X-ray
diffraction spectra, sorted by facies.
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Figure 9. Diagenetic minerals and textures using backscatter electron emission (AeD), plane polarized optical microscopy (EeF) and HyLogger SWIR system (G). (A) Quartz grain
with defined euhedral overgrowths and sparse kaolinite cement. (B) Partially-dissolved feldspar, replaced by pore-filling kaolinite. (C) Fine-grained vermicular pore filling kaolinite
between several quartz grains. (D) Euhedral kaolinite plates. (E) White quartz grains with interstitial smectite, illite-smectite and kaolinite. (F) Randomly oriented internal
deformation in quartz grains. (G) Relative abundances of kaolinite, montmorillonite and chlorite for cored intervals, with 16 m bin spacing.

H.K.H. Olierook et al. / Marine and Petroleum Geology 50 (2014) 83e10294

303

H.K.H. Olierook Appendix A: Thesis publications reprints



derived porosities provide continuous estimates for cored and non-
cored intervals. For cored intervals, these porosity estimates show
variations that can be related to facies and depth with similar
trends to those observed using helium-injection porosity analyses.
Due to the good correlation between laboratory and wireline po-
rosities, these data can be extrapolated to the remainder of the well
(Fig. 15 A).

The large spread in porosity data over 1200e1400 m is erro-
neous and is attributed to poor borehole shape, caused by breakout,
affecting the wireline tool measurements (Fig. 15 B). Porosity de-
creases with depth, from a maximum (excluding outliers) of 26% at
800 m to 10% at 2800 m. At a given depth, the porosity varies
significantly, by up to 20%. This spread is more prevalent at shallow
depths, especially over 800e1200 m, with significantly less varia-
tion deeper within Harvey 1, between 1400 and 2800 m.

Calculated wireline permeability for cores 1, 5 and 6 showed
moderate correlations with laboratory measured permeability
(Fig. 15 E). The calculated permeability values are only suitable for
clean, sandstone-rich intervals and therefore cannot be applied to
cores 2e4 consisting of mixed sandstoneesiltstoneeclaystone.
Permeability values have slightly inferior local correspondence
(R2 ¼ 0.56) with laboratory measurements than for the porosity
measurements; however, the correlation coefficient is sufficiently
acceptable to be used to extrapolate porosity and permeability to
provide general information to the entire Harvey 1 well (Fig. 15 C).
Permeability decreases with depth, from a maximum (excluding
outliers) of 1000mD at 800m to 10mD at 2800m. At a given depth,
permeability varies up to 5 orders of magnitude. As for porosity, the
spread is more prevalent at depths of 800e1200 m, than deeper in
the well over 1400e2800 m.

5. Discussion

5.1. Changes in depositional environment over time

All six cored intervals exhibit facies akin to those described by
Miall (1996) that are typical of braided fluvial environments.

The predominantly high-energy fluvial channel fill and bar-
forms in cores 5 and 6 are punctuated by moderate- to low-energy
channel barforms and stacked rippleforms, swampy/overbank de-
posits and crevasse splays. The Wonnerup Member is relatively

monotonous in terms of vertical facies distribution. However,
within a facies unit, 1e10 cm beds of alternating sand grain size
indicate cyclic changes in depositional energy during barform
migration, typical of a continually operating fluvial channel system
(Hjellbakk, 1997; Miall, 1996).

Cores 2 to 4 comprise extensive palaeosols, intercalated with
layers of high-energy fluvial channel fill and high- to moderate-
energy barforms, with rare swampy/overbank deposits. The
setting for these depositional environments are characteristic of
vertisols (Fig. 5), i.e. soils with a high cation exchange capacity
(>30 cmolc/kg) and high expanding clay content that shrink and
swell with changes in moisture content (Blokhuis, 1982;
Spaargaren, 1994). Cation exchange capacities determined using
the tetrasodium pyrophosphate method from Wang et al. (1996)
on four samples from core 2 show values between 28 and
37 cmolc/kg. Smectite detected in cores 2e4 via HyLogger and XRD
(Figs. 8 and 9 G) is potentially detrital, or formed within the
palaeosol as an alteration product of primary minerals in a high pH
environment with high mobility of silicon and magnesium
(Blokhuis, 1982).

Another diagnostic feature of vertisols is slickensides formed by
the volume changes that accompany cycles of wetting and drying.
In ephemeral fluvial systems, swelling clay minerals expand during
wet, winter seasons, and contract during dry, summer seasons
adjusting their volume to the seasonal water intake/loss cycles
(Fig. 5). This causes vertical desiccation cracks during the drying of
clay minerals. During the dry season, surface sediment or mulch
fills these cracks through channel flowby flash floodingwith poorly
sorted, medium-grained to gravelly sands. On rewetting, smectite
rehydrates and expands and the desiccation cracks seal again, but
stress increases occur due to the addition of the new material.
Consequently, the expanding material causes movement on shear
fractures, which create slickensides and the development of ‘vertic’
structure (Fig. 5).

Core 1 comprises a vertical intercalation of facies on the order of
1 m, and includes high-energy fluvial channel fill, barforms and
fluidized barforms, with moderate- to low-energy fluvial barforms
and stacked rippleforms, punctuated by thin swampy/overbank
deposits. These depositional environments are characteristic of a
migrating braided fluvial system (Bhattacharyya and Morad, 1993;
Miall, 1996).

Figure 10. Relationships between porosity, permeability and depth, determined from helium-injection using two different instruments at Geotech and CSIRO in Harvey 1 core
plugs. (A) Porosity versus depth (the two laboratory instruments have a R2 coefficient of 0.964). (B) Permeability versus depth (two laboratory instruments have a R2 coefficient of
0.968).
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The distribution of facies in Harvey 1 has many similarities with
that of the Lesueur Sandstone in Pinjarra 1 (c.f. Timms et al., 2012),
the closest well also with core available from the Lesueur Sand-
stone (Figs. 1 and 16). The Yalgorup and Wonnerup members were
not differentiated in Pinjarra 1. Nevertheless, if we assume that the
YalgorupMember in Pinjarra 1 is approximately the same thickness
as it is in Harvey 1, then the Yalgorup Member has heterogeneously
distributed facies and the Wonnerup Member primarily comprises
facies Ai to Aii; i.e., Pinjarra 1 contains a similar facies distribution
as that in Harvey 1 (Figs. 3 D, 4 C and 16). The exception is for
floodplain palaeosols (facies D), which are significantly more
abundant in the Yalgorup Member of Harvey 1 (Fig. 3 D).

5.2. Detrital provenance

There is no significant difference in detrital mineralogy for a
given facies with depth, implying that the sediment source has not
changed significantly during deposition of the Lesueur Sandstone.
Detrital minerals comprise predominantly single-crystal quartz,
with some polycrystalline quartz (particularly in facies Ai), mod-
erate proportion of feldspar and clay minerals and extremely rare
lithic fragments, and are classified as orthoquartzite (Selley, 1988).
Quartz-feldspar-lithic fragments proportions indicate that the
origin of sedimentary clasts is from stable cratons and transitional
continents (Selley, 1988). Minor garnet indicates a moderate to
high-grade metamorphic detrital provenance. Potential derivation
from Antarctica, the Yilgarn Craton, Greater India (prior to Gond-
wana breakup), the Leeuwin Complex, the AlbanyeFraser Orogen
or any combination of these source regions (Cawood and Nemchin,
2000; Song and Cawood, 2000) cannot be distinguished based on
the analysis of clast types alone.

5.3. Diagenetic history

An understanding of the diagenesis is important to assess the
potential reactions that may take place upon introduction of carbon
dioxide into the brine-rock system.

Kaolinite formation, through feldspar dissolution, typically
happens early in the burial history of a sedimentary basin
(Górniak, 1997). Kaolinite-filled pores are similar in size and shape
to that of adjacent framework grains. This indicates that certain
framework grains dissolved to produce partially pore-occluding
kaolinite (Fig. 9 B). X-ray diffraction has shown that plagioclase
(albite) is rare, except in clay-rich floodplain palaeosols and

swampy deposits. The dissolution of albite provides the
aluminium and silicon for kaolinite formation, whereas sodium
(and potassium) has probably been leached out by formation
waters. Furthermore, many potassium feldspar clasts appear
partially dissolved, probably because of preferential removal in
solution of sodium feldspar lamellae in originally perthitic grains.
Illite formed after kaolinite, probably from the dissolution of po-
tassium feldspar and albite in the absence of, or in different, for-
mationwaters that allowed for potassium to remain out of solution
and bond with the liberated aluminium and silicon. Since the
majority of illite is formed in lower energy and lower porosity
facies, this may have prevented the liberated potassium and so-
dium to dissolve.

Authigenic quartz, identified as rims on quartz grains, is rare in
the Yalgorup Member due to early kaolinite coating on quartz
grains, thereby inhibiting quartz precipitation (Tada and Siever,
1989). However, in the Wonnerup Member (core 5 and 6), the
lower abundance of clay mineral-coating around framework grains
allows authigenic quartz overgrowths to develop. The dissolution
and re-precipitation of quartz thereby forms long and sutured
contacts.

Deformation of individual mineral grains in Harvey 1 samples
predates deposition as undulose extinction and fractures in quartz
grains do not propagate across grains, and they are not preferen-
tially orientated at grainegrain contacts.

5.4. Extrapolation of facies using wireline log data

Given that a heterogeneous mix of facies was intersected at
Harvey 1, and that these facies have a strong control on petro-
physical properties, such as porosity and permeability, it is impor-
tant to attempt to extrapolate facies, porosity and permeability to
the non-cored intervals to fully characterize the target stratigraphy.
The data show that the probability of a particular core gamma
response being linked to a particular facies has a range of 50e90%
(Fig. 7). There are between 10 and 50% exceptions to this correla-
tion; in other words, using gamma alone to infer facies type in non-
cored intervals leads to a reasonable ‘rule-of-thumb’, but not a
unique interpretation. The exceptions could be due to: (a) prox-
imity shadoweffects, particularlywhere lowgamma sandstone and
high gamma mudstone are juxtaposed; (b) geological responses in
sandstones, including: (i) K in clay-rich sandstone; (ii) K in feldspar-
rich sandstone; (iii) U/Th in heavymineral-rich layers; or (c) ingress
of KCl-rich drilling mud.

Table 4
Porosityepermeability relationships for different lithofacies.

Facies code Porosity, f (%) Permeability, k (mD) Relationship exponential Correlation factor

Min Max Mean Min Max Mean

Ai 12.36 23.60 15.89 5.81 918.17 150.10 k ¼ 0.16e0.358f 0.585
Aii 2.36 24.93 15.52 0.01 1573.23 244.73 k ¼ 0.017e0.471f 0.652
Aiii 13.83 25.12 17.82 60.40 937.69 366.16 k ¼ 0.1e0.405f 0.351
B 5.24 24.56 17.94 0.01 1047.82 89.64 k ¼ 0.0001e0.550f 0.841
C 10.94 21.85 17.54 0.34 47.68 10.51 k ¼ 0.004e0.364f 0.539
D 10.25 18.37 14.90 0.07 38.19 10.18 k ¼ 0.00002e0.744f 0.951
Ea 6.70 6.70 6.70 0.01 0.01 0.01 e e

Fa 2.12 2.25 2.19 0.01 0.01 0.01 e e

Ga 2.12 2.12 2.12 0.01 0.01 0.01 e e

Global 2.12 25.12 15.48 0.01 1573.23 177.94 k ¼ 0.007e0.476f 0.600

a Insufficient data.

Figure 11. Facies and depth control on porosity and permeability and depth, determined from helium-injection core plugs from Harvey 1. (A) Porosity versus permeability, colour
coded for facies type; exponential relationship for trend lines are given in Table 4. (BeG) Porosity versus permeability colour coded for depth: (B) Facies Ai; (C) Facies Aii; (D) Facies
Aiii; (E) Facies B; (F) Facies C, and; (G) Facies D. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The extrapolation of a simplistic sand-rich/sand-poor facies
scheme to the non-cored sections of the Harvey 1well, albeit with a
low correlation coefficient, is able to provide broad insights to the
facies present in different sectors of the well. The distribution and
abundance of sand-rich and sand-poor facies observed in the
wireline gamma compares visually well with the arrangement and
abundances of facies within the cored intervals (Figs. 3, 4 and 7 B). A
more sophisticated facies schemewould be unrealistic, considering
the poor correlation factor between core and wireline logs.

5.5. Facies and depth controls on porosity and permeability

Facies exert a strong control on porosity and permeability due to
inherent differences in pore sizes and connectivity between
different facies. High-energy channel fill and barforms (facies Aie
Aiii) exhibit the highest porosity and permeability because the
coarseness of these sand grains have generated the largest primary
pore space. Mercury-injection capillary pressure and nuclear
magnetic resonance show a uniform reduction in the proportion of
macro-pores and a uniform increase in the proportion of micro-
pores from facies Ai to E. At a given depth, porosity decreases
from facies Ai to G, indicating that this is due to reduction in pore
size. Correspondingly, permeability decreases as the number and
quality of pore throat connections decrease. Furthermore, high-
energy channel fill and barforms typically have higher perme-
ability values for a given porosity value because of the low pro-
portion of interstitial minerals and quartz overgrowths.
Consequently, lower-energy barforms, palaeosols and swampy/
overbank deposits measure lower permeability values for a given
porosity value because of high initial clay content and authigenic
clay generation (Morris and Shepperd, 1982). At a given narrow
depth interval, porosity and permeability varies up to 20% and 5
orders of magnitude, respectively, whichmay be attributed to rapid
alternations of different facies. This spread of data is larger at
shallower depths, from 800 to 1200 m, which can be attributed
to vertical facies alternations, such as from rocks seen in core 1.
At depths below 1400 m, related to cores 5 and 6, there is
significantly less variation at a given depth, which can be
attributed to domination by relatively few facies (i.e. facies Aii).

Maximum porosity, based on wireline log calculations and core
plug measurements, decreases with depth from 27% at w800 m to
10% at w2800 m. Similarly, the maximum measured permeability
diminishes by two orders of magnitude from 5000 mD at w800 m

to 40 mD at w2800 m. This reduction of porosity and permeability
is a function of increasing overburden and vertical stress with
depth, leading to mechanical compaction of pore throats or in-
duction of chemical reactions that can occlude primary pore space.

The most evident anisotropy in permeability is shown in the
deeper samples of facies Aii (the possible injection target) (Fig. 12).
It is also probable that the permeability anisotropy in bedding is
enhanced by compaction at depth, acting mainly normal to the
sedimentary planes. If a laterally continuous reservoir exists, the
observed anisotropy may be beneficial in terms of CO2 injection as
the fluid will move laterally with ease while vertical flow would be
impeded by the structure of the sediment at the cm-scale and by
the intercalation and stratification of facies on longer length-scales.

5.6. Suitability of lithology as reservoirs and seals for CCS

Although the suitability for CCS is discussed, the results are
limited to the core and wireline analyses of a single well. Therefore,
it is unclear if our evaluation for CCS is either too optimistic or

Figure 12. Permeability anisotropy versus depth for sample pairs extracted from
Harvey 1. The vertical line represents the isotropic case where khor ¼ kvert. Permeability
measurements were performed by Geotechnical Services Pty Ltd at a confining pres-
sure of 5.5 MPa.

Figure 13. Pore throat sizes determined from mercury-injection capillary pressure. (A)
Modal pore throat size versus facies. (B) Percentage of pore throat sizes larger than
3 mm versus facies. (C) Percentage of pore throat sizes smaller than <0.1 mm versus
facies.
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pessimistic. In order to better characterize the area, a 3D seismic
survey and several new wells are planned.

The results from Harvey 1 indicate that the Wonnerup and
Yalgorup Members of the Lesueur Sandstone have significantly
different petrophysical properties. TheWonnerupMember consists
primarily of high-energy fluvial channel fills and barforms, which
exhibit moderately high porosity (10e20%) and permeability (1e
700 mD) sandstone. Other commercial and pilot CCS sites have
comparable petrophysical characteristics, with porosities ranging
from 12 to 37% and permeability ranging from 1 to 5000 mD for
successful CO2 injection projects (Michael et al., 2010). Large pri-
mary pore sizes are also characteristic of the Wonnerup Member,
which have remained relatively large due to limited quartz over-
growth cements and limited pore-occluding kaolinite clots (Tada
and Siever, 1989).

Based on the Harvey 1 data, the Wonnerup Member appears be
a suitable carbon storage reservoir from a mineralogical perspec-
tive, chiefly due to the low abundance of reactive phases with CO2

and brine, such as plagioclase, K-feldspar, biotite, and pyroxene (cf.
Gunter et al., 1997; Mito et al., 2008). The only mineral likely to
react at an appreciable rate is K-feldspar (Shao et al., 2010;
Wilkinson et al., 2009). The reaction between CO2, brine and K-
feldspar produces free potassium ions, carbonic acid, silica and
kaolinite, changes which have been observed at operational silici-
clastic CCS sites, such as Ketzin (Fischer et al., 2010, 2011; Förster

et al., 2010) and Nagaoka (Mito et al., 2008). Even though the dis-
solving properties of carbonic acid may increase CO2 containment
capacity, the rate of dissolution of K-feldspar is relatively slow,
between 10�12 and 10�11 mol/m2/sec (Mito et al., 2008). If these
rates are considered using an average grain size of 0.5 mm, then
CO2 containment is unlikely to be affected for hundreds of thou-
sands to millions of years (Fischer et al., 2011). Stable mineralogy,
with high porosity and permeability facies dominating >1500 m
depth, indicates that the Wonnerup Member has good reservoir
potential at depths relevant to CO2 injection.

The Yalgorup Member is significantly heterogeneous with
depth: the upper Yalgorup Member comprises abundant channel
fill deposits with high porosity and permeability interspersed with
low permeability swampy/overbank deposits, whereas the lower
Yalgorup Member shows a very large proportion of vertisol devel-
opment, with moderate-high porosity and variable permeability.
These values for porosity and permeability are higher than pub-
lished studies of operating CCS sites (Busch et al., 2009). However, it
remains to be seen what portion of injected CO2 would be mobile
by the time it reached the Yalgorup intraformational seals. In
addition, the distribution of minerals and their reaction with CO2
and brine could potentially produce pore-occluding clay minerals
that reduce porosity and permeability and aid in the seal capacity.
CCS sites such as Sleipner (Gaus et al., 2005) and Ketzin (Förster
et al., 2007) have shown reduction in porosity by up to 5% and

Figure 14. (AeB) Pore throat size distribution determined from nuclear magnetic resonance, colour coded for facies: (A) Yalgorup Member; (B) Wonnerup Member. (CeD)
Summary plots for pore throat sizes: (C) Yalgorup Member; (D) Wonnerup Member. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Figure 15. Wireline porosity and permeability in the Lesueur Sandstone section of Harvey 1; bad data due to borehole breakouts are removed. (A) Porosity, calculated from effective
density porosity; (B) caliper log, showing locations of borehole breakouts; (C) permeability, calculated from wireline NMR. (D) Correlation between laboratory measurements and
wireline porosity. (E) Correlation between laboratory measurements and wireline permeability.

H.K.H. Olierook et al. / Marine and Petroleum Geology 50 (2014) 83e102100

309

H.K.H. Olierook Appendix A: Thesis publications reprints



permeability by up to an order of magnitude due to CO2-brine re-
actions with plagioclase and K-feldspar, producing pore-occluding
illite and kaolinite clots, respectively. The distribution of expand-
ing clays, especially montmorillonite, could also be beneficial for
baffling vertical CO2 migration (Moore et al., 1982; Morris and
Shepperd, 1982). However, the maximum observed expansion of
montmorillonite in high-pressure environmental chamber experi-
ments is 9% at w5 MPa (Giesting et al., 2012). Sandstone dykes
within vertisols could also be detrimental to the sealing potential
because they could provide permeable pathways through imper-
meable units. Lower porosity and typically smaller pore throat sizes
in sandstone dykes within vertisols (facies D) imply a moderate
sealing potential. If these sandstone dykes have limited spatial
connectivity, then vertical permeability in the lower Yalgorup
Member would be reduced to values reflected by the surrounding
mudstone-components of vertisols. However, it is currently unclear
how the preexisting fractures and small-scale faults recognized at
this level (Fig. 5) will respond to changes in effective stress
resulting from injection of fluids in the subsurface.

6. Conclusions

This study aimed at providing the first geological description of
the units in Harvey 1 and a preliminary evaluation of the viability of
the South West Hub for carbon capture and storage. Successful
carbon capture and storage requires: (a) an adequate storage

capacity (i.e. sufficient porosity to contain the desired storage vol-
ume); (b) adequate injectivity so that the desired injection rate of
CO2 will disperse sufficiently into the reservoir without pore
pressure build up beyond the mechanical strength of the reservoir
or seal (i.e. sufficient permeability), and; (c) a cap unit with sealing
capacity that will prevent vertical migration of CO2. Outcomes of
the observations have only partially addressed these factors as they
were limited to core and wireline analysis of Harvey 1 only. More
certainty (positive or negative) is anticipated with future data
acquisition planned as part of the site characterization process.

The Wonnerup Member shows promising storage capacity and
injectivity, indicated by consistently high porosity and perme-
ability. Continuous and cumulative facies thicknesses indicate an
extensive, continuous porous reservoir, dominated by high-energy
channel fill and barforms, with only minor intercalations of
swampy/overbank deposits. Pore throat sizes in these facies
average 1e2 mm and are primarily macro-pores with uncommon
micro-pores. Diagenetic minerals in the reservoir comprise pri-
marily of pore-occluding kaolinite with some laminae-draping Fe-
rich chlorite. These minerals have the potential to impact on
injectivity rates, but are useful for reducing the rate of vertical
migration of CO2 post-injection. Reactions between CO2 and K-
feldspar (up to 17%) are typically slow and have the potential to
form additional kaolinite for long-term storage of CO2. Bedding-
normal fluid anisotropy may cause further vertical retardation.

The lower part of the Yalgorup Member displays significantly
lower porosity and permeability than the Wonnerup Member.
However, smectite-rich vertisol developments have produced
sandstone dykes, which show moderate porosity and permeability.
If these were extensive and connected to each other, the sealing
potential may be insufficient to cap CO2 injection.
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Paleodrainage and fault development in the southern
Perth Basin, Western Australia during and after the breakup
of Gondwana from 3Dmodelling of the Bunbury Basalt

H. K. H. OLIEROOK 1*, N. E. TIMMS1, R. E. MERLE1, F. JOURDAN1,2 AND P. G. WILKES3
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The evolution of faults and paleodrainage patterns on the southwestern Australian passive margin
during and after the breakup of Gondwana in the Early Cretaceous remains poorly understood. This
contribution investigates the fault and paleodrainage evolution in the southern Perth Basin with the use
of the ‘Bunbury Basalt’, the only lava flows known to be synchronous with continental breakup. New
aeromagnetic data have been integrated with well intersections and outcrop constraints to establish
the first 3D model of the Bunbury Basalt. The model reveals that flows are up to 100 m thick and are
predominantly confined to two north�south-trending paleovalleys and their tributaries situated in the
Bunbury Trough in the southern Perth Basin. The Donnybrook Paleovalley flow ponded in a paleovalley
proximal to the Darling Fault and is truncated by the two later flows within the Bunbury Paleovalley,
which is positioned centrally in the Bunbury Trough. Offsets of the Bunbury Basalt have been used to
identify new northeast- and northwest-trending faults in the southern Perth Basin, and broad folding is
interpreted as a consequence of drag into the Darling and Busselton faults. The model has been used
to determine post-basalt net displacements for the Darling and Busselton faults of 370 and 210 m,
respectively, and <175 m for the northeast and northwest-trending faults. The source vents for the
Bunbury Basalt were probably located at extensional jogs at intersections between the Darling Fault
and subordinate oblique faults. These results challenge the views on longstanding quiescence of the
post-breakup western Australian passive margin.

KEY WORDS: Perth basin, fault displacement, 3Dmodel, flood basalts, continental breakup, passivemargins.

INTRODUCTION

The breakup of eastern Gondwana is one of the most sig-
nificant events that shaped the current Australian conti-
nent. The southern Western Australian margin was one-
third of eastern Gondwana between what has since
become Australia, Greater India and Antarctica (Gib-
bons et al. 2012, 2013). This section of the margin offers a
unique opportunity to study processes of Gondwana
breakup because it is both preserved and accessible,
unlike the conjugate margins of Antarctica, which are
remote and covered by ice, and Greater India, which has
been partially consumed by the collision with Asia (Cap-
itanio et al. 2010). Processes associated with rifting and
eventual drifting of breakup are recorded through the
fault development and sedimentary infill patterns of the
Perth and Southern Carnarvon basins (Olsen 1997). How-
ever, resolution of faulting and paleodrainage patterns
in the onshore southern Perth Basin, the most proximal
part of the western Australian margin to the relict triple

junction, is hampered by poor-quality seismic data and
inadequate stratigraphic constraints from outcrop and
well data (Crostella & Backhouse 2000). Consequently,
details of continental breakup in the region remain
understudied. The onshore southern Perth Basin con-
tains the only evidence of volcanism associated with
breakup: the Bunbury Basalt comprises discrete lava
flows that erupted ca 132 Ma (Frey et al. 1996; Coffin et al.
2002). This paper aims to quantify the geometry and vol-
ume of the Bunbury Basalt in order to investigate how
volcanism interacted with faults and sedimentary sys-
tems in the Perth Basin. We explore this using the Bun-
bury Basalt as an event horizon that recorded a
snapshot of the paleodrainage pattern at the time of
emplacement and as a stratigraphic marker to resolve
previously unidentified post-volcanism faults and quan-
tify their net displacements.

The paleodrainage and provenance history of the
Perth Basin is unclear. Detrital provenance analysis is
consistent with detritus sourced primarily from the
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southern Albany�Fraser Orogen and Antarctica terrains
throughout the basin’s history, rather than the more prox-
imal Yilgarn Craton to the east (Sircombe & Freeman
1999; Cawood & Nemchin 2000; Cawood et al. 2003; Veevers
et al. 2005; C. Lewis pers. comms 2015). This indicates a
prolonged transport from the south since the Permian,
implying predominantly south to north axial drainage
(Veevers et al. 1994 and figures therein; Harrowfield et al.
2005). Yet, drainage patterns of current fluvial systems in
the Perth Basin are approximately east to west. Temporal
constraints on this switch, and potential links with
breakup are lacking because: (a) paleochannel geometry
is not resolvable from tabular stratigraphic packages on
poor-quality 2D seismic (Iasky et al. 1991; Iasky 1993); and
interpretation of the overall drainage pattern via paleo-
current data from scattered wells in braided to meander-
ing fluvial systems can be problematic (Miall 1996; Mory
& Iasky 1996). The Bunbury Basalt provides a new means
of understanding the drainage geometry as it contains
two flows very close to breakup that represent snapshots
of the paleodrainage during the development of the
regional Valanginian breakup unconformity.

Fault patterns in the Perth Basin are complex and
involve activity along multiple fault sets through time.
The deformation history is mainly interpreted from
faulting in the northern Perth Basin and has been used
to infer changes in rift direction (Harris 1994; Song &
Cawood 1999, 2000; Song et al. 2001). The majority of
faults in the northern Perth Basin strike north to north-
west and have a net normal sense of displacement. Fault
displacement is not discernible above the Valanginian
unconformity on 2D seismic surveys. Consequently, it is
interpreted that faults have not been re-activated after
breakup (Mory & Iasky 1996; Song & Cawood 2000). How-
ever, in the southern Perth Basin, the poor quality of
onshore seismic surveys means that only the major
faults are resolved, and so constraints on the activity
and re-activation of the major and identification of
minor faults are lacking (Iasky et al. 1991; Iasky 1993).
The existence and relative importance of different fault
sets in basin compartmentalisation and their displace-
ment history during and after breakup are not well con-
strained. Knowledge of this is important not only for the
tectonic history, but also for hydrocarbon system evolu-
tion, aquifer management and CO2 sequestration in the
region (Western Australian Energy Research Alliance
(WAERA) 2012; Olierook et al. 2014a; Timms et al. 2015).
The Bunbury Basalt is an ideal stratigraphic marker
because: (a) it is conspicuous and distinguishable
relative to surrounding sedimentary rocks; and (b) its
narrow age range of extrusion. Furthermore, it was pre-
dominantly restricted to paleovalleys, and so any offsets
in its top and basal surface could be ideal indicators of
subsequent faulting. Therefore, a detailed geometric
model has the potential to characterise post-basalt dis-
placement along known structures and identify previ-
ously unknown faults.

GEOLOGICAL SETTING

The Bunbury Basalt is the collective term for a series of
lava flows that represents the only Mesozoic magmatism

in the Perth Basin, Western Australia. The Bunbury
Basalt is situated in the southern Perth Basin, which com-
prises (from east to west) the Bunbury Trough and the
Vasse Shelf, bounded by the Darling, Busselton and Duns-
borough faults, respectively (Figure 1). The Perth Basin
contains predominantly Permian to Recent continental sil-
iciclastic rocks that deposited in a developing rift system
between Australia and Greater India, and to a lesser
extent, between Australia and Antarctica (Fairbridge &
Finkl 1978; Mory & Iasky 1996; Crostella & Backhouse 2000;
Song & Cawood 2000). The Mesozoic sedimentary rocks of
the southern and central Perth Basin are fluviatile, com-
posed predominantly of meandering to braided sandstone
interspersed with overbank and lagoonal finer-grained
rocks (Olierook et al. 2014a; Timms et al. 2015).

Deformation in the Perth Basin is dominated by lis-
tric, extensional, north to northwest-trending faults, com-
partmentalising the basin into a series of sub-basins that
controlled the distribution of sediments and subsequent
fluid flow (Mory & Iasky 1996; Song & Cawood 2000;
McPherson & Jones 2005; Olierook et al. 2014b). During
the Early Cretaceous, the initiation of continental drifting
between Australia and Greater India, and the correlative
lithospheric extension of the southern Perth Basin
resulted in the eruption of the Bunbury Basalt (Frey et al.
1996). Current geochronological constraints place the
eruption of the Bunbury Basalt at 132 § 0.6 and 123 § 1.8
Ma (2s), although both age sets were obtained using sub-
optimum sample preparation for 40Ar/39Ar radioisotope
analysis (Frey et al. 1996; Coffin et al. 2002). Greater confi-
dence is placed on the ca 132 Ma ages as these used plagio-
clase separates, although unpicked, rather than whole-
rock analyses that are notorious for containing cryptic
alteration, which results in significant deviation from the
true age (Verati & Jourdan 2014). Nevertheless, the ca
132 Ma age indicates that the eruption of the basalt lava
flows was approximately coeval with breakup.

The Bunbury Basalt is thought to comprise two flow
episodes separated by a thin sedimentary layer (Burgess
1978; Backhouse 1988b; Frey et al. 1996), and is exposed
along the coast at Casuarina Point at Bunbury, and at
Black Point on the southern coast of Western Australia
(Figure 1). It has also been observed as sparse outcrop
localities in present-day river beds, is quarried for road
stone at the Gelorup basalt quarry, and has been inter-
sected by 290 drill holes (Figure 1) (Playford et al. 1976;
Frey et al. 1996; Iasky & Lockwood 2004; Strategen 2012).
Several authors have used low-resolution aeromagnetic
images to suggest that the basalt extruded into paleoval-
leys (Ashley 1985; Iasky 1990; Crostella & Backhouse
2000; Iasky & Lockwood 2004), or formed as sheeted lava
flows that were subsequently partially eroded during the
Valanginian unconformity-forming event (Commander
1984; Smith 1984; Frey et al. 1996). New, high-resolution
aeromagnetic data, acquired by the Geological Survey of
Western Australia (GSWA) in 2011, have since become
available to provide insights into the geometry of the
Bunbury Basalt (Exploration Investment and Geosci-
ence Working Group 2012). Deep-seated dolerite bodies
(2700�4650 m) have also been reported in four petroleum
exploration wells in the vicinity of the Busselton Fault,
and are interpreted to be comagmatic sills associated
with the Bunbury Basalt flows (Williams & Nicholls
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1966; Le Blanc-Smith & Kristensen 1998; Crostella &
Backhouse 2000).

METHODOLOGY

The 3D model was constructed in several stages using
Petrel E&P software, which is available at www.soft
ware.slb.com/products/platform/Pages/petrel.aspx:

(1) A digital elevation model (DEM) was generated in
Petrel E&P software using 1 arc second (»26 m)
topography (Gallant et al. 2011) and 9 arc second
(»235 m) bathymetry (Whiteway 2009) (Figure 1b).

(2) Data from all drill holes in the southern Perth Basin
and westernmost Yilgarn Craton that contained
basalt (n D 290; Supplementary Paper A1) and those
that did not contain basalt (n > 30 000) were entered

Figure 1 (a) Map of the basalt distribution in onshore southwestern Australia based on drill holes and aeromagnetics (see Fig-
ures 2, 3). All drill holes that contain the Bunbury Basalt and deep intrusive rocks that may be coeval are shown. (b) Digital
elevation model of SWWestern Australia, from 1 arc second (»26 m) topography (Gallant et al. 2011) and 9 arc second (»235 m)
bathymetry (Whiteway 2009). Inset: Schematic cross-section of the main structural architecture of the southern Perth Basin
from X�Xʹ (see Figure 1a), showing intervals of Bunbury Basalt based on drill-hole logs and magnetic anomalies for the Bun-
bury Paleovalley, Donnybrook Paleovalley and the deep intrusive rocks.
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into Petrel to precisely constrain depths to the top
and base of the basalt, and broadly delimit its areal
extent (intersecting well locations indicated on
Figure 1a). Accurate positioning of the Bunbury
Basalt flow boundaries utilised data from the most
recently acquired regional aeromagnetic survey col-
lected in 2011 by the GSWA, with line spacing of
400 m (Exploration Investment and Geoscience
Working Group 2012) and legacy regional aeromag-
netic data collected in 1957, with line spacing of
1500�3200 m (Quilty 1963). The distribution of the

basalt correlates with a sinuous magnetic anomaly
in the Perth Basin, and drill-hole intersections indi-
cate that the maximum depth of the basalt flow is
300 m below surface. Mafic igneous rocks have a mag-
netic response several orders of magnitude higher
than that of sedimentary rocks on aeromagnetic
images (Hunt et al. 2013). Given that the Bunbury
Basalt is the only reported instance of mafic igneous
rocks in the Perth Basin (Crostella & Backhouse
2000), with the exception of the deep basement, its
boundaries are easily identified in aeromagnetic

Figure 2 (a) Total magnetic intensity (TMI) using 2011 GSWA survey data. Legacy aeromagnetic in the background show off-
shore distribution of basalt (Iasky & Lockwood 2004). (b) First vertical derivative of (a).

292 H. K. H. Olierook et al.

D
ow

nl
oa

de
d 

by
 [C

ur
tin

 U
ni

ve
rs

ity
 L

ib
ra

ry
] a

t 0
8:

18
 2

6 
Ju

ne
 2

01
5 

H.K.H. Olierook Appendix A: Thesis publications reprints

318



images (Figures 2, 3). Aeromagnetic data were proc-
essed using Geosoft Oasis Montaj� software, includ-
ing gridding, imaging and filtering the total
magnetic intensity, in order to visualise the magneti-
cally anomalous Bunbury Basalt within a relatively
magnetically homogeneous sedimentary sequence.
The data were gridded to 100 m (one-quarter of the
line spacing) to produce an image of the total mag-
netic intensity (Figure 2a). Reduction in the total
magnetic intensity to the magnetic pole (RTP) was
considered. This technique shifts magnetic

anomalies over the causal source. However, RTP is
only useful if the remanent magnetisation is much
smaller than the induced magnetisation (Baranov &
Naudy 1964; Ganiyu et al. 2013), which is not the case
for the Bunbury Basalt. The basalt has a significant
remanent magnetisation component (see Results and
Discussion sections), making RTP less useful and not
performed. Two additional techniques were used to
further aid in the interpretation of the distribution
of the Bunbury Basalt margin. First, the total mag-
netic intensity vertical gradient was calculated

Figure 3 (a) Upward continuation of 1000 m of total magnetic intensity (Figure 2a) image to highlight deep source anomalies
(e.g. basement). (b) Upward continuation of 1000 m subtracted from total magnetic intensity image (Figure 2a) to highlight
shallow source anomalies (e.g. Bunbury Basalt).
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(1VD; Figure 2b) (Verduzco et al. 2004). A 1VD image
highlights strong gradient contrasts and so is able to
clearly identify the boundaries of shallow source
bodies, such as the Bunbury Basalt. Second, upward
continuation was used to calculate the total
magnetic intensity at 1 km above ground level
(Figure 3a) (Ganiyu et al. 2013). This technique
reduces the short wavelength (i.e. from near-surface
magnetic features such as the Bunbury Basalt), leav-
ing longer-wavelength anomalies resulting from
deeper. The residual was then calculated by subtract-
ing the resultant upward continuation grid from the
total magnetic intensity. This effectively removed
the effects of the deep structures to reveal the short-
wavelength near-surface anomalies representing the
Bunbury Basalt (Figure 3b).

(3) Euler deconvolution of aeromagnetic data was used
to model the depth to the Bunbury Basalt away from
drill constraints. Euler deconvolution creates a solu-
tion set from the gridded magnetic intensity data to
estimate depths to magnetic sources. A prerequisite
for analysis is knowledge of the structural index
(0�3) that is related to the geometry of the geological
structure, in this case: the Bunbury Basalt (Thomp-
son 1982; Barbosa et al. 1999). The depth constraints
from drill holes and the distribution from the mag-
netic interpretation indicate that the basalt flows
are channel-like structures, which is typically given
the structural index of a dyke (D1). The Euler decon-
volution then produces depth solutions within calcu-
lated uncertainties. Several uncertainty percentages
were trialed, and 5% uncertainty was found to be an
optimum value, giving depth uncertainties of less
than 50 m when compared with known drill-hole
depths while maintaining a significant number of
Euler deconvolution depth solution (n D 1100;
Figure 4). Therefore, any faults that offset the top of
the basalt by displacements below 50 m are within
the Euler deconvolution uncertainty and are not
modelled unless faults are situated in sufficiently
densely drilled areas.

(4) The 3D architecture of the offshore expression of the
Bunbury Basalt required interpretation of 2D seis-
mic lines, which, unlike their onshore counterparts,
are moderate to good (Iasky et al. 1991; Iasky 1993).
Even so, the Bunbury Basalt was difficult to pick
because its average thickness (»30�40 m) is near the
tuning thickness of seismic wavelet, and it is lat-
erally discontinuous. However, the Valanginian
breakup unconformity (cf. Crostella & Backhouse
2000), on which the Bunbury Basalt is situated, is lat-
erally continuous and is a clear horizon in offshore
2D seismic. Seismic interpretation by Iasky (1993)
clearly shows undulations in the Valanginian uncon-
formity where the basalt-filling paleovalleys are
believed to correlate with the distribution shown on
aeromagnetic data. The base of the basalt in several
onshore drill holes is on the Valanginian unconfor-
mity and was therefore deduced to have the same
relationship offshore. Hence, the Valanginian uncon-
formity from 2D seismic interpretation (Iasky 1993)
was modelled as the base of the basalt. The top and
thickness of the offshore expression of the Bunbury

Basalt were established using aeromagnetic profile
modelling [see (6) below].

(5) The cross-section profile shape of the Bunbury
Basalt was established from densely drilled areas
supplemented by aeromagnetic profile modelling
(Figure 5a). Magnetic profile models were created
across the offshore portion using known depth to
base and susceptibility values in order to constrain
the top and thickness of the basalt (examples shown

Figure 4 Located Euler deconvolution solutions (triangles)
from 0 to 500 m with a structural index of 1 of the total mag-
netic intensity image (from Figure 2a). Note only solutions
attributed to the Bunbury Basalt are shown. Depths to top of
basalt (circles) measured in drill holes are superimposed
using the same colour scheme.
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in Figure 5b, c) (Nabighian 1972, 1974). Magnetic sus-
ceptibility values used in the models were measured
on cut, flat surfaces of 16 samples using a Terraplus
KT-10 magnetic susceptibility meter (Table 1) (Ell-
wood 1978). An average was taken from unweathered
samples for the Bunbury and Donnybrook paleoval-
leys (5.6 and 6.6 £ 10�3 SI units, respectively) and was
assumed to be the same for the entire flow. Both
flows were interpreted to have significant remanent
magnetisation (see results and discussion). As a
result, the remanent magnetisation directions were
assumed to be the same as, and in the opposite direc-
tion to, the Earth’s present-day magnetic field for the
Donnybrook and Bunbury paleovalleys, respectively
(Ellwood 1978). The upward continued aeromagnetic
data (Figure 3a) were used to eliminate the regional
response caused by broad-wavelength aeromagnetic
anomalies (i.e. basement). The magnetic profile mod-
els situated onshore and off the northwestern coast
were typically within 8 nT owing to the ease of

modelling ‘valley-shaped’ polygons (Figure 5a, b)
(Nabighian 1972, 1974). However, the accuracy was
typically only within 20 nT off the southern coast
owing to the interpreted multichannel geometry of
the paleovalleys and the consequent difficulty in
modelling these (Figure 5c). An average depth, as
indicated in the modelled magnetic response in
Figure 5c, was used for the 3D modelling of the paleo-
valleys in these multichannel regions. The valley
profile shapes were assumed to be locally uniform,
and so were extrapolated in offshore domains and to
sparsely drilled regions onshore.

(6) Interpolation of the base and top surface of the Bun-
bury Basalt utilised the convergent algorithm in
Petrel E&P, which honours the drill-hole data points
and the X�Y limits of the paleovalleys. The resultant
base surface was manually edited to reflect the mod-
elled valley profile shapes. Note that this manual
editing did not alter the top of the basalt and still
adhered to all drill-hole depth constraints.

Figure 5 Examples of valley profile shapes, depths and thicknesses using magnetic profile modelling. (a) The TMI model
(Figure 2a) was used for the ‘true’magnetic response and the upward continuation to 1000 m (Figure 3a) was used to constrain
the regional magnetic response. (b) Representative valley section across the Bunbury and Donnybrook paleovalleys that have
been densely penetrated by wells and are correlated with drill-hole depths. (c) Donnybrook Paleovalley off the NW coast. (d)
Bunbury Paleovalley off the SW coast. Note that (c) and (d) do not have drill holes in their vicinity to check their accuracy.
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(7) The position and displacement sense of faults were
inferred from a combination of: (a) previously
mapped large-scale and deep-seated faults; (b) verti-
cal offsets in the top and base of the Bunbury Basalt
where well constraints were sufficiently dense; (c)
linear features seen in the first vertical derivative
aeromagnetic image (Figure 2b); and (d) mapped lat-
eral juxtaposition of different outcropping rock
units. The along-axis dip angle of the paleovalleys
that the basalt extruded into was unlikely to be more
than 1� at the time of extrusion because meandering
channels cannot exceed a gradient of >1� (Hickin
2003). Given this premise, any sharp offsets >1� were
used to infer the position and displacement of new
faults (Figure 6). The dips of these faults were mod-
elled to similar faults in the northern Perth Basin,
which tend to have dips of »60�70� for Early Creta-
ceous sedimentary rocks (Mory & Iasky 1996). Only
the N�S striking Busselton and Darling faults were
given dips of 75�, using values of previously pub-
lished interpretations (Middleton et al. 1995). (8) All
surfaces were re-interpolated to incorporate the
faults. Depth and thickness maps of the Bunbury
Basalt were produced in Petrel E&P software.

RESULTS

Areal extent of the lava flows indicated by drill-
hole and aeromagnetic data

The spatial distribution of basalt-bearing drill holes and
outcrops shows that the Bunbury Basalt is restricted to
the Bunbury Trough, the westernmost Yilgarn Craton
and easternmost Vasse Shelf (Figure 1). Aeromagnetic

data show that the lava flows constrained from drill
holes and outcrops coincide with two spatially and tex-
turally distinct, high-frequency, high-amplitude ‘valleys’
with numerous ‘tributaries’ (Figures 2, 3). These are
interpreted to be paleovalleys that reflect the fluvial
drainage pattern that existed in the southern Perth
Basin immediately prior to extrusion of the basalt. In
this study, the western valley is referred to as the Bun-
bury Paleovalley, and the eastern valley as the Donny-
brook Paleovalley (Figure 1a). Isolated magnetic
localities with similar magnetic texture/intensity are
proximal to the main valleys, and as such are probably

Table 1 Magnetic susceptibility of 16 samples collected from out-
crops of Bunbury Basalt

Sample
no. Sample location Paleovalley

Magnetic
susceptibility

(SI units £ 10�2)a

BN-1 Cape Casuarina Bunbury ¡3.7b

BN-2 Cape Casuarina Bunbury ¡3.9b

BN-3 Gelorup Quarry Bunbury ¡5.4

BN-4 Gelorup Quarry Bunbury ¡5.9

BN-5 Gelorup Quarry Bunbury ¡5.7

BN-6 Gelorup Quarry Bunbury ¡5.4

BN-7 Gelorup Quarry Bunbury ¡5.0

BN-8 Gelorup Quarry Bunbury ¡6.7

BN-9 Black Point Bunbury 8.0

BN-10 Black Point Bunbury 6.6

BN-11 Black Point Bunbury 7.1

BN-12 Black Point Bunbury 5.2

BN-21 Donelly River Donnybrook ¡2.0b

BN-22 Donelly River Donnybrook ¡2.0b

BN-23 Donelly River Donnybrook ¡2.9b

BN-24 Along Vasse Hwy Donnybrook 6.5

aNegative susceptibilites were assigned based on aeromagnetic
interpretation.
bSamples were partially weathered.

Figure 6 Map of the top of the Bunbury Basalt showing the
variation in dip angle.
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related to the Bunbury Basalt. Drill holes in the neigh-
bouring, relatively magnetically homogeneous Bunbury
Trough do not intersect the lava flows, indicating it is
restricted to the meandering and sinuous paleovalleys
(Figure 1a).

The majority of drill holes within the Bunbury Paleo-
valley record two intervals of basalt, separated by up to
6 m of sedimentary rock (Figure 7a�c). The thicknesses
of the two intervals vary, which corresponds to their posi-
tions within the paleovalley (Figure 7a�c). In contrast,
drill holes within the Donnybrook Paleovalley only ever
penetrate a single interval of basalt (Figure 7d). Drill cut-
tings and core show that all intervals have a heavily
weathered top, indicative of subaerial exposure, and an
altered base, where it has chilled against the underlying
sedimentary rock. There is no evidence of any weathering
in the middle of any interval.

The Bunbury Paleovalley is situated centrally within
the Bunbury Trough, coincides with outcrops at Casua-
rina Point, Black Point and the Gelorup quarry, and typi-
cally has a heterogeneous negative magnetic anomaly
when contrasted to the surrounding rock (blue�green in
Figure 2a). The negative aeromagnetic anomaly can
only be explained by remanent magnetisation (Iasky &
Lockwood 2004) because the magnetic susceptibility of
Bunbury Paleovalley lavas (average D �5.6 £ 10�2 SI
units; Table 1) is significantly higher than that of typical
surrounding sedimentary rocks (<<0.01 £ 10�2 SI units).
This indicates that the Bunbury Paleovalley basalts
cooled when the magnetic pole was in the opposite

direction to the present. The Bunbury Paleovalley is
superimposed on a regional N�S-trending anomaly that
has a relatively long wavelength (Figures 2a, 3a), which
represents Precambrian basement found below a 4�12
km-thick sedimentary succession (Iasky 1993). Drill-hole
intersections indicate that there are two separate basal-
tic flows, and the heterogeneity in magnetic intensity
appears to confirm two flows erupted when the poles
were in opposite magnetic directions. However, the mot-
tled magnetic texture in the TMI and 1VD images
(Figure 2) is more likely a result of subtle differences in
the oxygen fugacity of the magmatic system (Gromm�e
et al. 1969). Oxygen fugacity determines whether or not
there is a solid-solution series between ulv€ospinel and
magnetite or hematite and ilmenite, in which only the
latter in each series is magnetic (Hill & Roeder 1974;
Ghiorso & Sack 1995).

The Donnybrook Paleovalley straddles the Darling
Fault and has a homogeneous positive aeromagnetic
anomaly (red�orange in Figure 2a). The positive mag-
netic intensity when contrasted to the surrounding rock
indicates the opposite magnetisation direction com-
pared with the Bunbury Paleovalley. Magnetic suscepti-
bilities measured on fresh hand samples (average D 6.7 £
10�2 SI units) are similar to the Bunbury Paleovalley
(Table 1), implying that susceptibility is invariant and so
must be attributed to the remanent magnetisation. The
Donnybrook Paleovalley exhibits three encroachments
onto the Yilgarn Craton (indicated using ‘e’ on
Figure 2a). Towards the southern coast, both basalt-filled

Figure 7 Wireline gamma ray logs across Bunbury Basalt intervals. (a) Quindalup 6 (Wharton 1981). (b) Cowaramup 8 (Apple-
yard 1991). (c) Cowaramup 5 (Appleyard 1991). (d) Boyanup 4 (Smith 1984).

Geometry of the Bunbury Basalt 297

D
ow

nl
oa

de
d 

by
 [C

ur
tin

 U
ni

ve
rs

ity
 L

ib
ra

ry
] a

t 0
8:

18
 2

6 
Ju

ne
 2

01
5 

H.K.H. Olierook Appendix A: Thesis publications reprints

323



valleys are accompanied by overbank splays as they
approach the present-day coastline. The Donnybrook
Paleovalley here becomes locally magnetically heteroge-
neous, and is also present offshore due west of Bunbury
town (Figure 2; cf. Iasky & Lockwood 2004).

There are several isolated, linear anomalies that are
disjointed from the main Bunbury and Donnybrook
paleovalleys. These have similar aeromagnetic textures,
magnetic susceptibility and strike to the main paleoval-
leys, and so are postulated to be remanents of the basalt-
filled paleovalleys and their tributaries (Figure 2). With
the exception of Black Point, these have not been pene-
trated by drill holes, nor do they outcrop at the surface.
However, it is most probable they were isolated from the
main valley by subsequent erosion.

Three-dimensional geometry of the Bunbury
Basalt

The top of the Bunbury Paleovalley lava flows is pene-
trated by 290 drill holes and outcrops across an area of
1300 km2, although a significant proportion of the drill
holes do not penetrate the base (locations and depths
found in Supplementary Paper A1). The majority of
lithology logs from well completion reports do not differ-
entiate between the two flows because of the absence of
flow tops/interstitial sediment. Consequently, the Bun-
bury Paleovalley flows were treated as a single entity for
the purpose of generating a 3D model. The Donnybrook
Paleovalley has a higher degree of uncertainty owing to
sparse well data (25 drill holes and outcrops in an area of
2000 km2). To aid in visualisation, an interactive 3D PDF
of the Bunbury Basalt may be found in the online supple-
mentary material (Supplementary Papers B1 and B2).

The elevation of the top and base of the basalt is vari-
able depending on its geographical relationship to the
Busselton and Darling faults, smaller newly identified
NW- and NE-striking faults, the coastline, and the dis-
tance from the connecting valley between the Bunbury
and Donnybrook paleovalleys (Figures 8, 9). The Bun-
bury Paleovalley is at lower elevation and dips toward
the Darling Fault and, to a lesser extent, the Busselton
Fault, defining roll-over anticlines (Figure 9c, d). In a
broad architectural sense, the Bunbury Paleovalley has,
on average, its highest elevation near the centre of the
valley on the Blackwood Plateau (Figure 9d), and pro-
gressively becomes lower to the north and south, drop-
ping steeply off the edges of the Blackwood Plateau to
the north (»30 m) and south (»50 m), respectively. This
decreased elevation is further pronounced offshore,
where the top of the basalt is 100�300 m below sea-level.
The highest points for the Donnybrook Paleovalley are
found on or to the east of the Darling Fault (the Yilgarn
Craton). Significant changes in elevation (300 m) occur
near the town of Donnybrook, explained best by a fault-
bound graben situated at �200 m in the basin, and ele-
vated at 100 m on the Yilgarn Craton (Figures 9b, 10). Sig-
nificant NW- and NE-trending dip-slip faults have offset
the basalt with minimal strike-slip movement and verti-
cal offsets up to 175 m (Figure 10). The NW-striking set
consistently cross-cuts and offsets the NE-striking set
(Figures 8, 9). Other faults include the Darling and Bus-
selton faults, which have the largest throws (370 and

210 m, respectively), although the Busselton Fault dis-
placement is only constrained from two points near the
southern end of its onshore trace and is expected to be
larger near the centre of the fault (Figure 10). Thus, fault-
ing of the Bunbury Basalt is characterised by polymodal
faulting, including dip-slip displacement along the Dar-
ling and Busselton faults, and sets of subordinate NE-
and NW-striking faults (Figure 10).

Lithology logs from well completion reports show that
the thickness of the basalt varies from 0.1 to 106 m
(Figure 11 A; raw data are available from GSWA’s Petro-
leum & Geothermal (WAPIMS) and Mineral Exploration
(WAMEX) databases, and the Department of Water’s Moni-
toring and Data). Onshore, the thickest intervals are
recorded at Canebreak 1 (106 m) and Karridale 6 (103 m),
wells that were drilled centrally within broad sections of
the Bunbury Paleovalley. Offshore, magnetic profile
modelling has indicated that the Bunbury Basalt can
attain thicknesses of up to 250 m, although this is less well
constrained (Figures 5, 11). The thickest regions are typi-
cally in the centre of the main paleovalleys, averaging
60�80 m (Figure 11). The basalt thins progressively
towards the edges and towards the tips of tributaries.
Locally, thin (<20 m) splays of basalt are present outside
the valley, presumably channel-breach or overbank flows,
particularly in the Bunbury Paleovalley. The 3D model
provides a present-day volume for the Bunbury and
Donnybrook paleovalleys of 43 and 47 km3, respectively,
with areal extents of 1300 and 2000 km2, respectively.

DISCUSSION

Paleodrainage patterns and implications for
detrital provenance, basalt eruption sites and
structural evolution

The data indicate that the lava flows are controlled by
the pre-emplacement fluvial channel architecture. The
central onshore portion of the basalt lava valleys com-
prise meandering and straight segments, which are con-
trolled by a combination of low-gradient topography
(<1�) and incision along pre-existing fault scarps, respec-
tively (Hickin 2003). The ratio of the total volume (90
km3) to the areal extent of the basalt (3300 km2) yields an
average thickness of »30 m, which increases to >100 m
within the centre of main valleys. The minimal amount
of channel-breach/overbank component of the flows
implies that the paleovalleys were deeply incised,
although it is possible that more channel-breach basalt
has since been eroded. The depth and breadth of the
Bunbury and Donnybrook paleovalleys, indicated by the
geometry of the 2D aerial view and 3D model, show that
a predominantly north�south fluvial regime was likely
active at the time the basalt extruded. Given that the
majority of the underlying sediments in the Perth Basin
are also fluviatile (Mory & Iasky 1996; Crostella & Back-
house 2000) and that detrital U�Pb zircon provenance
studies indicate Proterozoic sources from the south
from the Permian to breakup (Sircombe & Freeman
1999; Cawood & Nemchin 2000; Cawood et al. 2003;
Veevers et al. 2005; C. Lewis pers. comms. 2015), it is very
likely that a predominantly north�south fluvial
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drainage regime was prevalent throughout the Meso-
zoic, at least until the eruption of the Bunbury Basalt.

Paleodrainage at the time of the basalt eruption also
appears to have incised into the edge of the Yilgarn Cra-
ton. Paleogeographical studies have shown that the Yil-
garn Craton was still topographically higher than the
Bunbury Trough in the Early Cretaceous (Veevers 1984;
Veevers et al. 2005), so drainage incisions caused by flow
from the Yilgarn are entirely plausible. Therefore, the
source of eruptions, for both the Bunbury and Donny-
brook paleovalleys, would have been on or near the Dar-
ling Fault to allow lava to flow onto the Yilgarn Craton.

Although there could be other feeder vents that have
since been eroded, the most likely locations are at one
or more of the three lobes of basalts onto the Yilgarn
Craton (Ashley 1985; Page 1987) (indicated with ‘e’ on
Figure 2a). Other source locations, such as where the
basalt is thickest, at the site of the paleovalley conver-
gence or along the southern coast are unlikely because
extrusion at this site would have required significant
upstream flow to deposit the Bunbury Basalt on the Yil-
garn Craton. The mechanisms by which magma
ascended to the surface remain tentative. We speculate
that magma ascended at fault intersections between the

Figure 8 Areal view of the Bunbury Basalt model, coloured for elevation above sea-level, with positions of faults and drill holes
marked that intersected: (a) the top of basalt and (b) the base of basalt.
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Darling Fault and subordinate, newly identified NW- or
NE-striking faults (cf. Figure 8). If both the Darling and
the subordinate fault sets were normal at the time,
which is likely given the extensional regime of Gond-
wana at the time, then releasing bends and intersections
could be created that act as pipe-like conduits, aiding the
ascent of magma to the surface.

If indeed the source vents for the flows were situated
along the Darling Fault, then this implies the lava flowed
westward down a Yilgarn-sourced tributary and then
both northward and southward along the axial paleoval-
leys. Although it is likely that drainage was at least par-
tially derived from east- to west-flowing rivers, the
paleocurrent direction of the major north�south axial
system is uncertain. It is possible paleodrainage was
from south to north, which would have been the same as
the south-to-north drainage system that existed between
Antarctica and Australia during the Permian and Early
Triassic (Veevers et al. 1994; Harrowfield et al. 2005).

Figure 9 3D view of the Bunbury Basalt coloured for elevation above sea-level with semi-transparent grey faults and black
coastline. Note a vertical exaggeration of 15 was used to aid visualisation. (a) Overview of the Bunbury Basalt, with faults
marked. (b) Zoom-in of the cross-cutting region between the Bunbury and Donnybrook paleovalleys. (c) Zoom-in of the fault
geometry at the Darling Fault. (d) Zoom-in of the anticline in the Bunbury Paleovalley. An interactive 3D PDFmay be found in
the online supplementary material (Supplementary Papers B1 and B2).

Figure 10 Mean fault throws since extrusion of the Bunbury
Basalt flows determined from the displacement of the top
surface of the flows from the 3D model. Note that these val-
ues may not reflect the maximum displacement, which are
expected to be greater near the centre of the fault.
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However, there is evidence that this drainage pattern
was different immediately after breakup in the post-
breakup sedimentary succession (ca 130�113 Ma; Back-
house 1988a) that directly overlies the Bunbury Basalt.
Here, sedimentary detritus is primarily sourced from
the Yilgarn Craton and drained from east to west
(Descourvieres et al. 2011; C. Lewis pers. comms. 2015).
Therefore, there is a clear switch in orientation from
predominantly north�south during the extrusion of the
Bunbury Basalt at ca 132 Ma to predominantly east�west
after sea floor spreading had begun, and sedimentation
had resumed. The most likely explanation for this switch

is the drifting of Greater India from Australia�Antarc-
tica, thereby preferentially draining into the proto-
Indian Ocean rather than the Perth Basin, and forcing
predominant drainage from the Yilgarn Craton.

Post-breakup fault displacement and re-
activation

The faulted and folded geometry of the Bunbury Basalt
clearly indicates that there was significant deforma-
tion during or after the breakup of Gondwana, which
contrasts with earlier quiescent interpretations
(Acharyya 1998; Song & Cawood 2000). Three-dimen-
sional modelling reveals that variations in dip values
of the basalt top surface comprise a mixture of sharp
(discrete) and gentle (warped) offsets. The sharp off-
sets are attributed to fault offsets, several of which
coincide with re-activation of deeper modelled faults
(Iasky 1993). Assuming that the top of the basalt was
originally horizontal, which is reasonable given its
‘ponded’ nature, then this had yielded post-Bunbury
Basalt net displacements of 370 and 210 m for the Dar-
ling and Busselton faults, respectively, and between 30
and 175 m net displacement for subordinate NE- and
NW-trending faults (Figure 10). However, up to 100 m
of the net displacement on the Darling Fault may have
been caused by a topographical difference between the
Perth Basin and Yilgarn Craton that existed prior to
the eruption of the Bunbury Basalt (Veevers 1984;
Veevers et al. 2005). Furthermore, the estimate for the
Busselton Fault is based on two piercing points in the
southern and northern extents, and so may not be rep-
resentative of the maximum displacement for the
entire fault length. Nevertheless, it is clear that more
than 200 m of net normal displacement occurred on
both the Darling and Busselton faults. In all instances,
the NE-striking faults have been cross-cut and dis-
placed by NW-striking faults. The NE- and NW-striking
faults are correlated to similar sets in the northern
Perth Basin, which are reported to have initiated dur-
ing the Permian and Triassic for the NE- and NW-
striking faults, respectively (Pryer et al. 2005). Simi-
larly, re-activation of these faults is in the same order
because the earlier re-activated NE-striking faults are
consistently offset by the later re-activated NW-strik-
ing set. Re-activation of the NE-striking faults proba-
bly occurred as Greater India drifted away from
Australia�Antarctica in the south (ca 137�136 Ma)
because this is consistent with the directions of tec-
tonic stress directions at this time (Song & Cawood
2000; Pryer et al. 2005; Direen 2011). Subsequent re-acti-
vation of NW-striking faults, occurred either when the
Gascoyne Margin further north opened by means of
the Wallaby�Zenith Fracture Zone (Mihut & M€uller
1998; Robb et al. 2005) or when Antarctica drifted away
from Australia in the Late Cretaceous (Direen 2011;
White et al. 2013). Alternatively, faulting since the
extrusion of the basalt has been truly polymodal in
the sense that displacement of all fault sets has accu-
mulated synchronously (Healy et al. 2006).

Gentler dipping top surface domains are observed
close to the present-day and paleoshoreline, at escarp-
ments and centrally on the Blackwood Plateau. We

Figure 11 Thickness of the Bunbury Basalt, indicated by the
difference between the top and base of the Bunbury Basalt.
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attribute these to a combination of post-eruption subsi-
dence, particularly offshore, and Cenozoic uplift of the
Blackwood Plateau (Barnett-Moore et al. 2014; Czarnota
et al. 2014). Offshore, subsidence and deposition of Ceno-
zoic sediments ensued as accommodation space was gen-
erated in the Indian and Southern oceans, burying the
offshore basalt. Epeirogenesis has been shown to be a
contributing factor to regional uplift, particularly of the
Blackwood Plateau. This could explain the observed gen-
tle dips of the Bunbury Basalt at the plateau’s escarp-
ments and the elevated basalt in the centre of the
plateau. Alternatively, this geometry of the Bunbury
Basalt could be explained by normal faulting of the
N�S-trending Darling and Busselton faults that resulted
in drag-in in opposite directions, defining roll-over anti-
clines in the centre of the Bunbury Trough.

Relative timing of Bunbury vs Donnybrook
paleovalleys

An understanding of the relative and absolute timing
between the Bunbury Basalt flows may provide insights
into the rate at which paleodrainage morphology
switches during continental breakup. The contrasting
thermoremanent magnetisation orientations of the Bun-
bury and Donnybrook paleovalleys, respectively, indicate
that the basalt within the two paleovalleys erupted at dif-
ferent times (Figure 2a). In the Early Cretaceous, between
140 and 130 Ma, there were as many as 24 polar reversals
varying in duration from 2.2 to < 0.1 Ma (Channell et al.
1993; Weissert & Erba 2004). This is not able to constrain a
precise time frame over which each valley’s basalt cooled.

A cross-cutting relationship between the Bunbury
and Donnybrook paleovalleys is shown in the 3D model
near the town of Bunbury (Figures 9b, 12). At this inter-
section, drill holes encounter a deep interval that
matches the elevation of the Donnybrook Paleovalley
basalts, but do not encounter a shallower flow attributed
to the Bunbury Paleovalley lava flows. The best explana-
tion for this phenomenon is that the originally continu-
ous Bunbury Paleovalley has been eroded by a cross-
cutting paleovalley, as is common of the fluviatile regime

of the southern Perth Basin in the Early Cretaceous
(Figure 12). After incision of a deep canyon, the Donny-
brook Paleovalley basalts then flowed into this new pal-
eovalley or keep together. Subsequently, deposition of
non-magnetic sediment filled the remaining volume of
this paleovalley. This speculation is supported by palyno-
logical dating, which report that the overlying fill in
both the Bunbury and Donnybrook paleovalleys is post-
breakup in age (130�113 Ma), whereas the sedimentary
rock outside the paleovalleys are pre-breakup in age
(175�145 Ma) (Backhouse 1988a) (Figure 12). All evidence
points towards the Donnybrook Paleovalley flow being
younger than the Bunbury Paleovalley flow that is here
observed. However, without absolute ages of the Bun-
bury Paleovalley basalts here (and only two plagioclase
40Ar/39Ar ages of ca 132 Ma obtained at Cape Casuarina;
Coffin et al. 2002), it is not possible to determine what
the rate of valley incision is during continental breakup.

CONCLUSIONS

(1) The 2D geometry of the Bunbury Basalt indicates
two paleovalleys with axially north�south trends in
the Perth Basin at the time of breakup of Gondwana.
Additionally, a small drainage component was
derived from the Yilgarn Craton to the east. If the
paleocurrent direction was south to north, then it is
likely that the paleodrainage has been regionally
invariant since the Permian until breakup. We con-
strain the switch in paleodrainage to less than 10 Ma
after breakup, from when it approximates the pres-
ent-day drainage pattern from the Yilgarn Craton to
the Indian Ocean.

(2) Post-breakup faulting has been identified that chal-
lenges the established view that the western Austra-
lian passive margin experienced longstanding
quiescence after breakup. The lithospheric Darling
and Busselton faults have experienced post-erup-
tion/post-breakup throws of 370 and 210 m, respec-
tively. Subordinate northeast- and northwest-
trending faults have throws between 30 and 175 m.
Additionally, gentler offsets in the Bunbury Basalt

Figure 12 (a) Zoom-in of total magnetic intensity image (Figure 2a) near Bunbury. (b) Schematic section showing the timing
relationship between the Donnybrook and Bunbury paleovalleys.
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are attributed to post-breakup subsidence when
accommodation space was generated offshore and
Cenozoic uplift of the Blackwood Plateau via epeiro-
genesis. Alternatively, normal faulting of the
north�south-trending Darling and Busselton faults
that result in roll-over anticlines could also explain
the elevated basalt in the centre of the Bunbury
Trough.

(3) Cross-cutting relationships between the two paleoval-
leys indicate that a time gap existed between erup-
tions. High-resolution absolute dating of the infilling
basalts could provide constraints on the rate at which
valleys migrate during the breakup of Gondwana.
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3D structural and stratigraphic model of the Perth Basin,
Western Australia: Implications for sub-basin evolution
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The history of rifting and breakup of eastern Gondwana is recorded by the development and fill of the
Perth Basin in Western Australia. Knowledge of the structural architecture and stratigraphic geometry of
the Perth Basin is essential to understand the evolution of the Western Australian margin and its
applications to hydrocarbon and geothermal prospects, and effective aquifer management. This
study integrates existing, publicly available geological, gravity, magnetic and digital elevation data to
develop the first refined, regional structural and stratigraphic interpretation of the entire onshore and
offshore Perth Basin, Western Australia. This new 3D model offers formation depth and thickness
predictions in areas of sparse or no data. The model shows significant heterogeneity in the preserved
formation thicknesses and depths at both local and regional scales. These differences may have
resulted from differential subsidence and/or differential exhumation, but the formation geometries
alone cannot distinguish between these two models if any erosion has occurred. Only the Lower to
Middle Jurassic stratigraphy has been minimally eroded and thereby records the net subsidence. This
stratigraphic interval shows that subsidence was broadly hinged from south to north, with a greater
subsidence rate in the southern and central Perth Basin. Localised differences in thicknesses across
adjacent sub-basins were likely controlled by differential displacement along sub-basin bounding faults
during subsidence and, subsequently, during exhumation episodes. This new 3D model of the entire
Perth Basin provides a framework for numerical simulations of fluid and heat flow and large-scale
tectonic analysis, such as stratigraphic forward modelling of the southwestern Australian margin.

KEY WORDS: passive margins, subsidence, exhumation, accommodation space, compartmentalisation,
Gondwana, faults.

INTRODUCTION

The Perth Basin is a long-lived structure that initiated as
an intracontinental rift in eastern Gondwana and
evolved, via eventual breakup of Greater India from Aus-
tralia, into a passive margin along southwestern Aus-
tralia (Playford et al. 1976; Cockbain 1990; Harris 1994;
Song & Cawood 2000; Ali & Aitchison 2014) (Figure 1). The
basin is compartmentalised into at least 15 sub-basins
that record sedimentary fill spanning the Permian to
Recent. The sedimentary rocks are predominantly fluvia-
tile with minor marine incursions, particularly after
breakup, and have been subdivided into chronostrati-
graphic units with two main regional unconformities and
two localised unconformities (Figure 2). In order to under-
stand how rifting and breakup of eastern Gondwana

proceeded, it is important to examine the spatial and tem-
poral development of the main areas of deposition (depo-
centres) and basin compartments in the Perth Basin. The
evolution of basin compartmentalisation strongly controls
the distribution (and redistribution) of sediments and
records the burial and exhumation history, all of which
ultimately affect hydrocarbon and geothermal prospectiv-
ity, and aquifer quality.

The preserved stratigraphy is a product of accommo-
dation space generation, sedimentary fill, compaction
and erosional events. The first step in understanding the
evolution of the basin as a whole is to quantify the pre-
served thicknesses of sedimentary units. This provides a
first-order view of depocentre development over time
and records any geographic and temporal trends in
depocentre patterns and stratigraphic preservation in

*Corresponding author: h.olierook@liverpool.ac.uk
� 2015 Geological Society of Australia
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the Perth Basin. In order to assess this, we need a unified
3D structural and stratigraphic model of the Perth
Basin, which has not been available to date.

This study presents a new 3D model of the entire Perth
Basin that integrates data from existing stratigraphic and
petroleum wells and water bores, publicly available 2D
seismic surveys, aeromagnetic and gravity surveys,
bathymetry and digital terrain data, as well as previously
published 3D models of smaller areas in the basin. The
model has been used to quantify the spatial and temporal
variations in preserved sedimentary rocks in order to: (a)
demonstrate when and where the main depocentres devel-
oped; and (b) illustrate where non-deposition and erosion
has occurred. The implications of the results for the tec-
tonic development of the Perth Basin before, during and
after the breakup of Gondwana are discussed.

GEOLOGICAL BACKGROUND AND PREVIOUS
WORK

The Perth Basin comprises a complex set of sub-basins
that define a broad graben structure that extends from
the Northampton Block in the north (»28�S) to the south
coast of Western Australia (»35�S) (Figure 3). The east-
ern boundary of the basin is formed by the Darling
Fault, which separates the basin from the Precambrian
rocks of the Yilgarn Craton (Figure 3). The western

boundary is approximately 150 km offshore, signifi-
cantly west of the 200 m isobath, although its precise
position is disputed (Crostella & Backhouse 2000). The
Perth Basin has been subdivided into a series of elongate
troughs, terraces and shelves separated by basement
highs and ridges that are primarily based on gravity
anomalies (Cockbain 1990) (Figure 3d). The Houtman,
Abrolhos and Coolcalalaya sub-basins are three addi-
tional sub-basins not shown in Figure 3d that are some-
times included in the Perth Basin, but have a
significantly different post-breakup geological history
(Houtman & Abrolhos sub-basins; Crostella 2001) or are
transitional to the Southern Carnarvon Basin (Coolcala-
laya Sub-basin; Mory et al. 1998). Three inliers of Pre-
cambrian igneous and metamorphic rocks are present
in the Northampton Block, the Leeuwin Block and the
Mullingarra Inlier (Myers 1990; Fitzsimons 2003)
(Figure 3b). The fault distribution and evolution in the
Perth Basin are complex, with both subsidence and local-
ised exhumation accommodated via multiple sets of
faults throughout the history of the basin in response to
the protracted rifting history (Iasky 1993; Harris 1994;
Mory & Iasky 1996; Song & Cawood 2000; Pryer et al. 2005;
Green & Duddy 2013a) (Figure 1).

Geological mapping of the Perth Basin by the Geologi-
cal Survey of Western Australia (GSWA) began in 1962,
and results of this work were summarised by Playford

Figure 1 Selected stages in the tectonic development of Australia since the Permian, after Pryer et al. (2005). Thick solid black
lines indicate typical fault orientations, and thick dashed black lines indicate typical transform faults. Square ticks indicate
normal faults, and triangular ticks indicate reverse faults. Coloured arrows show regional kinematics.

2 H. K. H. Olierook et al.
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Figure 2 Stratigraphic column of the Perth Basin showing how units in different parts of the Perth Basin correlate with the
simplified stratigraphic succession used for the 3D model. Paleontological uncertainties associated with unit boundaries are
from various sources: 1, Cockbain (1990); 2, Gozzard (2007); 3, Mory & Iasky (1996); 4, Mory et al. (2005); 5, Mory et al. (2008); 6,
Norvick (2003); 7, Mory & Hocking (2008); 8, Metcalfe et al. (2008); 9, Eyles et al. (2006). Main stratigraphic boundaries after Cros-
tella & Backhouse (2000). Tectonic stages after (Song & Cawood 2000).
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Figure 3 (a) Digital elevation model of southwestern Western Australia, after Whiteway (2009) and Gallant et al. (2011). (b) Sur-
face geology of the Perth Basin, after Myers & Hocking (1998). DF, Darling Fault; UF, Urella Fault; AF, Abrolhos Fault; CTZ, Cer-
vantes Transfer Zone; BuF, Busselton Fault; DuF, Dunsborough Fault; MF, Manjimup Fault. (c) Reduced to pole aeromagnetic
anomaly map, 258 m grid. (d) Isostatic residual gravity anomaly map, after Lockwood (2004). Main structural elements of the
Perth Basin are labelled, 1080 m grid. Location of the Perth metropolitan area 3D model of Timms et al. (2012) is shown by a
white box. (e) Vertical gradient of isostatic residual gravity anomaly map, 1080 m grid, after Lockwood (2004). (f) Sediment
thickness map, using data from Oz Seebase, 2 km grid (Pryer et al. 2005). Sun illumination at 45� fromNE on a, c�f. White lines
indicate outline of present-day coastline. Grid datum is GDA 94/MGA 50.
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et al. (1976) and Cockbain (1990). Aeromagnetic data
available for the entire Perth Basin are mainly from a
survey conducted by the Bureau of Mineral Resources, a
predecessor agency to Geoscience Australia (GA), in 1957
with flight line separation of 2 km and at 460 m above
sea-level (Newman 1959). This data set was interpreted
by Quilty (1963). Various studies by GSWA have used
gravity and/or magnetic images and models to help
define the main sub-basins and structural elements
within the Perth Basin (Iasky et al. 1991; Iasky 1993;
Iasky & Shevchenko 1995; Mory & Iasky 1996; Myers &
Hocking 1998; Crostella & Backhouse 2000; Iasky & Lock-
wood 2004; 3D-GEO Pty Ltd. 2013) (Figure 3).

Gravity forward models were developed by Mory &
Iasky (1996) along two approximately E�W traverses in
the onshore northern Perth Basin. These models show
that the Dandaragan Trough is broadly asymmetric with
the deepest part in the east filled with sediments up to
12 km thick, and significant topography of the basin�base-
ment interface resulting from displacement across major
faults systems (Figure 3b). Mory & Iasky (1996) identified
gravity highs close to the modern-day coastline known as
the Turtle Dove and Beagle Ridges from west to east,
respectively (Figure 3d). Forward modelling along a tra-
verse close to the latitude of Cervantes indicates that the
basement is shallower than 2 km and 4 km for the Turtle
Dove and Beagle Ridges, respectively. Iasky & Lockwood
(2004) interpreted the South Turtle Dove Ridge in the Iso-
static Residual Gravity data in the offshore data for south-
west WA, extending northward from Bunbury to just
south of Rottnest Island (Figure 3e). They also interpreted
shallow basement continuing northwards from offshore
Perth in the Turtle Dove Ridge, which was confirmed by
intersection of basement by the Jurien 1 well at a depth of
approximately 1200 m. Maps and a gridded dataset of sedi-
ment thickness (and thus ‘depth to basement’) for all of the
Phanerozoic basins of Australia calculated using potential
field data are available as Oz Seebase via www.frogtech.
com.au (Pryer et al. 2005) (Figure 3f).

The Yilgarn Craton located to the east of the onshore
Perth Basin consists of mainly greenstone belts intruded
extensively by multiple pulses of granitoids with differ-
ent geochemical characteristics (Myers & Hocking 1998;
Wilde & Nelson 2001) (Figure 3b). A set of NW�SE-trend-
ing faults have been identified in the southwestern cor-
ner of the Yilgarn (Myers 1990) (Figure 3b). These faults
are proposed to have a dextral component of displace-
ment and extend into the Albany Fraser Belt without
deflection across the Manjimup Fault. Two of these
faults bound the Collie Basin and define its NW�SE
trend. However, none of the faults have previously been
interpreted to extend into the Perth Basin. The western
margin of the Yilgarn Craton is shown by Cockbain
(1990) and Myers & Hocking (1998) to comprise NW�SW
and NW�SE-trending jogs, where the NW�SE-trending
lineaments are transfer systems (e.g. Figure 3b). How-
ever, there are very few structures (n D 4, including the
Harvey Ridge) in this orientation shown by Cockbain
(1990). Other workers recognise several NW�SE-trend-
ing transfer zones, such as the Cervantes and Abrolhos
transfer zones (e.g. Mory & Iasky 1996). However, they
are typically spaced at about 100 km, only ever shown as
dashed lines indicating inference only, and do not have

faults shown parallel with this orientation (with the
exception of very few minor fault segments).

Several geological models have been constructed for
parts of the Perth Basin in previous studies. Playford et
al. (1976) compiled structural maps of the basement, Cat-
tamarra Coal Measures, Yarragadee Formation, and
Warnbro Group for the whole Perth Basin. Isopach maps
for various Permian to Jurassic stratigraphic units in
the northern Perth Basin were developed by Playford
et al. (1976) and subsequently refined by Mory & Iasky
(1996). In the southern Perth Basin, Iasky (1993) provided
formation geometries of the base of the Warnbro Group,
top of the Cattamarra Coal Measures (formerly called
the Cockleshell Gully Formation), top of the Lesueur
Sandstone, top of the Sue Group (formerly called the Sue
Coal Measures) and the basement, all of which were
interpreted from 2D seismic sections. In the northern
Perth Basin, isopach maps of the top Cattamarra Coal
Measures, top Permian and top basement developed by
Mory & Iasky (1996) were used to create a 3D geological
model of the northern Perth Basin (Geological Survey of
Western Australia 2011). Marshal et al. (1993) provide for-
mation geometries of the top of the Yarragadee Forma-
tion, the Valanginian unconformity, top of Gage
Formation, top of South Perth Shale and top of the Lee-
derville Formation for the offshore part of the central
Perth Basin, which were subsequently refined by Bale
(2004). A regional onshore model was developed by 3D
GEO Pty Ltd that provides top Permian, Triassic, Juras-
sic and present-day isopach maps, as well as a detailed
appraisal of the Permian and Triassic formations, but is
less detailed for the Jurassic to Recent formations (3D-
GEO Pty Ltd. 2013).

Exploration of the Perth Basin for hydrocarbons dur-
ing and since the 1960s revealed numerous onshore and
offshore hydrocarbon fields, and resulted in most of the
deep wells and seismic surveys for subsurface interpreta-
tions (summarised by Mory & Iasky 1996 and Crostella &
Backhouse 2000). More recently, several fields in the Perth
Basin has been evaluated to determine the potential for
shale gas extraction (Bahrami et al. 2012; Western Austra-
lian Energy Research Alliance (WAERA) 2012; Dargahi &
Rezaee 2013; Kadkhodaie-Ilkhchi et al. 2013). Exploration
for coal has focused on the Vasse Shelf, yet these resour-
ces are subeconomic (Le Blanc-Smith & Kristensen 1998).
The Perth Basin contains abundant groundwater resour-
ces, and numerous drilling programs have permitted
many confined and unconfined aquifers to be defined
(Davidson 1995; Davidson & Yu 2008). These aquifers have
recently been the subject of renewed investigation for
their potential for hot sedimentary aquifer geothermal
applications (Corbel et al. 2012; Reid et al. 2012; Sheldon et
al. 2012; Timms et al. 2012, 2015; Delle Piane et al. 2013b;
Schilling et al. 2013) and for CO2 geosequestration (Cause-
brook et al. 2006; Varma et al. 2009; Stalker et al. 2013;
Olierook et al. 2014a).

DEVELOPMENT OF THE PERTH BASIN
GEOLOGICAL MODEL

A 3D geological model was developed that covers the
entire Perth Basin, excluding the Abrolhos, Houtman
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and Coolcalalaya sub-basins, with an extent of 790 by
150 km from approximately 28 to 35�S, and 114.5 to 116�E.
Input data consisted of a range of publicly available data,
which includes previous interpretations of geological
structure, geophysical datasets of the entire basin, and
petroleum well/water bore data (Iasky 1993; Marshal
et al. 1993; Mory & Iasky 1996; Bale 2004) (Figure 4). The
3D geological modelling was done using the 3Dmodelling
package Petrel E&P by Schlumberger. Each formation
top and thickness layer, at 250 £ 250 m grid node spacing,
has been exported from Petrel E&P into XYZ text files,
which may be readily imported into any 3D modelling
program (see online supplementary material). A full
description of how the input data were sourced and han-
dled is given below.

Reprocessing of potential fields data for the
entire Perth Basin

This study utilises a digitised version of the 1957 aero-
magnetic dataset released in 2010 by GA with 86 £ 86 m
grid node spacing. A lower resolution (258 £ 258 m) data-
set available from GA has also been incorporated
because it extends further offshore and is useful for a
wider regional interpretation. Onshore and offshore
gridded gravity data for the Perth Basin are available
from the GA Geophysical Database using the Geophys-
ical Archive Data Delivery System facility via www.ga.
gov.au. Offshore gravity data have been computed
from satellite altimetry data and are generally available

at 1.5 km £ 1.5 km spacing (Sandwell & Smith 2009). For
Australia, these data are available from GA as gridded
free-air gravity data that are not corrected for bathyme-
try. Therefore, Bouguer gravity anomaly maps have been
computed from free-air gravity where accurate bathy-
metric data are available (cf. Whiteway 2009). Digital ele-
vation information was taken from 9 arc second (»250 m
at the equator) bathymetry and topography data that
may be retrieved from GA (Whiteway 2009) (Figure 3a).

The isostatic residual gravity data for the offshore
areas are produced by subtracting the predicted
response for the varying seawater depth and the effects
of mantle topography (cf. Aitken 2010; Aitken et al. 2013;
Salmon et al. 2013) from the free-air gravity data (e.g.
Lockwood 2004). Onshore, the isostatic residual gravity
data are produced by subtracting the effects of
crust�mantle boundary topography (cf. Aitken 2010;
Aitken et al. 2013; Salmon et al. 2013) from the Bouguer
gravity. The two offshore and onshore isostatic residual
gravity datasets were joined to form a composite grid.
The benefit of this composite dataset is that it minimises
artefacts that can be prevalent if only one dataset is
used. A map of the first vertical gradient of the isostatic
residual gravity has been computed (Figure 2e) to aid in
identification sharply juxtaposed areas of deeper and
shallower basement and associated identification of
fault orientations and displacements.

The processed isostatic residual gravity data
(Figure 2d) are comparable with the sediment thickness
from Oz Seebase (Figure 2f). Both are depth estimates of

Figure 4 Schematic diagram to show the variety of datasets used to construct the 3D model of the Perth Basin. Previous struc-
tural models used (blue rectangles) are M&I’96, Mory & Iasky (1996); M’93 & B’04, Marshal et al. (1993) and Bale (2004); and I’93,
Iasky (1993).
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the basement, although the sediment thickness from Oz
Seebase requires depth translation offshore to incorpo-
rate the present-day water depths. The positions and sed-
iment thicknesses from Oz Seebase were predominantly
used, but occasionally the vertical gradient of isostatic
gravity was used to laterally offset sharp juxtapositions
of deeper and shallower basement (Figure 2e), which
resulted in a maximum lateral difference of 20 km.

Incorporation of faults into the 3D model

The Perth Basin contains many faults with different
trends, densities, net displacements, geometries and
linkages (Song & Cawood 1999, 2000; Song et al. 2001). In
this study, faults from previous seismic reflection studies
were considered (Iasky 1993; Marshal et al. 1993; Mory &
Iasky 1996; Bale 2004; 3D-GEO Pty Ltd. 2013) (Figure 4).
After 2D seismic re-assessment, the interpreted faults
from the onshore southern Perth Basin and onshore
northern Perth Basin (Mory & Iasky 1996) were incorpo-
rated into the 3D model. Fault picks from 2D seismic sur-
veys were re-assessed for the two studies in the Vlaming
Sub-basin by Marshal et al. (1993) and Bale (2004), and
resulted in a selection of faults from each study incorpo-
rated into the 3D model. Fault interpretations from the
onshore Perth Basin by 3D-GEO 3D-GEO Pty Ltd. (2013)
were not included in the model as they were oversimpli-
fied. All these previous studies show different degrees of
complexity of faulting patterns across the Perth Basin.
To some extent, this probably reflects the inherent vari-
ability in the quality of data that have been used to
resolve faults. For example, the quality and density of
seismic reflection surveys are much greater in the
onshore northern Perth Basin than in the onshore
southern Perth Basin, and consequently a greater den-
sity of faults has been interpreted (Iasky 1993; Mory &
Iasky 1996). While capturing such structural complexity
in the 3D geological model is important, it was necessary
to simplify the faulting patterns to generate consistency
across the basin and to make the model computationally
feasible. Therefore, a simplified fault network was devel-
oped for the whole Perth Basin in which faults with max-
imum offsets less than »50�100 m were not included.
Therefore, it is acknowledged that some of the flexure in
the interpolated stratigraphic surfaces in the 3D model
could be a geometric consequence of omission of these
small-scale faults. The remaining 270 large-scale faults
were incorporated into the model. Many of these faults
are associated with significant anomalies and gradients
in regional gravity and aeromagnetic data (Figure 2c�e)
and offsets in basement structure contours (i.e. sediment
thickness plus water column depth; Figure 2f).

The simplified fault network was developed using
existing structural studies based on seismic data and
drill-hole constraints (Playford et al. 1976; Iasky 1993;
Marshal et al. 1993; Department of Mines and Petroleum
1995; Mory & Iasky 1996; Bale 2004). All of these studies
included the interpretation of multiple and intercon-
necting 2D seismic lines, and resulted in internally con-
sistent stratigraphic and structural architectures. The
geometry of these previous fault interpretations, as pla-
nar or listric faults, was preserved when incorporating
these faults into our model. Curved faults are rare in the

Perth Basin (n < 10), but these were modelled as listric
faults to approximate their geometry. Faults were
assigned dips based on seismic interpretations where
possible. Faults were given an arbitrary constant dip of
70� where no dip constraints exist, consistent with the
typical dip angle of normal faults in the Perth Basin
(Mory & Iasky 1996; Crostella & Backhouse 2000). The
main differences between the new fault network and pre-
vious interpretations are: (1) new faults have been iden-
tified in areas previously with sparse faults (e.g. in the
onshore central Perth Basin from Cervantes to Bun-
bury) from the vertical gradient of isostatic gravity
(Figure 2e); (2) new faults have been identified as part of
the Urella Fault system using the vertical gradient of iso-
static gravity and drill hole depth offsets; and (3) a new
interpretation of faults in the Bunbury Trough that has
been developed from aeromagnetic images and a new 3D
model of the Bunbury Basalt (Olierook et al. 2015).

Development of stratigraphic surfaces in the 3D
model

One issue that needed to be resolved is that stratigraphic
formation names in the northern and southern Perth
Basin are inconsistent, which resulted in different strati-
graphic columns for the northern Perth Basin (Mory &
Iasky 1996) and central/southern Perth Basin (Crostella
& Backhouse 2000) (Figure 2). Previously, these two strat-
igraphic columns have not been reconciled because of
the lack of adequate data in the central Perth Basin,
even though the established formations have broad tem-
poral equivalence across the basin. For this study, a uni-
fied stratigraphic column was generated by the
amalgamation of time equivalent formation across the
Perth Basin (Figure 2). This resulted in 12 chronostrati-
graphic units that have been used in the 3D model
(Figure 2). It should be emphasised that some of the
revised ‘formations’ amalgamate stratigraphic units
with very different lithological and petrophysical char-
acteristics (e.g. the time-equivalent Kockatea Shale and
Sabina Sandstone).

Stratigraphic horizon interpretations from four pre-
vious structural and stratigraphic models were re-
assessed using available 2D seismic surveys (Iasky 1993;
Marshal et al. 1993; Mory & Iasky 1996; Bale 2004)
(Figure 4). In general, onshore seismic quality was poor,
and the positions of surfaces that were previously inter-
preted were used in this study. The interpreted horizons
from the onshore southern Perth Basin (Iasky 1993) and
onshore northern Perth Basin (Mory & Iasky 1996) were
incorporated into the 3D model with very little amend-
ment to the original studies. Horizons from 2D seismic
surveys were re-assessed for the two studies in the Vlam-
ing Sub-basin by Marshal et al. (1993) and Bale (2004),
which predominantly resulted in horizon picks from the
latter study incorporated into the 3D model. However,
only five horizons were interpreted in the southern
Perth Basin, four in the northern Perth Basin and five
in the Vlaming Sub-basin. The remaining stratigraphic
surfaces were interpolated from surfaces above and
below, from interpretations from previous seismic stud-
ies (Iasky 1993; Marshal et al. 1993; Mory & Iasky 1996;
Bale 2004). The curvature and spatial distribution of
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these new surfaces were modelled using seismic inter-
pretations, and the depths were constrained using avail-
able drill-hole data. Outside the four local 3D models (see
Figure 4), it was necessary to interpret any available
seismic data. Given that seismic data were typically
sparse outside of these four local 3D models, it was neces-
sary to rely primarily on drill-hole data. Stratigraphic
data from petroleum wells and hydrogeological water
bores were extracted from the databases of the Depart-
ment of Mines and Petroleum (DMP) and Department of
Water (DW), respectively (see online supplementary
material for complete records of »12 000 drill-hole posi-
tions and formation tops). Only data from wells for
which geoscientists from the DMP and DW had double-
checked formation picks, using breaks on wireline log
data, lithological data and/or biostratigraphic criteria,
were directly incorporated in the 3D model; other wells
were re-assessed, and where uncertain, disregarded to
ensure a high-level of confidence for all formation picks
used in the model. Variations in the spatial density of
stratigraphic input data across the basin represented a
significant issue for the confidence of interpolation of
stratigraphic surfaces. This is less of an issue in the
northern Perth Basin, where petroleum exploration and
exploitation are economically viable, exploration wells
are abundant, so geological studies are numerous (e.g.
Mory & Iasky 1996). However, the southern and central
Perth Basin contains a much lower density of deep wells
(>1 km), principally because petroleum exploration is
subeconomic (Iasky 1993; Crostella & Backhouse 2000).

The stratigraphic assignments of the well constraints
were updated prior to incorporation into Petrel E&P.
Several detailed models of parts of the Perth Basin were
used to constrain depths to stratigraphic surfaces in sub-
domains of the model. Additional constraints from Play-
ford et al. (1976), Mory & Iasky (1996) and Geological
Survey of Western Australia (2011) were utilised to better
constrain the architecture of the northern Perth Basin.
In the southern Perth Basin, seismic interpretation
of Iasky (1993) was modified to fit the well data. In the
central Perth Basin, data and interpretations from
Marshal et al. (1993) and Causebrook et al. (2006) were
used to better constrain the offshore part of the basin.
Where discrepancies existed between the previous
interpretations, the 2D seismic picks were revisited and
re-interpreted.

RESULTS

Changes in formation depths and preserved
thicknesses across the whole basin through time

The formation tops for each of the 12 modelled strati-
graphic units have been used to calculate the preserved
thickness over time and produced on a series of depth
and thickness maps (Figures 5, 6). Key observations in
formation depths and preserved thicknesses variations
are documented below.

Depth to the basement shows that the Dandaragan
Trough, Vlaming Sub-basin, Beermullah Trough and
northern Bunbury Trough are the deepest depocentres,
preserving up to 17 km of sedimentary rocks (Figure 5a).
The Dandaragan Trough is broadly symmetrical from

west to east, the Beermullah Trough and northern Bun-
bury Trough are deepest adjacent to the Darling Fault,
and the Vlaming Sub-basin deepens asymmetrically
towards the continent�ocean boundary to the west (Fig-
ures 5a�e, 6a�f). The thickest portions of each strati-
graphic unit are confined to small areas, which is
evident from the positive skewed thickness distribution
(e.g. from 3500 to 6000 m for the Yarragadee & Cadda for-
mations; Figure 7). These positively skewed ‘tails’ are
relatively sharply bound to the thinner stratigraphy (e.g.
a boundary at 3500 m for the Cattamarra Coal Measures
and Eneabba Formation; Figure 7), with the exception of
the Lesueur Sandstone. The steep margins of the Dan-
daragan and Bunbury troughs are bound by steeply dip-
ping, north to northwest-striking faults, including the
Darling and Urella fault systems throughout the pre-
breakup stratigraphy (Figure 5a�f). A small number of
northeast-striking faults are present throughout the
Perth Basin but are typically relatively short with only
minor displacement.

Terraces of intermediate formation depths and thick-
nesses are adjacent to the deep troughs in the pre-
breakup stratigraphy (Figures 5a�e, 6a�g). These terra-
ces are transitional to relatively elevated ridges and
shelves, and are typically fault bound, such that the mod-
erate formation thicknesses on shelves are sharply jux-
taposed with thicker formations in troughs (e.g. at
3500 m for the Permian stratigraphy; Figure 7). There
are also sharp thickness transitions from the intermedi-
ate terraces in the Permian to Triassic stratigraphy to
the thinner ridges and shelves (e.g. a sharp boundary at
1500 m thickness for the Permian stratigraphy; Figure 7).
However, the Jurassic stratigraphy shows more gradual
transitions between ridges and terraces (e.g. from 2500 to
1000 m in the Yarragadee & Cadda formations; Figure 7).

Shelves display concentric zones of outwardly young-
ing stratigraphy and are typically surrounded by one of
three Precambrian terrains in the Perth Basin, the Leeu-
win Complex, Mullingarra Inlier and Northampton
Complex (Figure 5b�f). Adjacent to the Northampton
Complex is also the only instance of east�west-striking
faults in the Perth Basin (Figure 5a�e). The Permian to
Triassic stratigraphy in the Vasse and Bookara shelves,
and Irwin Sub-basin are significantly elevated relative
to adjacent troughs (Figure 5b�d). The other major ele-
vated regions more distal from Precambrian Terranes
are the Beagle and Turtle Dove ridges along the present-
day coastline in the northern Perth Basin (Figure 5b�f).
Less elevated areas more distally from the Precambrian
Terranes include the Harvey Ridge, where the Yarraga-
dee Formation and Cattamarra Coal Measures are not
present (Figure 5e�f). All these regions have signifi-
cantly lower thicknesses than all the pre-breakup strati-
graphic formations, with modal thicknesses of
»500�1000 m for each formation (Figure 7).

The pre-breakup stratigraphy in the Dandaragan
Trough, Beermullah Trough and northern Bunbury
Trough is consistently deeper than the adjacent terraces,
ridges and shelves (Figure 5a�h). However, the depth
and thickness variations are relatively minor between
troughs, terraces, ridges and shelves in the post-breakup
stratigraphy (Figures 5i�l, 7). The exception is the
offshore expression of the Valanginian breakup

8 H. K. H. Olierook et al.
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Figure 5 Depth to formation tops (isohypse) maps for stratigraphic surfaces generated from the 3D model. The locations of
wells (white circles) that constrain the surfaces are shown. Perth Basin boundary (excluding Coolcalalaya, Houtman and
Abrolhos sub-basins) is indicated with a thin black line.
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Figure 5 (Continued)
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Figure 6 (a�k) Formation thickness (isopach) maps of the stratigraphic formations in the Perth Basinmodel. (l) Basin subdivi-
sions after Mory & Iasky (1996), Iasky (1993) and Norvick (2003). BT, Barberton Terrace; DT, Dongara Terrace; BST, Beharra
Springs Terrace; DCT, Donkey Creek Terrace; HR, Harvey Ridge. Perth Basin boundary (excluding Coolcalalaya, Houtman
and Abrolhos sub-basins) is indicated with a thin grey line.
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Figure 6 (Continued)
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Figure 7 Histogram plots showing the thickness distribution of the formations in the Perth Basin model in 100 m bins.
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unconformity surface in the Vlaming Sub-basin. The
Vlaming Sub-basin exhibits significant depth variations
across short distances, yet fewer than 10 faults
have been interpreted in the post-breakup stratigraphy
(Figure 5h). The deepest offshore expression of the Val-
anginian unconformity is in the domain west of Rottnest
Island (Figure 5h). The Vlaming Sub-basin confines the
Lower Cretaceous Gage Sandstone that immediately pro-
ceeded breakup with a maximum thickness of only 610 m
(Figures 5i, 7). The Gage Sandstone and overlying South
Perth Shale are confined to the central Perth Basin, seem-
ingly infilling on top of depressions on the Valanginian
unconformity surface (Figure 5i�j). The Leederville For-
mation follows a similar geometry in this respect, but
also extends further north and south (Figure 5k). How-
ever, the Coolyena Group is only preserved in the central
Perth Basin (Figure 5l). All these post-breakup formations
show consistent westward deepening towards the conti-
nent�ocean transition (Figure 3a).

Spatial variations in preserved formation
thicknesses for each different sub-basin

A statistical analysis to assess the spatial variation for
each time interval in different sub-basins was performed
with box-and-whisker plots of formation thicknesses in
10 different sub-basins/sub-basin groups for each strati-
graphic interval (Figure 8).

Thick accumulations of 2�7 km of Permian sedimen-
tary detritus are preserved in the central and southern
Perth Basin and in the Irwin Sub-basin, but compara-
tively little is preserved in the rest of the northern Perth
Basin (Figure 8). The thickest Triassic formations are in
the northern Perth Basin, particularly at the beginning of
the Triassic (the Kockatea Shale; Figure 8). The Triassic
Lesueur Sandstone to Jurassic Yarragadee Formation
tends to show the deepest accumulations in the western
Vlaming Sub-basin, Beermullah Trough and Dandaragan
Trough (Figure 8). The Lower Cretaceous Parmelia Group
that immediately preceded breakup is only preserved in
the Dandaragan Trough, Vlaming Sub-basin and small
pockets in the Bunbury Trough (Figures 6f, 8).

The preserved thicknesses of formations deposited
after Valanginian continental breakup are consistently
less than 1200 m (Figures 7, 8). The areal extent of these
formations is much more variable than the pre-breakup
formation (Figure 8). The Gage Sandstone is restricted
to the central Vlaming Sub-basin and tends to be thick-
est in the centre, progressively thinning towards the
edges (Figure 6g). The South Perth Shale has a uniform
thickness and is also present in the onshore Mandurah
Terrace (Figure 6h). The thickness of the Leederville
Formation is more heterogeneous, varying in thickness
between 0 and 1200 m (Figures 7, 8). Preserved sediments
and sedimentary rocks deposited after the Warnbro
unconformity at ca 113 Ma are relatively minor, with a
combined maximum thickness of 1800 m in the western-
most Vlaming Sub-basin, which is considerable given
the ca 113 Ma time span for deposition (Figures 7, 8). The
Upper Cretaceous Coolyena Group concentrically thick-
ens towards the western Vlaming Sub-basin (Figure 6j).
The Cenozoic sediments are thickest offshore and in
patches in the northern Perth Basin (Figure 6k). All of

the post-breakup formations seem to be absent to the
NNW of Rottnest Island, which coincides with the pres-
ent-day position of the Perth Canyon (Figure 6g�k).

Temporal variations in preserved formation
thicknesses for each sub-basin

Plots of cumulative formation vs time (300�0 Ma) have
been constructed for the whole Perth Basin and of each of
the 10 sub-basins or groups thereof (Figure 9), to assess
the temporal variations across sub-basins. The plots take
into account the differences in depositional duration of
the formations, and so help put the preserved formation
thicknesses into a temporal context. The cumulative for-
mation vs time plots account for sediment accumulation
minus any potential erosion, and so record the minimum
rate of sediment accumulation.

On a basin-wide scale, there is an overall increase in
preserved stratigraphy leading up to continental
breakup. After breakup, the average thickness of pre-
served stratigraphy is significantly reduced, particu-
larly given the ca 113 Ma duration (Figure 9). Sub-basins
in the southern and central Perth Basin show a much
greater preserved thickness of Permian stratigraphy
than those in the northern Perth Basin (Figure 9). The
Triassic Lesueur Sandstone has a relatively uniform
preserved thickness across all sub-basins (Figure 9).
There are considerable spatial differences in the pre-
served thickness of the Jurassic Cattamarra Coal Meas-
ures and Eneabba Formation, and the Yarragadee and
Cadda formations across the basin (Figure 9). The Catta-
marra Coal Measures and Eneabba Formation are
thicker in the southern Perth Basin, Mandurah Terrace,
practically equal in the Vlaming Sub-basin, ridges and
shelves in the northern Perth Basin, but thinner than
the Yarragadee Formation in the terraces and troughs
in the northern Perth Basin. Thick post-breakup forma-
tions are only preserved in the central Perth Basin,
although this is predominantly in the Vlaming Sub-
basin rather than the Mandurah Terrace (Figure 9).

DISCUSSION

Spatial and temporal variations in subsidence,
sedimentary fill and exhumation in the Perth
Basin

The 3Dmodel of the Perth Basin shows differences in net
preservation of formation thicknesses (Figures 5�9).
The principal controls on the preserved formation thick-
nesses are accommodation space generation (i.e. subsi-
dence), sedimentary fill, compaction and subsequent
erosion (i.e. exhumation). The deposition of formations
that comprise fluviatile lithofacies is interpreted to have
kept track with the generation of accommodation space,
and so sediment supply was plentiful (Olierook et al.
2014a; Timms et al. 2015). Paralic to shallow marine for-
mations necessarily involve deposition into some depth
of water, indicating that for these formations, the rates
of sedimentation were less than the accommodation
space generation (Davidson 1995; Causebrook et al. 2006).
Nevertheless, the thicknesses of fluviatile formations
(i.e. Permian stratigraphy, Kockatea Shale/Sabina
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Figure 8 Box-and-whisker plots showing the thickness distribution of the formations in the Perth Basin model, subdivided by
sub-basin. Where the formation is absent in a sub-basin, a box-and-whisker plot is not drawn.
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Figure 9 Plots showing the approximate
cumulative thickness of preserved sediments
over time for the whole Perth Basin, sub-
basins and sub-basin groups. P, Permian; KS,
Kockatea Shale/Sabina Sandstone; LS, Lesueur
Sandstone & Woodada Formation; CCM, Cat-
tamarra Coal Measures and Eneabba Forma-
tion; YF, Yarragadee and Cadda Formations;
PG, Parmelia Group; GS, Gage Sandstone;
SPS, South Perth Shale; LF, Leederville For-
mation; CG, Coolyena Group; C, undifferenti-
ated Cenozoic; P�T UC, localised Permian�
Triassic unconformity; T�J UC, localised
Triassic�Jurassic unconformity; V UC,
regional Valanginian breakup unconformity;
AA UC, regional Aptian�Albian unconfor-
mity. Rift stages after Song & Cawood (2000).
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Sandstone, Lesueur Sandstone, Eneabba Formation/Cat-
tamarra Coal Measures, Yarragadee Formation and Par-
melia Group) represent a first-order approximation of
the minimum net subsidence during that time period.

All other processes act to reduce formation thickness.
The effects of compaction on the preserved stratigraphic
thicknesses are a second-order issue. Compaction is
exponential with depth, so that the changes on sedimen-
tary thickness below »2 km depth are lessened with fur-
ther increases in depth (Giles et al. 1998), so caution
must be exerted for rocks that have been buried to less
than »2 km. However, quantification of the effects of
compaction is beyond the scope of this study and is not
considered further.

The effects of erosion can have a significant effect on
the preserved stratigraphic thicknesses, and the areal
extent of erosion can be qualitatively assessed by investi-
gation of unconformities. Regional unconformities such
as the Valanginian breakup unconformity and
Aptian�Albian unconformity that occurred after the
deposition of the Warnbro Group are angular and so are
readily identifiable in 2D seismic sections, at least in the
offshore Vlaming Sub-basin and northern Perth Basin
(Figure 10). However, localised exhumation episodes that
result in disconformity surfaces are not as readily iden-
tifiable in seismic survey images (e.g. Iasky 1993; Mory &
Iasky 1996). Where entire formations are absent (e.g. the
Yarragadee Formation on the Harvey Ridge), it is possi-
ble that these either have been eroded or represent
domains of non-deposition (e.g. the absence of the Gage
Sandstone outside the Vlaming Sub-basin). Where for-
mations are present yet thin, identification of erosional

surfaces relies solely on high-resolution paleontological
dating, which is difficult for the predominantly sand-
rich and oxidised formations such as the Lesueur Sand-
stone (Mory et al. 2005, 2008; Metcalfe et al. 2008). Ther-
mal exhumation techniques such as vitrinite reflectance
and apatite fission track (AFT) analysis are able to estab-
lish the timing of uplift and erosion (Bray et al. 1992;
Green & Duddy 2013b), but currently only three pub-
lished studies exist for the Perth Basin (Iasky 1993; Mory
& Iasky 1996; Green & Duddy 2013a). A vitrinite reflec-
tance study in the southern Perth Basin study by Iasky
(1993) shows a localised Permian exhumation of
1�1.5 km (ca 265�255 Ma) on the Vasse Shelf and Harvey
Ridge, and regional exhumation from 150 Ma to 137 Ma
(breakup) between 1 and 1.5 km that resulted in the for-
mation of the Valanginian unconformity. A vitrinite
reflectance study in the northern Perth Basin by Mory &
Iasky (1996) shows 1.3�2 km of regional exhumation
between 150 and 137 Ma, but calculated vitrinite reflec-
tance is commonly not statistically significant, so these
interpretations should be treated with caution. An AFT
analysis study along the same sub-basins in the north-
ern Perth Basin by Green & Duddy (2013a) shows 1.5 km
of exhumation on the Beagle Ridge, similar to the study
by Mory & Iasky (1996). However, all other wells from the
adjacent Cadda Terrace do not show breakup exhuma-
tion, but rather show »1 km of exhumation during the
Late Cretaceous as well as »500 m of exhumation in the
Cenozoic (Green & Duddy 2013a).

Using geometric arguments alone, it is not possible
to distinguish conclusively between: (a) differential
subsidence § subsequent uniform exhumation and

Figure 10 Seismic section V82A-51 in the Vlaming Sub-basin, showing the angular Aptian�Albian unconformity (Top Warn-
bro Group), Valanginian breakup (Main) unconformity and the Lower Cretaceous horizons in the Parmelia Group (Carnac to
Otorowiri Formation), after Crostella & Backhouse (2000).

3D model of the Perth Basin 17
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(b) uniform subsidence with subsequent differential ero-
sion as the cause of different preserved formation thick-
nesses (Figure 11). Nevertheless, the heterogeneity in
preserved thicknesses between adjacent sub-basins
implies that fault activity, whether normal during subsi-
dence or reverse during exhumation episodes, controlled
the distribution of sedimentary accumulation (Figure 9).

The identification of formations in the Perth Basin
that have not been affected by erosion associated with
unconformity-forming events could be used to compare
net subsidence across the basin for the time period of
deposition. The only such formations in the 3D model
that have not been significantly eroded are the Lower to
Middle Jurassic Cattamarra Coal Measures and
Eneabba Formation. There is some difficulty associated
with differentiating between the Upper Triassic Lesueur
Sandstone and Lower Jurassic Cattamarra Coal Meas-
ures, because the biostratigraphy resolution is poor.
Thus, formation top picks were sometimes based on lith-
ostratigraphy, which can be time transgressive. The
Lower to Middle Jurassic formations are known to be
slightly eroded on the Beagle Ridge, Harvey Ridge and,
perhaps, the northernmost Perth Basin shelves, but else-
where the Valanginian and Aptian�Albian unconfor-
mity-forming events have not eroded into the Lower to
Middle Jurassic stratigraphy as indicated by a conform-
able, overlying Cadda or Yarragadee formation. Region-
ally, variations in the stratigraphic thickness data for
the Cattamarra Coal Measures and Eneabba Formation,
combined into one unit in the 3D model, show that the

magnitude and rate of subsidence are greater in the
southern and central Perth Basin relative to the north-
ern Perth Basin, perhaps corresponding to spatial differ-
ences in rifting magnitudes during the Early Jurassic
associated with Rift II-1 of Song & Cawood (2000). This
would indicate that rifting preceding continental
breakup was broadly hinged from south to north. How-
ever, there are significant differences in preserved thick-
nesses across adjacent troughs, terraces, ridges and
shelves in the Perth Basin. This indicates that subsi-
dence during the Early Jurassic was heterogeneous at a
sub-basin scale. Given that these sub-basin boundaries
are controlled by faults, differences in preserved thick-
ness of the Cattamarra Coal Measures and Eneabba For-
mation imply that heterogeneous subsidence rates were
controlled by fault (re-)activation. Resolution of the full
subsidence history of other stratigraphic formations
across the basin would require quantitative assessment
of exhumation through time and is the subject of further
investigation (Olierook & Timms 2015).

Implications of the new 3D model for resource
exploration and further tectonic analysis

This study represents the first 3D model of the entire
Perth Basin. Currently, the only other publicly available
3D model is of the northern Perth Basin (Geological Sur-
vey of Western Australia 2011). The model builds on pre-
vious published work (Playford et al. 1976; Iasky 1993;
Mory & Iasky 1996; Crostella & Backhouse 2000; Song &
Cawood 2000). In addition, the principal advantages of
our 3D model are: (a) it incorporates the most up-to-date
well data, particularly in the vicinity of Perth; and (b) it
integrates onshore and offshore data to encompass the
entire Perth Basin, excluding the north-western Abrol-
hos and Houtman sub-basins, which permits basin-wide
numerical simulations. For example, an early genera-
tion of this 3D geological model was used by Reid et al.
(2012) to model conductive temperatures of the entire
Perth Basin. The simulated temperature field provides a
picture of large-scale temperature variations in the
Perth Basin, which may be used to identify potentially
attractive locations of geothermal resources. Improved
processing of the gravity and aeromagnetic data has led
to refinement of the interpretation of major structures
in the Perth Basin that primarily involves the identifica-
tion of new faults and fault segment extensions. Some of
these faults link with faults recognised in the Pilbara
and Yilgarn cratons. The implications for fluid flow in
the Perth Basin depend entirely on the modern-day per-
meability properties of the stratigraphic units (Delle
Piane et al. 2013a; Olierook et al. 2014a; Timms et al. 2015)
and faults (Reid et al. 2012; Olierook et al. 2014b).

This 3D model also has the potential to identify areas
for quantitative geohistory analysis (e.g. sonic transit
time or AFT analysis) and further develop techniques
into 3D geohistory analysis. Geohistory analysis is usu-
ally restricted to 1D or 2D analysis owing to well con-
straints (Gallagher & Lambeck 1989; Roberts et al. 1998).
Now, instead of being limited to the »350 deep drill holes
in the Perth Basin, each grid node (at 250 £ 250 m spac-
ing) has sufficient information on formation thickness
and position to be a valuable input parameter to 3D

Figure 11 Schematic diagram to illustrate why stratigraphic
geometry alone cannot distinguish between (a) differential
subsidence § subsequent uniform erosion and (b) uniform
subsidence with subsequent differential exhumation.

18 H. K. H. Olierook et al.
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backstripping (Hansen et al. 2007). However, one key var-
iable that remains elusive for the Perth Basin is a reser-
voir model that accurately describes each formation’s
porosity across the entire Perth Basin. This is required
to ‘decompact’ sedimentary rocks to their original poros-
ity at the time of deposition (Gallagher & Lambeck 1989).
Other inputs such as mantle and crustal densities/thick-
nesses, eustatic sea-level and water depths at the time of
deposition may be gathered from global studies with
high degrees of confidence (Carlson & Raskin 1984;
Christensen & Mooney 1995; Poudjom Djomani et al.
2001; M€uller et al. 2008) and so would not be an issue.

Limitations of the new 3D model

The new 3D geological was designed to perform basin-
scale hydrothermal modelling (see Reid et al. 2012) and
to provide an invaluable resource in large-scale tectonic
studies of the southwestern Australian margin (Olierook
& Timms 2015). Therefore, it is important to keep in
mind that the intention of the modelling is to capture
the broad geometry of the Perth Basin and so inherently
involves structural and stratigraphic simplifications;
and, as such, it is not suitable for smaller-scale simula-
tions/investigations. The main limitations of the model
are as follows:

(1) In areas where seismic data are absent, or seismic
data quality/coverage is poor, the positions and
depths of stratigraphic surfaces were poorly con-
strained. As such, the 3D model provides a first-
order estimate of horizon positions and depths, but
caution must be exercised with their interpreted
positions and depths. Furthermore, even in areas
where seismic quality and coverage are good, the
deeper parts of the basin are difficult to interpret. In
particular, the depths of Permian and Triassic stra-
tigraphy in the deep troughs are highly uncertain.
Consequently, the relative consistency for the thick-
ness of the Lesueur Sandstone is unlikely to be as
uniform as modelled in this study (see Figure 6).
Similarly, the thick Permian section in the southern
Perth Basin adjacent to the Darling Fault could be in
error. This also prevented us from drawing addi-
tional conclusions on the spatial and temporal varia-
tions in subsidence, sedimentary fill and
exhumation in the Perth Basin.

(2) In areas where faults have been interpreted, but
there are no seismic surveys or petroleum wells to
constrain their displacement, an interpretation of
small fault throws and dipping strata has been
assigned instead of large fault throws to maintain
horizontal stratigraphy. It is acknowledged that the
converse is also feasible. Nevertheless, the particular
choice of interpretation does not change bulk, basin-
scale geometry of the stratigraphic units signifi-
cantly. However, the implications of the choice of
interpretation must be understood because the geo-
thermal transport properties of any structural model
(e.g. geofluid flow) greatly depend on the physical
properties and sealing capacity of faults of all scales
(Reid et al. 2012; Olierook et al. 2014b).

(3) Geometric uncertainties were not explicitly quanti-
fied for the 3D geological model. The quantity and
quality of data constraints vary significantly in
three dimensions across the modelled area. The posi-
tions of well constraints for each stratigraphic sur-
face (Figure 5) provide a qualitative assessment of
geometric uncertainty. Furthermore, the parts of the
model developed from four previous studies could be
considered internally consistent (Figure 4). However,
there are significant domains in the model where
well and/or seismic constraints are scarce or absent.
In these domains, the quality of the model is highly
reliant on the structural interpretation from poten-
tial fields data and the surface interpolation algo-
rithm of the modelling software. Geometric
uncertainty could be quantified by using an informa-
tion entropy approach (Reid et al. 2012; Wellmann &
Regenauer-Lieb 2012).

CONCLUSIONS

(1) This study has developed the first regional 3D struc-
tural and stratigraphic model of the Perth Basin and
incorporates 270 faults and 12 stratigraphic formations.

(2) The 3D model of the Perth Basin shows heteroge-
neous preserved formation thicknesses through
time at a local and regional scale. These may have
resulted from differential subsidence and/or differ-
ential exhumation, but the formation geometries
alone cannot distinguish between these two models
if any erosion has occurred.

(3) The only formations that show minimal unconform-
ities (i.e. no erosion) are the Cattamarra Coal Meas-
ures and Eneabba Formations. These show greater
subsidence in the southern and central Perth Basin
relative to the northern Perth Basin, and indicate
that subsidence is broadly hinged from south to
north during the Early and Middle Jurassic.

(4) Significant differences in thicknesses of the Catta-
marra Coal Measures and Eneabba Formation across
troughs, terraces, ridges and shelves indicate that
subsidence was locally heterogeneous. This was most
likely controlled by differential displacement along
faults that bound sub-basins during subsidence and,
subsequently, during exhumation episodes.

(5) The 3D model has significant potential for future
numerical studies of fluid and heat flow in the Perth
Basin and large-scale tectonic analysis of the south-
western Australian margin.
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Quantifyingmultiple Permian–Recent exhumation
events during thebreak-up of eastern Gondwana:
sonic transit timeanalysis of the centraland
southern Perth Basin
Hugo K. H. Olierook1 and Nicholas E. Timms

Department of Applied Geology, Curtin University, Perth, WA, Australia

ABSTRACT

The central and southern Perth Basin in southwestern Australia has a geological history involving

multiple regional unconformity-forming events from the Permian to Recent. This study uses sonic

transit time analysis to quantify the magnitudes of net and gross exhumation for four stratigraphic

periods from 43 wells. Most importantly, we quantify gross exhumation of the Permian–Triassic,
Triassic–Jurassic, Valanginian break-up and post-Early Cretaceous events. Post-Early Cretaceous
gross exhumation averages 900-m offshore and 600-m onshore. Up to 200 m of this exhumation

may be attributed to localized fault block rotation during extension in the Late Cretaceous and/or

reverse fault re-activation due to the compressive stresses in Australia in the last 50 Ma. The

remainder is attributed to regional exhumation caused by epeirogenic processes either during the

Cenozoic or at the Aptian–Albian boundary. Maximum burial depths prior to the Valanginian

unconformity-forming event were less than those reached subsequently, so that the magnitude of

Valanginian break-up exhumation cannot be accurately quantified. Gross exhumation prior to the

break-up of Gondwana was defined by large magnitude differences (up to 2500 m) between adjoin-

ing sub-basins. At the end of Triassic, exhumation is primarily attributed to reverse re-activation of

faults that were driven by short-wavelength inversion and exhumation at the end Permian is likely

caused by uplift of rotated fault blocks during extension. The evidence from quantitative exhuma-

tion analysis indicates a switch in regime, from locally heterogeneous before break-up to more

regionally homogeneous after break-up.

INTRODUCTION

The Perth Basin in southwestern Australia has a pro-

tracted history involving multiple rifts throughout the

Late Palaeozoic and Mesozoic before the eventual drift of

Greater India at ca. 137–136 Ma, followed by Antarctica

at ca. 90–87 Ma (Direen, 2011; Gibbons et al., 2013).
The central and southern Perth Basin was ca. 700 km

from the relict nexus of eastern Gondwana and so it the

closest accessible basin to the triple junction. Combined

with a Permian–Recent stratigraphy, the Perth Basin

records a long geological history of the tectonism during

and after Gondwana (Fig. 1). Phases of subsidence and

siliciclastic fill have been punctuated by regional uncon-

formity-forming events. In the central and southern Perth

Basin, the most significant unconformities are at the

Permian–Triassic boundary (ca. 251–247 Ma), the

Triassic–Jurassic boundary (ca. 201–198 Ma), during the

Valanginian (ca. 137–133 Ma), the Aptian–Albian bound-
ary (Early Cretaceous; ca. 113–108 Ma) and onshore in

the Cenozoic (ca. 66–0 Ma). These events are recognized

from gaps in the palaeontological record (Backhouse,

1988; Crostella & Backhouse, 2000), thermal data such as

vitrinite reflectance and Rock-Eval pyrolysis (Kantsler &

Cook, 1979; Iasky, 1993) and jumps in fault displacement

profiles identified from seismic, magnetic and gravity sur-

vey data (Iasky et al., 1991; Iasky, 1993; Song & Cawood,

2000). The unconformity-forming event that resulted

from the break-up of Australia from Antarctica in the

Late Cretaceous (90–87 Ma) is not known to be preserved

in the Perth Basin (Crostella & Backhouse, 2000).

Quantification of exhumation may give insights into

mantle and crustal processes, such as the amount of

stretching, thermal-related buoyancy and/or reorganiza-

tions of relative plate motions (Conrad & Gurnis, 2003;

Kusznir & Karner, 2007; Saunders et al., 2007; Braun
et al., 2009). By examining the spatial and temporal varia-

tion in exhumation, the interplay between lithospheric

processes can be discerned during the evolution of the
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basin, including dynamic topography caused by

epeirogenesis, flank uplift during break-up, fault re-acti-

vation/localized inversion or localized uplift caused by

fault block rotation during extension (Braun & Beaumont,

1989; Yielding, 1990; Barnett-Moore et al., 2014; Czar-
nota et al., 2014). Recognizing these exhumation pro-

cesses will help understand how supercontinents rift,

break-up and drift over long time periods.

The quantification of exhumation is also a key tool for

assessing economic potential within sedimentary basins.

Fault re-activation or variability in palaeo-drainage could

cause variations in detrital provenance and sediment depo-

centres, as well as possible intrabasinal reworking of sedi-

ments (Olierook et al., 2014b). These variations can affect

the distribution of primary sedimentary characteristics,

such as grain size and sorting, and influence the diagenetic

history across the basin. Vertical changes in petrographic

and petrophysical characteristics caused by exhumation

play an important part of the basin’s burial history that

influences whether or not hydrocarbons mature, the evolu-

tion of reservoir properties and the development of traps

(Dor�e et al., 2002; Corcoran & Dor�e, 2005; Tassone et al.,
2014a). The influence of exhumation on physical proper-

ties can also affect modern-day fluid flow, which is impor-

tant for groundwater management, with implications for

geothermal prospectivity and suitability for carbon capture

and storage (Daniel, 2005; Champ, 2010; Timms et al.,
2012, 2015; Olierook et al., 2014a).

In this study, we utilize sonic transit time analysis (Dt)
analysis, which acts as a proxy to measure and characterize

the degree of (over)compaction. In turn, overcompaction

is a proxy for exhumation. Sonic transit time data are used

to quantify the magnitude of exhumation from four time

periods that bracket the key unconformity-forming events

for 43 wells in the central and southern Perth Basin. This

provides insights into the exhumation history of the Perth

Basin, the timing and magnitude of faulting, and the tec-

tonic implications of the break-up of Gondwana.

GEOLOGICAL SETTING

The southern and central Perth Basin comprises both off-

shore (Vlaming Sub-basin) and onshore (Vasse Shelf,

Bunbury Trough, Harvey Ridge, Mandurah Terrace and

Beermullah Trough) fault-bound subdivisions that have

distinct geological histories (Figs. 1–3). Sedimentary

basin fill began in the Early Permian with the deposition

of the Sue Group until the end Permian. Following a

short hiatus at the Permian–Triassic unconformity on the

Vasse Shelf and, possibly, on the Harvey Ridge (Iasky,

1993; Song & Cawood, 2000), the Sabina Sandstone and

Lesueur Sandstone were deposited until the end of the

Triassic period. Crostella & Backhouse (2000) interpreted

these to be conformably overlain by Jurassic–lowermost

Cretaceous stratigraphy, including the Eneabba Forma-

tion, Cattamarra Coal Measures, Cadda Formation, Yar-

ragadee Formation and Parmelia Group. However, Iasky

et al. (1991) suggested that there may be a Triassic–Juras-
sic unconformity present in several sub-basins on the

basis of thermal modelling. Given the limited microfossil

and palynological evidence near the Triassic–Jurassic
boundary (Crostella & Backhouse, 2000), it is possible

that this unconformity is present, albeit localized. Fur-

thermore, the Jurassic–lowermost Cretaceous formations

vary in thickness across the basin, and are extremely thin

on the Harvey Ridge, and absent on the Vasse Shelf, pos-

sibly as a result of erosion (Fig. 3 and Table 1).

After the deposition of the Parmelia Group, Greater India

drifted away from Australia, resulting in mafic magmatism

and basin-wide exhumation that resulted in the formation of

the Valanginian break-up unconformity (Figs 1 and 4) (Ia-

sky, 1993; Mory & Iasky, 1996; Green & Duddy, 2013a;

Olierook et al., 2015). After break-up, thick deposition of

the Warnbro Group resumed offshore (Fig. 3b) (Back-

house, 1988; Causebrook et al., 2006). However, onshore,

only the youngest formation in the Warnbro Group is pre-

served, either due to nondeposition and/or erosion (Fig. 3a)

(Iasky, 1993; Crostella & Backhouse, 2000). A regional

unconformity-forming event after the deposition of the

Warnbro Group at the Aptian–Albian boundary (Fig. 4)

was followed in the Late Cretaceous by deposition of the

Coolyena Group until the end of the Cretaceous period.

The Coolyena Group is only recorded in the offshore Vla-

ming Sub-basin and does not record any hiatuses, such as

during rifting of Antarctica from Australia (Crostella &

Backhouse, 2000). During the Cenozoic, deposition contin-

ued offshore with sediment filling accommodation space

that was generated during the formation of the Indian

Ocean. Onshore, Palaeogene to Neogene re-activation of

faults in the Bunbury Trough produced a topographic high

known as the Blackwood Plateau (Barnett-Moore et al.,
2014; Czarnota et al., 2014). Lastly, the Perth Basin experi-

enced minor Quaternary deposition of dune limestone, allu-

vium, laterite and associated sand (Playford et al., 1976).

QUANTIFYING EXHUMATION
MAGNITUDES IN SEDIMENTARY
BASINS

Definitionof different exhumation terms

Exhumation is defined as the combination of the upwards

vertical displacement of a rock column (i.e. uplift) and the

Fig. 1. Stratigraphy of the southern and central Perth Basin showing depositional regimes and major tectonic stages. Information

derived from the following sources: Geological timescale (Gradstein et al., 2012); Palynostratigraphic units (Playford et al., 1976;
Ingram & Cockbain, 1978; Backhouse, 1988, 1993; Crostella & Backhouse, 2000; B.S. Ingram, unpublished); lithostratigraphy

(Playford et al., 1976; Crostella & Backhouse, 2000); facies modified from Iasky (1993); tectonic stages (Song & Cawood, 2000; Pryer

et al., 2005) and igneous activity (Coffin et al., 2002; H. K. H. Olierook, pers. comm., 2015).
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associated removal of overburden (i.e. erosion), relative to

a specified reference frame, such as ground level or the

seabed (England &Molnar, 1990; Hillis, 1995b). To avoid

confusing terminology, Corcoran & Dor�e (2005) clearly

defined two unambiguous exhumation terms: net and

gross exhumation, alternatively known as differential and

total exhumation (Fig. 5). Net exhumation is the differ-

ence between the present-day burial depth of a reference

unit/formation and its maximum burial depth prior to

exhumation, whereas gross exhumation is the thickness of

section that must have been removed at a particular

unconformity prior to any post-exhumation re-burial

(Fig. 5). It is important to note that net exhumation will

always be less than gross exhumation, unless post-exhu-

mation re-burial has not occurred.

In this study, we measure net exhumation for four dif-

ferent chronostratigraphic intervals and also calculate

gross exhumation where an unconformity is present

between two chronostratigraphic intervals (illustrated in

Fig. 6). Gross exhumation should only be calculated

where the difference in net exhumation is significant (e.g.

more than one standard deviation apart) to avoid overesti-

mating gross exhumation (Fig. 6). Additionally, it is

advantageous to measure any differences in net exhuma-

tion in adjacent stratigraphic sequences (Tassone et al.,
2014a,b). Any major differences between two chrono-

stratigraphic intervals is probably a result of exhumation

between those intervals, and so may assist in identification

previously undocumented exhumation episodes. The dif-

ference in net exhumation can never be less than zero. It

is impossible to exhume younger strata more than under-

lying older strata, unless a thick intrusion exists between

them or salt doming has occurred, but these situations do

not exist in the Perth Basin. If the difference in net exhu-

mation between two formations equals zero, then either:

(i) no exhumation occurred during this particular period,

or; (ii) the magnitude of post-exhumation re-burial was

equal or greater than the magnitude of exhumation, and

so the exhumed portion is re-buried to a maximum burial

depth.

Techniquesused to quantify exhumation
magnitudes

The identification and quantification of exhumation may

be undertaken in four different frames of reference: strati-

graphic, tectonic, thermal and compaction (cf. Corcoran

& Dor�e, 2005). In the central and southern Perth Basin,

the identification of exhumation has typically relied on a

stratigraphic framework. The formations that have been

established in the Perth Basin are essentially chronostrati-

graphic based on characteristic palynological biozones

(Fig. 1) (Backhouse, 1988; Crostella & Backhouse, 2000).

Time gaps identified from biozones and stratigraphic rela-

tionships on seismic survey data have been used to infer

disconformities or angular unconformities, and thus the

identification of exhumation events (Iasky, 1993; Song &

Cawood, 2000). This approach provides a timeframe for

Fig. 2. Map of the southern and central Perth Basin showing

the location of petroleum and stratigraphic wells, major sub-

basin dividing structures, smaller scale faults. Faults from Iasky

(1993), Marshal et al. (1993), Crostella & Backhouse (2000) and

Timms et al. (2012).
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(a)

(b) (c)

Fig. 3. (a, b) Well tie-sections, modified from Crostella & Backhouse (2000). GR = Gamma ray (0–200 API); Dt = sonic transit time

(140–40 ls ft�1). (c) Legend to accompany sections a and b, with stratigraphic colour scheme from Gradstein et al. (2012).
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the exhumation event within the precision of biozones,

but it cannot be used to quantify exhumation magnitudes.

As such, stratigraphic methods are not able to differenti-

ate between: (i) uniform subsidence followed by differen-

tial exhumation, or; (ii) differential subsidence followed

by uniform exhumation (Fig. 7).

Exhumation analysis using a tectonic framework uti-

lizes models of theoretical subsidence curves (e.g.

McKenzie, 1978) and are then compared with observed

tectonic subsidence histories derived from backstripping

and unloading of sedimentary rock columns encountered

in wells (Corcoran & Dor�e, 2005). Its main advantage is

that it provides additional insights into the thermal and

mechanical processes of lithospheric stretching, basin

evolution and uplift. However, the McKenzie (1978)-type

lithospheric stretching models that assume instantaneous

rifting are unlikely to be valid for slow-rifting passive

margins, such as the Western Australian passive margin

(Coffin & Eldholm, 1992). Given that this study aims to

establish exhumation magnitudes in different stages of

Gondwana rifting, tectonic exhumation analysis is unsuit-

able.

Thermal history data such as vitrinite reflectance (VR)

and apatite fission track (AFT) analysis are powerful and

often preferred techniques to estimate magnitudes of

exhumation as the absolute timing of cooling that may be

associated with exhumation can also be estimated (Bray

et al., 1992; Green & Duddy, 2013b). Other techniques

require cross-calibration with thermal or stratigraphic

data to identify the absolute timing of exhumation epi-

sodes.

Quantifyingexhumationmagnitudesusinga
compaction-basedapproach

An alternative exhumation framework utilizes compac-

tion-based techniques, using porosity as a proxy for

compaction and, in turn, overcompaction as a proxy for

exhumation (Corcoran & Dor�e, 2005). To achieve the

highest resolution data set, compaction-based tech-

niques that have both the highest spatial and depth res-

olution are preferred. A method that involves root-

mean-square (RMS) stacking velocity data processed

from seismic reflection profiles provides superior spatial

coverage because data are not restricted to borehole

locations (cf. Walford & White, 2005). However,

seismic quality in the onshore Perth Basin is very poor

to poor, and so this approach is infeasible. Instead,

porosity-sensitive petrophysical data such as neutron,

density and sonic transit time are useful because these

continuously log the rock column and are routinely

acquired, although at a lower spatial resolution than

stacking velocity data (Corcoran & Dor�e, 2005; Walford

& White, 2005). Sonic transit time data are preferred

over bulk density and neutron data, however, because

they avoid open fractures and void spaces, and so

principally record primary porosity (Rider & Kennedy,

2011).T
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Sonic transit time data act as a proxy for porosity, and

in turn, as a proxy for compaction. Compaction is the

mechanical process by which the porosity of a sediment or

sedimentary rock is progressively decreased due to the

effects of loading of an overlying rock column (Giles

et al., 1998). In a continually subsiding basin, porosity

decreases steadily with depth along a predictable trend

(Normal Compaction Trend – NCT) (Hillis et al., 1994;
Japsen et al., 2002). This trend is strongly dependent on

rock type and constituent grain size/mineralogy. For

example, mudstone follows a different normal compac-

tion-depth trend to sandstone (e.g. Tassone et al., 2014a,
b). The narrower range of grain sizes in mudstone makes

it more reliable than sandstone, which has a wider range

of initial textures, and therefore, compaction–depth
trends. For a given rock type, a normal compaction trend

can vary from basin to basin, and must be established

independently for every basin (Corcoran & Dor�e, 2005).
Exhumation brings compacted rocks closer towards the

surface, and so a partially exhumed portion of a basin will

show a lower porosity (i.e. overcompacted) for a given

depth than its nonexhumed counterpart (Dor�e et al.,
2002). A normal sonic transit time–depth (alternatively:

baseline) trend representing normal compaction during

burial is established from wells with stratigraphic sections

that are presently at maximum burial depths (Corcoran &

Dor�e, 2005). The normal compaction trend (DtNCT) may

be calculated if it decreases predictably with depth (ZMP),

defined by an exponential decay constant (b), an initial

sonic transit time at the surface (Dt0) and a mineral matrix

sonic transit time at infinite depth (C) (Japsen et al., 2007;
Tassone et al., 2014a):

DtNCT ¼ ðDt0 � CÞe�b �ZMP þ C ð1Þ

The initial sonic transit time (Dt0) is typically 190–
220 ls ft�1, whereas the mineral matrix sonic time (C) is
ca. 50–70 ls ft�1 (Dor�e et al., 2002; Tassone et al.,
2014a). The exponential decay function (b) depends criti-
cally on the ratio of framework to clay minerals and the

composition of clay minerals (Peltonen et al., 2008; Mar-

cussen et al., 2009). In particular, the relative abundance

of smectite/illite to kaolinite is a critical factor for the

exponential decay function. At ground level, kaolinite

with little adsorbed water builds up thick flakes that are

up to a thousand times larger than smectite or illite parti-

cles (Japsen, 2000). Consequently, during compaction,

sonic transit time rapidly decreases with depth in kaoli-

nite-bearing shale/mudstone, but far more slowly in

smectite–illite-bearing rocks (Mondol et al., 2007).
Net exhumation can be quantified from the vertical dis-

tance required to translate the sonic transit time–depth
profile to match the constructed NCT (Fig. 5). If the

absolute ages of exhumation events are known (e.g. via

Fig. 4. Interpreted two-way-time seismic section proximal to Roe 1, Tuart 1 and Gage Roads 1 & 2 showing evidence of the Valan-

ginian (main) unconformity and Top Warnbro Group unconformity in the Vlaming Sub-basin (Seggie, 1990; Crostella & Backhouse,

2000). The Carnac to Otorowiri Formations are all members of the Parmelia Group.
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thermal or stratigraphic methods), it is possible to convert

net exhumation to gross exhumation for an unconfor-

mity-forming event (Fig. 6) (cf. Tassone et al., 2014a,b).
Net exhumation (EN) may be calculated as the difference

between the maximum burial depth (BMax; i.e. the depth

on the NCT corresponding to the measured sonic transit

time) and present-day burial depth (BPresent-day) are

known according to the following equation (Corcoran &

Dor�e, 2005).

EN ¼ BMax � BPresent�day ð2Þ
As the Perth Basin records four main unconformities

from the Permian to the Quaternary periods, gross exhu-

mation (EG) may also be calculated at these specific un-

conformities by adding the net exhumation (EN) to the

post-exhumation burial (BPost-Exh.; Table 1) using the fol-

lowing equation (Corcoran & Dor�e, 2005) (also see

Fig. 6).

EG ¼ EN þ BPost�Exh: ð3Þ
It must be emphasized that gross exhumation may only

be calculated for chronostratigraphic intervals that record

an unconformity and that have a significant difference in

net exhumation (i.e. greater than one standard deviation)

with the overlying chronostratigraphic interval. However,

we note that it is possible that previously unidentified un-

conformities may be present, particularly given the lack of

palynological constraints in some wells (Crostella & Back-

house, 2000). However, this possibility is not investigated

further in this study.

SONIC TRANSIT TIME ANALYSES

Several parameters and assumptions are involved with

sonic transit time analysis. To satisfy the main parame-

ters, we require formations that: (i) are hydrostatically

pore fluid pressured; (ii) are brine-saturated; (iii) are

acoustically homogeneous (lithology, grain size and min-

eralogy/diagenesis), thick and laterally extensive, and

most importantly; (iv) have experienced steady porosity

reduction during mechanical and thermochemical/diage-

netic compaction (Bulat & Stoker, 1987; Hillis, 1995a;

Japsen, 1999; Japsen et al., 2007). Additionally, precise
construction of normal compaction trends is vital in quan-

tifying reliable magnitudes of exhumation (Tassone et al.,
2014a). Similarly, the reliability of collected sonic logs

depends on the integrity of the borehole and any tool

(a) (b)

(c) (d)

Fig. 5. Calculation of exhumation using sonic transit time (Dt), modified from Tassone et al. (2014a). (a) Normal compaction trend,

where sonic transit time is a function of depth for a specific formation that has homogeneous mineralogy and grain size. (b) Undercom-

paction occurs where rapid burial of low permeability sediments (e.g. thick shale layers), resulting in disequilibrium compaction and a

negative/underestimated exhumation estimate. (c) Overcompaction occurs where a formation has been uplifted and eroded with

respect to the normal compaction trend (gross exhumation). (d) Post-exhumation re-burial results in a lower magnitude of exhumation

(net exhumation). Note if post-exhumation re-burial exceeds exhumation, a formation will return along the normal compaction trend.
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issues during the logging run. However, the most funda-

mental assumption of using porosity as a method for cal-

culating uplift/erosion is that compaction is an

irreversible process that is not modified during exhuma-

tion (Corcoran & Dor�e, 2005). Porosity lost during dia-

genesis via chemical reactions and overburden

compaction will effectively remain unchanged during

exhumation (Rider & Kennedy, 2011). Unloading effects

such as poroelastic rebound do exist, but are negligible in

comparison to the effects of burial-related compaction

(Lubanzadio et al., 2006). This assumption tends to be

robust except in the least consolidated sedimentary rocks,

and poorly consolidated sedimentary rocks may be readily

identified in a number of ways, including by observations

of poor consolidation in cores and erratic wireline log

responses, so they are easily eliminated from sonic transit

time analysis (Corcoran & Dor�e, 2005).

Characteristics of the stratigraphic sections
to beanalysed

Available pressure data show that nine wells within the

Perth Basin are hydrostatically pressured, of which two

are in the offshore Vlaming Sub-basin (Fig. 8). Fluid

samples and resistivity wireline logs show that the major-

ity of formation waters are brine-saturated (Crostella &

Backhouse, 2000; Daniel, 2005). The exceptions include

hydrocarbon-bearing sandstone intervals and the shallow-

est, poorly consolidated Cenozoic units. Neither

sandstones nor Cenozoic sedimentary rocks are used in

this study, so these rock types are not an issue.

The southern and central Perth Basin is comprised of

at least 10 distinct chronostratigraphic formations, with

less distinct lithostratigraphic members and units within

formations (Fig. 1). We examine four chronostratigraphic

intervals that are bound by local or regional unconformi-

ties: (i) the Permian; (ii) the Triassic; (iii) the Jurassic–
lowermost Cretaceous, and; (iv) the Lower Cretaceous.

Each of these intervals is thick, laterally extensive and

includes sets of lithofacies, each with similar petrographic

and mineralogical characteristics. Mineralogical charac-

teristics of the stratigraphic intervals are examined below.

Lower Cretaceous Warnbro Group

X-ray diffraction results have shown that mudstone, shale

and claystone in all three members of the Warnbro Group

are dominated by quartz, kaolinite and smectite (Table 2)

(Watson, 2006; Descourvi�eres et al., 2010; Descourvieres

et al., 2011). However, it is evident that the proportions

of clay minerals are not consistent across the different for-

mations of the Warnbro Group. An average of 27 analyses

in the Leederville Formation shows only kaolinite as the

main clay mineral, whereas mudstone units in the Gage

Sandstone comprise far more smectite. Watson (2006)

also indicates that the composition of the South Perth

Shale is similar to the Gage Sandstone based on optical

microscopy comparison. The Gage Sandstone and South

Fig. 6. Schematic burial history plot to illustrate the difference between net and gross exhumation across two unconformities. All

numbers are quoted in metres. The difference in net and gross exhumation of the Warnbro Group is 18 m derived from the amount of

Quaternary overburden. The Jurassic–Cretaceous stratigraphy is buried by 186 m of sediments and sedimentary rock; hence, its gross

exhumation (836 m) is 186 m more than its net exhumation (650 m). Note that this approach is only valid if an unconformity exists

between adjacent chronostratigraphic intervals (i.e. the chronostratigraphic interval has been brought to the surface to be eroded).
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Perth Shale are confined to the Vlaming Sub-basin and

central Mandurah Terrace, whereas the Leederville For-

mation is present throughout the entire central and south-

ern Perth Basin. As a precaution, we disregard sonic

transit time data from the Gage Sandstone and South

Perth Shale because these formations are mineralogically

incomparable and spatially restricted relative to the Leed-

erville Formation.

Jurassic–lowermost Cretaceous stratigraphy

Five formations comprise the Jurassic to lowermost Cre-

taceous stratigraphy and only two of these have quantita-

tive mineralogical data (Table 2) (Timms et al., 2012,

2015). Both the Yarragadee Formation and Cattamarra

Coal Measures are dominated by quartz, K-feldspar, and

kaolinite, with minor other phases. Based on four analy-

ses, the Yarragadee Formation and Cattamarra Coal Mea-

sures appear to have very similar mineral compositions

and percentages. Of the three unanalysed formations, the

Cadda Formation and Eneabba Formation are never the

sole formation present in the Jurassic–lowermost Creta-

ceous stratigraphy (Table 2). Therefore, these formations

are excluded from sonic transit time analysis. The Parm-

elia Group is the predominant Jurassic–lowermost Creta-

ceous interval in the Vlaming Sub-basin. To obtain any

net exhumation magnitudes from the Jurassic–lowermost

stratigraphy in the Vlaming Sub-basin, it is necessary to

use of the Parmelia Group in sonic transit time analysis.

However, the mineralogy of the Parmelia Group has not

been established and so we exercise caution when inter-

preting the sonic transit time results from the Parmelia

Group.

Triassic Lesueur Sandstone

Thirteen X-ray diffraction and automated mineral analy-

ses from two wells have been performed on mudstone

samples from the Lesueur Sandstone (Table 2) (Timms

et al., 2012, 2015; Delle Piane et al., 2013; Olierook et al.,
2014a). There are key mineralogical differences between

the two wells, which are likely attributed to the lithologi-

cally distinct Wonnerup (deeper; sampled in Pinjarra 1)

and Yalgorup Members (shallower; sampled in GSWA

Harvey 1). Both members of the Lesueur Sandstone are

dominated by quartz, K-feldspar, illite and smectite, with

minor kaolinite. Although the constituents in the two

members are similar, the mineral proportions are

considerably different, with more illite and smectite in the

(a) (b)

Fig. 7. Two end-member models to explain the variable strati-

graphic thicknesses across the southern half of the Perth Basin.

(a) Model 1: Differential subsidence followed by uniform exhu-

mation. (b) Model 2: Uniform subsidence followed by differential

exhumation.

Fig. 8. Available pore-pressure data from the southern half of

the Perth Basin, corrected for mud weights. Data are collected

via RFT, unless indicated. All wells appear to be hydrostatically

pressured.
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Yalgorup Member, and more kaolinite in the Wonnerup

Member. Therefore, we have treated the two members as

mineralogically distinct entities in order to carefully assess

whether their mineralogical distinction appears to have

any bearing on the sonic transit time analysis.

Permian Sue Group

No quantitative mineralogical analyses have been per-

formed for Sue 1, but recent visual inspection of diage-

netic phases using a scanning electron microscope has

analysed major and minor constituents in the Permian

Sue Group (Table 2) (Butland & George, 2012). The dia-

genetic phases predominantly comprise of quartz over-

growths, kaolinite, illite, smectite and chlorite, but closer

inspection of these thin section photomicrographs in the

report by Butland & George (2012) indicates that chlorite

appears to be a fairly minor constituent. These analyses

were performed on the uppermost formation in the Sue

Group, the Willespie Formation, and this formation is

recorded in all wells that penetrate the Sue Group. Other,

deeper formations are only present in Sue 1 (Crostella &

Backhouse, 2000). For this reason, sonic transit time data

below 2276 m in Sue 1 are disregarded in this study to

avoid erroneous comparisons between potentially miner-

alogically heterogeneous formations.

Sonic transit time data processing

Data from all wells in the southern half of the Perth Basin

were considered for sonic transit time analysis. To quan-

tify net and gross exhumation robustly, only wells that

contain sonic transit time wireline data (Dt), gamma ray/

chronostratigraphic tops data in combination with litho-

logical information from cuttings or cores were utilized.

From a total of 55 petroleum and stratigraphic exploration

wells, 43 included digitized versions of these data. Addi-

tionally, calliper logs and formation tests helped identify

anomalous or erroneous sonic transit times caused by

borehole rugosities or undercompaction associated with

formation overpressure (Fig. 5b).

The sonic transit time data were corrected initially for

borehole quality to eradicate erroneous data via a noise

despike filter and calliper (borehole size) correction. This

involved removing any sonic transit time data >3 lm ft�1

from the median sonic value over a 10-m interval, and

removing any data with a calliper deviation >15% from

the supposed borehole width (quoted in respective well-

completion reports). These two techniques have been

used successfully in the Otway Basin, South Australia

(Tassone et al., 2014a) and Perth Basin (Olierook et al.,
2014a) respectively. The remaining data were manually

scrutinized for intervals that contained more than 50%

low-energy facies (e.g. mudstone) as indicated by well-

completion reports to ensure all possible shale/claystone/

mudstone were included. These rock types typically exhi-

bit a higher proportion of radioactive minerals than sand-

stone or siltstone. Therefore, gamma ray logs were used

to remove nonradioactive sandstone-rich intervals below

cut-offs of 85–115 gamma API, which differed per well.

These cut-off values correlated with detailed cuttings

descriptions, although it is possible that a small portion of

relatively radioactive sandstone remains in the input data.

To avoid interactions with surrounding rock types, only

shale units that were thicker than 5 m were considered

and an arithmetic mean sonic transit time value was calcu-

lated for each of these units at the mid-point depth of each

shale unit (cf. Tassone et al., 2014a). A shale unit was

considered separate from an adjacent unit if the total gap

was >2 m. To maximize the number of data points, inter-

vals thicker than 20 m were further subdivided into equal

thickness portions. This rigorous data processing proce-

dure for all wells yielded between 1 and 43 sonic transit

time points for each stratigraphic interval, with an average

of 12 data points per well.

Constructionof stratigraphic-specific
baseline trends

The offshore Vlaming Sub-basin exhibits all the charac-

teristics required to construct a normal compaction trend

for both the Jurassic–Cretaceous stratigraphy and the

Lower Cretaceous Warnbro Group sections. Initial

inspection of sonic transit times showed that Peel 1,

Warnbro 1, Roe 1 and Minder Reef 1 exhibited the high-

est sonic transit times and thus preserve the most primi-

tive sonic transit time–depth curve (see Peel 1 and

Warnbro 1 in Fig. 3). Of these four wells, only Peel 1 and

Warnbro 1 yielded data for the Lower Cretaceous strata

because of the poor borehole quality in the other two

wells. The Jurassic–lowermost Cretaceous strata and

Lower Cretaceous Warnbro Group data have a high cor-

relation between the measured and NCT equation-

derived sonic transit times (Fig. 9), yielding best-fit R2

correlation coefficients of 0.977 and 0.938, respectively,

which is a sufficiently high degree of fit for a robust sonic

transit time analysis (Table 3). This overall assessment

indicates that the four Vlaming Sub-basin wells are suit-

able for construction of an NCT.

The high exponential decay function (b = �0.0008) in

the NCTs of both chronostratigraphic intervals is attrib-

uted to rapid compaction of kaolinite with increasing

depth (Table 3) (Japsen, 2000). This is very comparable

with kaolinite-rich terrestrial shales below 2 km studied

by Japsen (2000) and also similar to the volcaniclastic flu-

vial shales studied by Tassone et al. (2014a). In contrast,

marine shales exhibit far smaller exponential decay func-

tions (b = �0.0004 to �0.0005; cf. Tassone et al., 2014a),
which are attributed to high proportions of illite and/or

smectite (Mondol et al., 2007).
Although the wells used in this study to construct the

NCTs are currently at maximum burial depths, the

uppermost member in both the Parmelia Group (Juras-

sic–lowermost Cretaceous strata) and Warnbro Group in

Roe 1 and Minder Reef 1 are not preserved (Crostella &

Backhouse, 2000). This indicates that some erosion
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occurred at the Valanginian break-up unconformity and

after the deposition of the Warnbro Group. All members

are preserved in Peel 1 and Warnbro 1, but an angular

unconformity is clearly visible in 2D reflection seismic

data proximal to their location (Fig. 4), which indicates a

significant amount of erosion in these wells. Thus, these

wells are at maximum burial depth and record zero mini-

mum gross exhumation (Corcoran & Dor�e, 2005).
Wells in the Vlaming Sub-basin are not deep enough to

penetrate the Triassic Lesueur Sandstone or the Permian

Sue Group. As the Permian Sue Group and Triassic

Lesueur Sandstone mineralogy is considerably different

to the Jurassic to lowermost Cretaceous stratigraphy and

Warnbro Group (Table 2), NCTs must be established

independently for these chronostratigraphic intervals.

However, all wells that have penetrated the Permian and

Triassic intervals are not at maximum burial depth (see

results section) and are, therefore, exhumed. Conse-

quently, the NCTs that have been constructed are not

equivalent to the ‘normal’ compaction trend, and are

instead ‘quasi-NCTs’, and any net and gross exhumation

values will be underestimated. The logical way to treat

(a) (b)

(c) (d)

Fig. 9. Construction of baseline trends (normal compaction trends) for four chronostratigraphic intervals: (a) Post-break-up Lower

Cretaceous Warnbro Group; (b) Prebreak-up Jurassic to Cretaceous stratigraphy; (c) Triassic Lesueur Sandstone; and (d) Permian

Sue Group. Note that data used to construct the baseline trends for the Triassic and Permian stratigraphy have net exhumation values

calculated from the prebreak-up Jurassic–Cretaceous stratigraphy subtracted from their depth (see text for discussion).
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this issue was to add the maximum net exhumation

derived from younger stratigraphic units (see results sec-

tion) to the depths of the Triassic and Permian sonic tran-

sit time data for the least exhumed wells in order to

translate the quasi-NCTs to NCTs based on these depths

(Fig. 9).

For both the Permian and Triassic chronostrati-

graphic intervals, Wonnerup 1 and Sabina River 1 in

the Bunbury Trough have the highest sonic transit

times at a given depth (i.e. are the least exhumed).

After depth adjustment above to account for subsequent

exhumation, the best-fit NCT equations yielded corre-

lation coefficients of 0.725 and 0.745 for the Permian

and Triassic intervals, respectively, between the mea-

sured and calculated sonic transit time (Fig. 9). The

exponential decay constants here are much lower

(b = �0.00045 to 0.00055; Table 3) than the younger

strata, which is attributed to the presence of smectite/

illite rather than kaolinite (Mondol et al., 2007). The

mineral matrix time is much lower as well (C = 50 for

both Permian and Triassic strata; Table 3) than the

younger strata. Reasons for this are uncertain, but a low

matrix time could be caused by high brine content,

which increases the final compressibility of clay-rich

rocks (Mondol et al., 2007) or due to volume-reducing

diagenetic reactions at deeper depths (Peltonen et al.,
2009). Given the correlation coefficients for these

NCTs, the confidence in subsequent exhumation esti-

mate calculations is significantly lower. However, given

that the only intersected Permian and Triassic strata

are in wells from the southern Perth Basin, these analy-

ses represent the best and only opportunity to deter-

mine net exhumation of Permo–Triassic strata in the

region via sonic transit time analysis. It is, therefore,

acknowledged that the relatively poor fit statistics for

the NCTs could introduce larger uncertainties than for

the better constrained younger strata, and thus caution

is exercised when interpreting the results for the Perm-

ian and Triassic stratigraphy.

RESULTS

Sonic transit time–depth relationships

Average shale unit sonic transit times (Dt) for the four

chronostratigraphic intervals were plotted against shale

unit mid-point depth (ZMP; see Eqn 1) with respect to

the seabed for offshore wells or ground level for

onshore wells, as well the respective calculated NCTs

(Fig. 9).

Post-break-up Cretaceous stratigraphic section

The Lower Cretaceous Warnbro Group yielded sonic

transit time data in all sub-basins except the Beermullah

Trough (Fig. 10). It is clear that sonic transit time values

for all onshore wells (e.g. Barragoon 1) and the majority

of offshore wells (e.g. Quinns Rock 1) plot consistently

above the NCT. This indicates that rocks in the Warnbro

Group are overcompacted and have probably been buried

more deeply in the past than at present day, and have thus

been exhumed. There appears to be only slight variability

between each of the sub-basins (Fig. 10). The exceptions

are the wells used to construct the NCT, Peel 1 and

Warnbro 1, which lie very close to or on the NCT. These

two wells are also more deeply buried than other wells

(Table 1), and are thus likely at maximum burial depth.

The majority of data plot with similar trends to the

NCT (Fig. 10). This indicates a good correlation between

the measured sonic transit time data and the NCT curve.

However, for Sue 1 and Whicher Range 1, the number of

sonic transit time data points is only comprised of a single

point and so this correlation with the NCT cannot be

established. In several wells (e.g. Parmelia 1), the vertical

distance between the NCT and the sonic transit time data

is not consistent. In Parmelia 1, the depth difference is

greater at deeper depths (below 1000 m) than shallower

depths (above 1000 m). This may suggest that either the

Warnbro Group shale units do not follow a simple expo-

nential trend with depth, and may follow a step-wise

trend as proposed by Japsen (2000) due to rapid compac-

tion of kaolinite grains. Alternatively, the NCT is poorly

constrained below 1000 m. Data below 1500 m used to

construct the NCT are sparse (Fig. 9a), which may also

have contributed to the poor correlation between sonic

transit time data and the NCT.

Prebreak-up Jurassic to lowermost Cretaceous stratigraphic
section

The prebreak-up Jurassic–Cretaceous stratigraphy was

penetrated in all sub-basins with the exception of the

Vasse Shelf. The majority of onshore wells have data that

plot above the NCT, so are overcompacted, and are thus

interpreted to be exhumed (Fig. 11). The Bunbury

Trough and Harvey Ridge appear to have experienced

consistently more overcompaction than the Vlaming Sub-

basin. Wells in the Vlaming Sub-basin that have sonic

transit time data at shallower depths (e.g. Sugarloaf 1 or

Tuart 1) appear to be exhumed more than wells where

these sonic transit time data are recorded at deeper depths

Table 3. Normal compaction trend functions derived for each stratigraphic interval, using a formula from Corcoran & Dor�e (2005)

Stratigraphic Formation(s) Normal compaction trend function R2

Lower Cretaceous Warnbro Gp. DtNCT-E. Cret = (210–62) 9 e�0.0008 9 Z + 62 0.938

Jurassic–Cretaceous Strata DtNCT-Jura–Cret = (210–60) 9 e�0.00083 9 Z + 60 0.977

Triassic Lesueur Sandstone DtNCT-Triassic = (190–50) 9 e�0.00055 9 Z + 50 0.745

Permian Sue Group DtNCT-Permian = (200–50) 9 e�0.00045 9 Z + 50 0.725
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(e.g. Peel 1 or Warnbro 1). This may reflect post-exhuma-

tion re-burial to deeper depths or less exhumation of the

deeper wells.

Correlation between wells in the Bunbury Trough and

Beermullah Trough with the NCT are poor relative to

wells in other sub-basins, which may reflect a change in

mineralogy in these sub-basins (e.g. Gingin 1). For Gingin

1, at depths of 3200–3400 m, the sonic transit time data

plot on the NCT, but at a depth of 300 m, the sonic tran-

sit time data are overcompacted by several hundred

metres. Similarly, Sugarloaf 1 in the Vlaming Sub-basin

exhibits heterogeneous sonic transit time data at depths of

700–1100 m. Another important observation is the under-

pressured sonic transit time data (i.e. undercompacted) of

Minder Reef 1, and, to a lesser degree, of Peel 1. For Peel

1, this may simply reflect a slightly poorly constructed

NCT at depths exceeding 3000 m. However, the Jurassic–
Cretaceous stratigraphy in well Minder Reef 1 is relatively

shallowly buried. As no pressure data exist for Minder

Reef 1, the formations may be overpressured or the appar-

ent undercompaction may reflect a change in mineralogy.

Triassic stratigraphic section

The Triassic stratigraphy is penetrated by wells in the

Mandurah Terrace, Harvey Ridge, Bunbury Trough and

Vasse Shelf (Table 1). All Triassic sonic transit time data

plot above the NCT indicating overcompaction to some

(a) (b)

(c) (d)

Fig. 10. Shale unit average sonic transit time vs. shale unit mid-point depth below ground level/seabed graphs for the post-break-up

Warnbro Group, subdivided into the penetrated sub-basins defined in Fig. 1. (a) Vlaming Sub-basin wells. (b) Mandurah Terrace

and Beermullah Trough wells. (c) Bunbury Trough wells. (d) Harvey Ridge and Vasse Shelf wells. Well names shaded grey have a

lower degree of confidence (see Table 4).
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degree (Fig. 12). Wells in the southern Bunbury Trough,

Harvey Ridge and Vasse Shelf tend to be more overcom-

pacted than those from the central and northern Bunbury

Trough and Pinjarra 1 from the Mandurah Terrace. This

is also reflected in differences in the depths of Triassic

stratigraphy (Table 1). Wells with the deepest buried Tri-

assic stratigraphy (e.g. Wonnerup 1 and Whicher Range

3) have the lowest degree of overcompaction. Conversely,

the shallow Triassic stratigraphy in Alexandra Bridge 1 is

overcompacted by several hundred metres.

There is a difference in correlation coefficient between

the NCT and wells in the Bunbury Trough relative to

wells in the other sub-basins. For example, for Wonnerup

1, at depths of 2800–3400 m, sonic transit time data are

overcompacted by ca. 700 m, whereas at a depth of

3900 m, overcompaction is significantly less (ca. 200 m).

Wells on the Vasse Shelf, Harvey Ridge and Mandurah

Terrace, although sparser in sonic transit time data, tend to

be better correlated with the curvature of the NCT.

Permian stratigraphic section

The Permian stratigraphy is penetrated by wells in the

Bunbury Trough, Harvey Ridge and Vasse Shelf (Fig. 13).

(a) (b)

(c) (d)

Fig. 11. Shale unit average sonic transit time vs. shale unit mid-point depth below ground level/seabed graphs for the prebreak-up

Cretaceous–Jurassic stratigraphy, subdivided into the penetrated sub-basins defined in Fig. 1. (a) Vlaming Sub-basin wells. (b)

Mandurah Terrace and Beermullah Trough wells. (c) Bunbury Trough wells. (d) Harvey Ridge wells. Well names shaded grey have a

lower degree of confidence (see Table 4).
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Similar to the Triassic stratigraphy, all wells are overcom-

pacted and therefore likely exhumed because of the method

used to construct the NCT (see Fig. 9). In the Bunbury

Trough, wells with a deeply buried Permian interval

(4000–4500 m; e.g. Wonnerup 1) are less overcompacted

than wells with a shallower Permian interval (e.g. Cane-

break 1). This overcompaction–depth relationship is similar

to wells on the Vasse Shelf, but the Permian stratigraphy in

Lake Preston 1 on the Harvey Ridge is deeply buried

(>4000 m), and is still significantly overcompacted.

(a) (b)

Fig. 12. Shale unit average sonic transit time vs. shale unit mid-point depth below ground level for the Triassic Lesueur Sandstone,

subdivided into the penetrated sub-basins defined in Fig. 1. (a) Bunbury Trough wells. (b) Vasse Shelf, Harvey Ridge and Mandurah

Terrace wells. Well names shaded grey have a lower degree of confidence (see Table 4).

(a) (b)

Fig. 13. Shale unit average sonic transit time vs. shale unit mid-point depth below ground level for the Permian Sue Group, subdi-

vided into the penetrated sub-basins defined in Fig. 1. (a) Bunbury Trough wells. (b) Harvey Ridge and Vasse Shelf wells. Well names

shaded grey have a lower degree of confidence (see Table 4).
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Estimatingaveragenet exhumation
magnitudes

Post-break-up Cretaceous stratigraphic section

Average net exhumation magnitudes for the Warnbro

Group vary from �61 to 790 m across all sub-basins,

although the data quality is often sub-optimum (Figs 14a

and 15a, Table 4). The two wells interpreted to be at

maximum burial depth, Peel 1 and Warnbro 1 (Fig. 14a),

are located in the deepest part of the Vlaming Sub-basin

(Table 1). Other wells in the Vlaming Sub-basin have

had similar magnitudes of net exhumation, with reliable

net exhumation magnitudes between 178 and 530 m

(Table 4). Onshore, the Mandurah Terrace has experi-

enced between 94 and 790 m of net exhumation, but in

three of the four wells, the data quality was poor, and so

these values remain tentative. The Bunbury Trough is

limited to one data point from Whicher Range 4, which

indicates 401 m of net exhumation. The only well on the

Harvey Ridge (Preston 1) has a net exhumation magni-

tude of 576 m. A single data point from the well Sue 1 on

the Vasse Shelf indicates a net exhumation magnitude of

491 m. The sonic transit time data from sub-basins other

than the Vlaming Sub-basin are relatively poorly con-

strained (Table 4).

Prebreak-up Jurassic to lowermost Cretaceous stratigraphic
section

Average net exhumation in each of the sub-basins varies

considerably, with average magnitudes ranging from �25

to 930 m (Figs 14b and 15b, Table 4). The Vlaming

Sub-basin is the least exhumed, with magnitudes ranging

from �25 to 643 m. Three populations can be defined

within this range (Fig. 14b). Four wells, Peel 1, Warnbro

1, Minder Reef 1 and Roe 1 have net exhumation magni-

tudes at or close to maximum burial (�25 to 116 m).

Although Peel 1 and Warnbro 1 are deeply buried with

respect to other wells (Table 1), Minder Reef 1 and Roe 1

both are relatively upthrown (Fig. 4), indicating that the

latter two wells have experienced relatively significant

post-exhumation re-burial to be at maximum burial

depths. A second population of nine wells is exhumed

between 221 and 434 m, which are all relatively similar

given their associated uncertainty (Table 4). The highest

exhumation magnitudes are from the southernmost well

Sugarloaf 1 (643 m) and easternmost Quinns Rock 1

(540 m), both of which are situated proximal to the foot-

wall of major normal faults (Figs 2 and 15b).

Adjacent to the Vlaming Sub-basin, the Mandurah

Terrace wells have net exhumation estimates of 377–
930 m (Fig. 15b and Table 4). Net exhumation estimates

are spatially variable, with the highest magnitudes

recorded in the central part of the Mandurah Terrace,

near the present-day coastline and in the footwall block of

a large oblique-slip (normal and dextral) fault system that

separates the Mandurah Terrace from the Beermullah

Trough (Fig. 15b). Wells in the Beermullah Trough have

net exhumation magnitudes of 170–452 m, significantly

less than the Mandurah Terrace (Fig. 15b). The Harvey

Ridge shows relatively high net exhumation magnitudes

between 713 and 739 m, which are comparable to esti-

mates from the Mandurah Terrace (Fig. 15b). In the

Bunbury Trough, net exhumation is 446–759 m for reli-

able estimates.

Triassic stratigraphic section

Average net exhumation magnitudes vary considerably

and may be spatially subdivided into two groups

(Figs 14c and 15c, Table 4). The central–northern
Bunbury Trough wells and Pinjarra 1 on the Mandurah

Terrace have modest exhumation magnitudes of 462–
588 m (Fig. 15c). The southern Bunbury Trough, Har-

vey Ridge and Vasse Shelf show significantly higher net

exhumation magnitudes, between 813 and 1209 m

(Figs 12 and 15c). These portions of the southern Perth

Basin have significantly shallower stratigraphy in the

present-day than their northern Bunbury Trough and

Mandurah Terrace counterparts (Table 1). The wells

with higher net exhumation magnitudes are situated

either on uplifted blocks (i.e. the Harvey Ridge and

Vasse Shelf) or are located proximal to the hangingwalls

of major north–south striking faults (e.g. Rutile 1 and

Canebreak 1) (Fig. 15c).

Permian stratigraphic section

The southern Bunbury Trough, Harvey Ridge and Vasse

Shelf all show significant average net exhumation relative

to the central–northern Bunbury Trough (Figs 14d and

15d, Table 4). All central–northern Bunbury Trough

wells have exhumation magnitudes between 440 and

612 m (Table 4). The southern Bunbury Trough has net

exhumations magnitudes of 989–1114 m for wells Black-

wood 1, Scott River 1 and Canebreak 1 in the hangingwall

of normal faults and a net exhumation magnitude of

1690 m for Rutile 1 that sits in the hangingwall of two

normal faults (Fig. 15d and Table 4). The Harvey Ridge

only has one well that penetrated into the Sue Group,

Lake Preston 1, which has a net exhumation magnitude of

1412 m, approximately 900 m more than the adjacent

wells in the northern Bunbury Trough (Fig. 15d). On the

Vasse Shelf, net exhumation magnitudes of Sue 1 and

Alexandra Bridge 1 wells are 1238 and 1613 m,

respectively (Fig. 15d).

Estimatingaverage gross exhumation
magnitudesanddifferences in averagenet
exhumation

Post-Warnbro Group unconformity

An angular unconformity exists between the Lower Cre-

taceous Warnbro and Upper Cretaceous Coolyena Group

© 2015 The Authors
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that is clearly visible on 2D seismic reflection images

(Fig. 4). Gross post-Warnbro exhumation magnitudes

have been calculated for all wells that have net exhuma-

tion magnitudes >200 m (Fig. 16 and Table 4). This

excludes Peel 1, Warnbro 1, Badaminna 1 and, perhaps,

Parmelia 1 that are interpreted to be at maximum burial

(a) (b)

(c) (d)

Fig. 14. Comparison of net exhumation estimates from the four chronostratigraphic intervals. (a) Post-break-up Warnbro Group; (b)

Prebreak-up Jurassic to Cretaceous stratigraphy; (c) Triassic Lesueur Sandstone; (d) Permian Sue Group. BT = Bunbury Trough;

HR = Harvey Ridge; VS = Vasse Shelf; MT = Mandurah Terrace. St. dev = Standard deviation.

© 2015 The Authors
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depth (Fig. 14a), and so gross exhumation cannot be

calculated for these wells. The remaining wells have

gross exhumation magnitudes between 419 and 1058 m

(Fig. 16). However, when excluding data with a low

degree of confidence (see Table 4), this range narrows

from 601 to 1058 m. The offshore wells in the Vlaming

Sub-basin have a very narrow range of gross exhumation

magnitudes (786–1058 m) (Fig. 16). Gross exhumation

magnitudes are significantly less onshore than offshore,

ranging between 401 and 855 m, but the amount of post-

exhumation re-burial is typically <70 m, with the excep-

tion of Barragoon 1, which has an overburden of 213 m

(Table 1).

Valanginian break-up unconformity

There is no evidence for significant exhumation on the

break-up unconformity. The net exhumation magnitudes

for the prebreak-up Jurassic–Cretaceous stratigraphy and
the Warnbro Group in each well are within error of each

other, with the exception of Badaminna 1 and Cockburn 1

(Fig. 16 and Table 4). However, the net exhumation

magnitudes from these two wells have a low degree of

confidence for the Warnbro Group (see Table 4), so it

may be that the calculated gross exhumation estimates for

Badaminna 1 and Cockburn 1, 995 and 1243 m respec-

tively, could be meaningless if the sonic transit time

analysis here is incorrect.

Triassic–Jurassic boundary

Unconformities at the Triassic–Jurassic boundaries have

not been conclusively shown to be present in the stratigra-

phy, yet have been suggested (Iasky et al., 1991; Song &

Cawood, 2000). As such, any differences in net exhuma-

tion and gross exhumation calculations are treated with

caution. There are differences in net exhumation magni-

tudes that are >1 SD for wells in the southern Bunbury

Trough, Harvey Ridge and Vasse Shelf (Fig. 16 and

Table 4). In particular, the difference in net exhumation

between the Triassic and prebreak-up Jurassic–Creta-
ceous stratigraphy for Rutile 1 is 403 m and the associated

gross exhumation at the Triassic–Jurassic boundary is

2203 m. The Lesueur Sandstone in adjacent wells to

Rutile 1 (e.g. Whicher Range 1–4) did not experience

exhumation at the Triassic–Jurassic boundary, and the

Lesueur Sandstone is between 1170 and 1298 m shal-

lower in the stratigraphic column for these wells. This

(a) (b) (c) (d)

Fig. 15. Maps of the Perth Basin showing the net exhumation magnitude calculated for each well for each stratigraphic formation(s)

(see Table 4 for tabulated values). Note that the NCTs constructed for the Triassic and Permian and maps (c & d) are from wells not

at maximum burial depth (see Fig. 9). Thus, these net exhumation magnitudes should be seen as a minimum only.
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gives credibility to a localized exhumation event encom-

passing Rutile 1. Similar arguments can be made for

Canebreak 1, and perhaps Sue 1, Alexandra Bridge 1,

Lake Preston 1 and GSWA Harvey 1. It appears that

these wells that may have experienced exhumation are all

located in uplifted blocks and sub-basins (southern Bun-

bury Trough, Harvey Ridge and Vasse Shelf; Fig. 3a).

Permian–Triassic unconformity

Differences in net exhumation between the Permian and

Triassic stratigraphy for wells Sue 1 and Alexandra

Bridge 1 are 312 and 800 m, respectively, indicating that

deposition and exhumation is a more plausible explana-

tion than a period of stability and nondeposition for the

absence of Sabina Sandstone on the Vasse Shelf

(Table 4). This permits calculation of gross exhumation

magnitudes for these two wells, yielding 2454 and 2021 m

respectively (Fig. 16). Rutile 1 has a net exhumation dif-

ference between the Permian and Triassic stratigraphy of

533 m and an associated gross exhumation estimate of

3868 m. If the sonic transit time analysis is correct, then

this amount is significantly greater than any other gross

exhumation magnitude in the southern and central Perth

Basin (Fig. 16). It also possible that Lake Preston 1 on the

Harvey Ridge was exhumed at the end of the Permian

period, but the difference in net exhumation falls inside

1 SD, and so gross exhumation is not calculated for this

well.

DISCUSSION

Comparison betweensonic transit time,
thermalandstratigraphic exhumation data

The quantification of average net and gross exhumation

of different time periods permits interpretations regard-

ing the spatial and temporal evolution of the southern and

central Perth Basin during and after the existence of

Gondwana. The results that were obtained from this

study were compared to independent thermal exhumation

data and biostratigraphic constraints to facilitate more

robust interpretations. The most important of these is

thermal history data obtained from vitrinite reflectance

and apatite fission track analysis (Fig. 17). Typically

where low-energy facies (i.e. shale/claystone/mudstone)

were available for sonic transit time analysis, there were

also interspersed organically rich units that could be used

for vitrinite reflectance analysis due to the typical stacking

patterns of facies in fluvial settings (Miall, 1996). This is

particularly evident for the Permian Sue Group and

Jurassic Cattamarra Coal Measures, which are dominated

by interspersed coal measures, shale and sandstone (Cro-

stella & Backhouse, 2000; Western Australian Energy

(a) (b) (c) (d)

Fig. 16. Comparison of gross exhumation values for four unconformities: (a) Post-Warnbro Group unconformity; (b) Valanginian

break-up unconformity; (c) Triassic–Jurassic unconformity; (d) Permian–Triassic unconformity. Note that it is not possible to con-

strain when the exhumation of the most recent episode (a) occurred using solely sonic transit time analysis for the Perth Basin.
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Research Alliance (WAERA), 2012), but minor organic-

rich material also exists dispersed throughout other strati-

graphic units.

Post-Warnbro Group exhumation

The post-Warnbro Group (i.e. post-Aptian; 113 Ma)

gross exhumation is evident in almost all wells (except

Peel 1, Warnbro 1 and Badaminna 1), and is remarkably

similar, averaging ca. 900 m offshore and ca. 600 m

onshore. Exhumation episodes in the Late Cretaceous or

Cenozoic have not been previously recorded in the central

and southern Perth Basin. The paucity of Late Cretaceous

to Cenozoic sedimentary rocks in the onshore Perth Basin

and the lack of exhumation data for these stratigraphic

intervals in the Vlaming Sub-basin means that the timing

(a)

(e) (f) (g)

(h) (i) (j)

(b)

Fig. 17. Uplift and exhumation estimates from other studies: (a & b) Burial plots derived from AFT analysis for wells Jurien 1 and

Arranoo South 1 in the northern Perth Basin that show exhumation episodes. (c & d) Cumulative uplift history of Australia from joint

inversion of 254 longitudinal river profiles at 50 Ma and present day (Czarnota et al., 2014). Note that these are attributed to dynamic

topography (i.e. uplift without erosion 6¼ exhumation). (e–g) Vitrinite reflectance data and (h–j) associated burial plots for wells Whi-

cher Range 1, Sue 1 and Lake Preston 1 that show exhumation episodes (Iasky, 1993).
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of exhumation after the deposition of the Warnbro Group

cannot be narrowed down any further using sonic transit

time analysis alone. However, gross exhumation of ca.
500 m in the Cenozoic using AFT analysis in the north-

ern Perth Basin has been recorded for two wells Jurien 1

and Arranoo South 1 by Green & Duddy (2013a)

(Fig. 17). This is similar to onshore estimates in this

study (ca. 400–700 m; Table 4). Thus, a Cenozoic exhu-

mation event may correlate regionally across the Perth

Basin. However, a significantly greater amount of gross

exhumation is recorded in wells from the Vlaming Sub-

basin (average = 900 m), which may have similarly

occurred during the Cenozoic or at an earlier time, such

as at the Aptian–Albian unconformity (Fig. 1). Green &

Duddy (2013a) have modelled an exhumation event at the

Albian–Aptian unconformity, but only in the well Arra-

noo South 1, with a gross exhumation magnitude of ca.
1000 m (Fig. 17). Thus, it is possible that the stratigra-

phy in the southern and central Perth Basin experienced

similar exhumation magnitudes offshore (aver-

age = 900 m) and slightly less onshore (aver-

age = 600 m) during an Aptian–Albian exhumation

event. In an attempt to correlate these events over regio-

nal distances, we compare exhumation estimates in the

Perth Basin to net exhumation magnitudes of 800–900 m

using sonic transit time analysis on the North West Shelf

recorded by Densley et al. (2000). Gross exhumation was

not calculated, but present-day burial depths beneath the

seabed in the order of 1–2 km would indicate gross exhu-

mation estimates on the order of 2–3 km, far greater than

those of the Perth Basin, which denotes a change in exhu-

mation magnitudes over length scales of more than

2000 km.

Valanginian break-up exhumation

The break-up of Gondwana culminated with the opening

of the Indian Ocean as Greater India began to drift away

from Australia in the Valanginian (Markl, 1974, 1978; Ga-

ina et al., 2007). Sonic transit time data show negligible

differences in net exhumation between the Jurassic–Cre-
taceous strata and Warnbro Group across the break-up

unconformity for the majority of wells, although it is clear

that an unconformity exists from seismic reflection data

(Fig. 4). Therefore, it is not possible to quantify the

amount of gross exhumation at the unconformity for the

majority of wells as it will be less or equal to the gross

exhumation after the deposition of the Warnbro Group

(i.e. <1058 m; see Challenger 1 in Table 4). Where there

are significant differences in net exhumation across the

Valanginian unconformity (typically 150–300 m, with the

exception of Badaminna 1–600 m), gross exhumation

averaged ca. 1000 m (Fig. 16). This value is approxi-

mately equivalent to vitrinite reflectance modelled burial

plots by Iasky (1993) (e.g. Sue 1 and Whicher Range 1;

Fig. 17). Green & Duddy (2013a) have shown that Jurien

1 in the northern Perth Basin experienced ca. 1500 m of

gross exhumation at the Valanginian unconformity,

which, within error of analyses, is more than estimates in

the southern and central Perth Basin (Fig. 17). However,

Arranoo South 1 in the northern Perth Basin underwent

subsidence at this time (Baron & Parnell, 2007; Fig. 17).

Given that Arranoo South 1 is further northwest in the

northern Perth Basin compared to Jurien 1, this may indi-

cate a significant spatial variation in gross exhumation

across the Perth Basin during the break-up of Gondwana.

Triassic–Jurassic exhumation

Exhumation at the Triassic–Jurassic boundary has only

ever been interpreted as a localized uplift event in the

northern Perth Basin (Mory & Iasky, 1996; Song & Ca-

wood, 2000), but it has never been identified in the

southern and central Perth Basin (Iasky et al., 1991; Ia-
sky, 1993). However, sonic transit time data from the

southern Bunbury Trough and Harvey Ridge show sig-

nificant differences in net exhumation between the Tri-

assic and prebreak-up Jurassic–Cretaceous strata (400 m

between Wonnerup 1/Sabina River 1 and Lake Preston

1; Table 4). Calculated gross exhumation estimates are

between 1694 and 2203 m for the southern Bunbury

Trough and 2379 for the Harvey Ridge. No vitrinite

reflectance data exist for the Lesueur Sandstone in any

wells in the southern Bunbury Trough (Iasky, 1993), so

the validity of sonic transit time-derived magnitudes of

gross exhumation presented here cannot be indepen-

dently verified. However, Lake Preston 1 on the Harvey

Ridge shows no strong deflection in the vitrinite reflec-

tance trend at the Triassic–Jurassic boundary (1200 m

depth in Lake Preston 1; Fig. 17 and Table 1) when

compared to overlying Jurassic strata. Wells in the Vasse

Shelf have no net exhumation magnitudes for the Juras-

sic–Cretaceous stratigraphy, so it cannot be ascertained

if exhumation occurred at the Triassic–Jurassic bound-

ary. Although not conclusive, the sonic transit time data

indicate for a distinct possibility of exhumation of the

southern Bunbury Trough by about ca. 2000 m.

However, uncertainty in the constructed NCT could

have led to overestimates in net exhumation at the

Triassic–Jurassic boundary that would have led to these

conclusions.

Permian–Triassic exhumation

Sonic transit time data have indicated significant net

exhumation differences of ca. 300–800 m of wells on the

Vasse Shelf and Rutile 1, which translate to gross exhu-

mation estimates of 2000–2500 m for the Vasse Shelf

wells, and nearly 4000 m for Rutile 1 at the end Permian.

Available Permian vitrinite reflectance data from Lake

Preston 1 and Sue 1 are significantly higher than that of

the younger stratigraphy, and have previously led to the

interpretation that the Harvey Ridge was exhumed at the

Permian–Triassic boundary (Iasky, 1993) (Fig. 17). How-

ever, Iasky (1993) required a heat pulse of 120 °C km�1

to model the vitrinite reflection data trend, which could
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only have been caused by a magmatic intrusion at the end

Permian. In contrast, a normal geothermal gradient

(20 °C km�1) is sufficient to yield a modelled 1000 m of

exhumation at the Permian–Triassic unconformity for

Sue 1 on the Vasse Shelf (Iasky, 1993). Our sonic transit

time results indicate more than double this amount of

exhumation has occurred. Given the scatter in vitrinite

reflectance data below 2700 m in Sue 1 (Fig. 17), it is

likely that the sonic transit time analysis provides a better

estimation of gross exhumation (2000–2500 m). Rutile 1

sits in an imbricate fault system that steps down from

west to east, from the Vasse Shelf to the Bunbury Trough

as indicated by seismic reflection line data (Crostella &

Backhouse, 2000). This well was drilled several years after

the vitrinite reflectance study by Iasky (1993), so the cal-

culated magnitude of gross exhumation (ca. 3900 m) can-

not be independently verified.

Geodynamic implicationsof exhumation
during riftingandafter break-up of
Gondwana

Quantification of exhumation magnitudes over space and

time reveal changes of observed exhumation regimes

before and after the break-up of Gondwana, which per-

mits investigation into the processes that drove these

exhumation events.

The Permian to Lower Cretaceous stratigraphy in the

central and southern Perth Basin has experienced an aver-

age ca. 900 m of offshore and ca. 600 of onshore post-

Warnbro Group gross exhumation. Given the gross exhu-

mation magnitudes by Green & Duddy (2013a) in the

northern Perth Basin of ca. 700–1000 m, there appears to

be a long-wavelength process that is causing regional

exhumation of the entire Perth Basin across distances of

ca. 850 km. Post-break-up exhumation in the Perth Basin

could have been produced by tectonic processes such as

fault inversion or fault block rotation, and/or epeirogenic

processes such as dynamic topography, each with a signif-

icant erosional component (Braun et al., 2009; Czarnota
et al., 2013, 2014; Barnett-Moore et al., 2014). Pryer

et al. (2005) identified uplift on the WA basin margin

during the Aptian–Albian unconformity that may have

contributed to the observed gross exhumation (Fig. 1).

Wells in the footwall block experienced ca. 200 m less

exhumation than those in the hangingwall block, indicat-

ing fault inversion. For example, Sugarloaf 1 is situated in

the footwall block of a NW-striking fault and has experi-

enced 839 m of post-Warnbro Group gross exhumation,

whereas Challenger 1 in the respective hangingwall block

has undergone 1058 m of gross exhumation (Table 4 and

Fig. 16). Thus, tectonism is best explained by compres-

sional stresses that induced reverse fault re-activation and

associated hangingwall uplift rather than fault block rota-

tion during extension. Thus, ca. 200 m of exhumation

probably occurred during the last 40 Ma to match the

time that Australia was in a compressional regime

(Fig. 1). A compressional regime may explain the entire

exhumation magnitude, but alternative processes are con-

sidered. The remainder of the observed post-break-up

exhumation may have resulted from long-wavelength

epeirogenesis of the Perth Basin caused by interaction

between the rapidly migrating Australian Plate over a

mantle hotspot (Czarnota et al., 2013). Longitudinal river
profile studies across Western Australia have indicated

that the entire southwest was uplifted during the last

50 Ma at rates of 15–20 m Ma�1 (Barnett-Moore et al.,
2014; Czarnota et al., 2014) (Fig. 17). However, uplift

maps by Czarnota et al. (2014) indicate that the Perth

Basin is less uplifted than the adjacent Precambrian Yil-

garn Craton which dominates the southwestern portion of

Australia. It is therefore likely that much of the uplift in

the Perth Basin during the Cenozoic was accompanied by

significant erosion to account for the present-day topo-

graphic differences between the low-lying coastal plains

of the Perth Basin and the ca. 300–400 m elevated Yilgarn

Craton (see location on Fig. 2). If erosion kept track with

uplift in the Perth Basin, uplift rates calculated by Czar-

nota et al. (2014) would necessitate 30–60 Ma of exhuma-

tion. This is a possibility, given our sonic transit time data

and apatite fission track exhumation estimates during the

Cenozoic in the northern Perth Basin (Green & Duddy,

2013a).

At the Permian–Triassic and Triassic–Jurassic bound-
aries, sonic transit time data indicate that exhumation var-

ies across relatively short distances (<100 km).

Exhumation during the Permian–Jurassic in the Perth

Basin has previously been attributed to rapid mantle

upwelling (Middleton & Hunt, 1989). A mantle upwelling

event has particularly been suggested for the Permian–
Triassic unconformity to account for rapid coalification

and anomalously high vitrinite reflectance on the Vasse

Shelf and Harvey Ridge respectively (Middleton & Hunt,

1989; Iasky, 1993). However, our results indicate that

gross exhumation magnitudes varied over short distances

on the Harvey Ridge, Vasse Shelf and Rutile 1 in the

southwestern Bunbury Trough relative to other sub-

basins. Short-distance variations in exhumation are

unlikely to be a consequence of mantle upwelling, which

is expected to have long-wavelength effects (e.g. Jones

et al., 2001; Japsen et al., 2002). To explain the

short-distance exhumation variations, a component of

compressional stress is required to induce reverse fault

(re-) activation resulting in localized hangingwall uplift,

or a component of extension inducing rotational faulting

could result in localized footwall uplift (Yielding, 1990;

Hillis, 1995a). At the Triassic–Jurassic boundary, north–
south compression is recognized by Song & Cawood

(2000) (Fig. 1), which could explain the large hangingwall

uplift (1.7–2.2 km) in the southern Bunbury Trough.

Tectonic events have not been previously recognized at

the Permian–Triassic boundary in the southern and cen-

tral Perth Basin, although the Permian stratigraphy in the

Vasse Shelf, Harvey Ridge and Rutile 1 are exhumed.

Extensional fault block rotation provides an explanation

for the uplift of the Vasse Shelf and Harvey Ridge, both
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of which are essentially large footwall blocks bound by

listric normal faults. It is possible that Rutile 1 is signifi-

cantly more exhumed than other Bunbury Trough wells

because it is situated in imbricate footwall blocks of the li-

stric Sabina and Busselton Faults. If extension occurred

in southwestern Australia at the end Permian, the footwall

blocks of the Sabina and Busselton Fault would be

uplifted via fault block rotation (Yielding, 1990). If any

erosion was associated with fault block rotation, then the

Permian stratigraphy in Rutile 1 would be exhumed.

Therefore, we suggest a rifting event is likely for the

Permian–Triassic exhumation event to cause footwall

block uplift that explains both the large exhumation mag-

nitudes on the Vasse Shelf, Harvey Ridge and Rutile 1.

CONCLUSIONS

This study successfully uses sonic transit time analysis to

quantify the magnitudes of net and gross exhumation for

four different chronostratigraphic intervals that span a

period during rifting and after break-up of Gondwana in

the central and southern Perth Basin.

Post-Warnbro Group gross exhumation averages

900 m offshore and 600 m onshore, with the highest val-

ues in the hangingwall blocks of faults. A relatively small

magnitude (<200 m) may be attributed to reverse re-acti-

vation of faults due to compression in the Cenozoic. The

remainder is attributed to regional exhumation caused by

epeirogenic processes either at the Aptian–Albian bound-

ary or in the last 50 Ma.

Gross exhumation prior to the break-up of Gondwana

was defined by large magnitude differences between sub-

basins. The postulated unconformity near the Triassic–
Jurassic boundary may have produced ca. 1000 m of

exhumation of the Vasse Shelf and ca. 2000 m along the

Harvey Ridge and in the southern Bunbury Trough via

north–south compression caused uplift of the hangingwall

blocks. The Permian–Triassic unconformity event com-

prised a minimum of 2000 m of gross exhumation along

the Vasse Shelf, which we suggest was produced via fault

block rotation during extension and associated footwall

block uplift.

Evidence from exhumation analysis of the southern

and central Perth Basin indicates a switch in regime from

localized tectonically induced exhumation prior to break-

up, to regional epeirogenic-driven exhumation after

break-up.
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ABSTRACT
The temporal relationship between tectonic and volcanic activity on passive continental 

margins immediately before and after the initiation of mid-ocean ridge spreading is poorly 
understood because of the scarcity of volcanic samples on which to perform isotope geochro-
nology. We present the first accurate geochronological constraints from a suite of volcanic 
and volcaniclastic rocks dredged from the 70,000 km2 submerged Wallaby Plateau situated 
on the Western Australian passive margin. Plagioclase 40Ar/39Ar and zircon U-Pb sensitive 
high-resolution ion microprobe ages indicate that a portion of the plateau formed at ca. 124 
Ma. These ages are at least 6 m.y. younger than the oldest oceanic crust in adjacent abyssal 
plains (minimum = 130 Ma). Geochemical data indicate that the Wallaby Plateau volcanic 
samples are enriched tholeiitic basalt, similar to continental flood basalts, including the spa-
tially and temporally proximal Bunbury Basalt in southwestern Australia. Thus, the Wallaby 
Plateau volcanism could be regarded as a (small) flood basalt event on the order of 104–105 
km3. We suggest that magma could not erupt prior to 124 Ma because of the lack of space 
adjacent to the plateau. Eruption was made possible at 124 Ma via the opening of the Indian 
Ocean during the breakup of Greater India and Australia along the Wallaby-Zenith Fracture 
Zone. The scale of volcanism and the temporal proximity to breakup challenges the prevailing 
theory that the Western Australian margin formed as a volcanic passive margin. Given that 
the volume of volcanism is too small for typical flood basalts associated with volcanic passive 
margins, we suggest that the two end members, magma-poor and volcanic passive margins, 
should rather be treated as a continuum.

INTRODUCTION
Passive margins are the locus of complex 

tectonic and magmatic processes leading from 
continental rifting to oceanic spreading. Under-
standing these processes is critical to decipher-
ing how the continental lithosphere eventually 
breaks up and how the first oceanic lithosphere is 
generated by the mid-ocean ridge. Specificall , 
the tectonic and chronological mechanisms that 
drive the switch from rifting to spreading and 
how associated magmatism is generated are still 
not well constrained. Relatively little has been 
published on many of the known passive mar-
gins, in part due to the prohibitive cost associ-
ated with offshore sample recovery expeditions, 
including on the Western Australian passive mar-
gin that formed during the breakup of Greater 
India and Australia. The relict northeastern 
junction between Greater India and Australia is 
enigmatic. Evidence of seaward-dipping refle -
tors and high-velocity lower crust led research-
ers to consider this margin as a volcanic passive 
margin (Coffin and Eldholm, 1994; Goncharov 
and Nelson, 2012; Symonds et al., 1998). Esti-

mations of the volume of volcanic rocks are not 
well constrained, but such volume is probably 
on the order of 104–105 km3 (Goncharov and 
Nelson, 2012), which is not as voluminous as 
“true” volcanic passive margins (Courtillot et al., 
1999; Franke, 2013). However, no high-quality 
geochronological data exist for offshore volcanic 
rocks along the Western Australian margin, and 
so the timing between breakup and magmatism 
remains poorly understood (Ludden, 1992; von 
Stackelberg et al., 1980). In this contribution, 
we present radioisotopic data on a set of volca-
nic and volcano-detrital rocks dredged from the 
Wallaby Plateau, a continental fragment that was 
once situated along the relict northeastern junc-
tion between Greater India and Australia prior 
to the breakup of eastern Gondwana. The data 
provide the first constraints on the timing of vol-
canism and new constraints on the geochemical 
composition of the Wallaby Plateau volcanic 
rocks associated with the continental breakup on 
the northeasternmost conjugate paleo–Greater 
Indian and paleo-Australian margins.

GEOLOGICAL SETTING
The Wallaby Plateau is a large bathymetric 

high with an areal extent of ~70,000 km2, ~500 
km off the northwest coast of Australia (Fig. 1) 

(Daniell et al., 2009). The current understand-
ing of the nature and evolution of the Wallaby 
Plateau is based largely on interpretations of 
seafloo -spreading magnetic anomalies (e.g., 
Gibbons et al., 2012; Mihut and Müller, 1998; 
Robb et al., 2005), seismic reflection profile  
(e.g., Goncharov and Nelson, 2012; Rey et al., 
2008), and dredge sampling data (Colwell et al., 
1994; Daniell et al., 2009; von Stackelberg et 
al., 1980). These studies have indicated that the 
Wallaby Plateau is probably composed of con-
tinental crust thinned during lithospheric rifting, 
which is buried beneath a volcanic sequence, 
which is in turn overlain by a sedimentary cara-
pace (Daniell et al., 2009). Geochemical and pa-
leontological studies of dredged rocks indicate a 
continental origin for the Wallaby Plateau, and 
the plateau is therefore interpreted as a conti-
nental fragment (Colwell et al., 1994; Stilwell et 
al., 2012; von Stackelberg et al., 1980).

The thick volcanic sequence overlying the 
continental basement is thought to have formed 
during a magmatic event located along the adjoin-
ing northwest-southeast–trending Wallaby-Ze-
nith Fracture Zone (WZFZ) (Mihut and Müller, 
1998). Seaward-dipping reflectors interpreted on 
two-dimensional seismic reflection images indi-
cate 320,000 km3 of volcanic fl ws interspersed 
with sedimentary strata (Goncharov and Nelson, 
2012; Symonds et al., 1998). Volcanic rocks are 
estimated to comprise ~10%–90% of the total 

*Current address: Department of Earth, Ocean 
and Ecological Sciences, University of Liverpool, 4 
Brownlow Street, Liverpool L69 3GP, UK; E-mail: 
h.olierook@liverpool.ac.uk.

GEOLOGY, November 2015; v. 43; no. 11; p. 971–974 | Data Repository item 2015328 | doi:10.1130/G37044.1 | Published online 1 October 2015

© 2015 Geological Society of America. For permission to copy, contact editing@geosociety.org.

Sonne
SeamountCuvier

Plateau

QR

So
nn

e 
R

id
ge

So
nj

a 
Ri

dg
e

ZP

Perth
AP

Cuvier
AP

21°S

22°S

23°S

24°S

25°S

26°S

112°E106°E 108°E 110°E

Wallaby–Zenith FZ

52

53/61

57

56

Aus-
tralia

BB

Figure 1. Bathymetric map of Wallaby Pla-
teau (off northwest Australia) with geomor-
phic features and numbered sample sites 
(Daniell et al., 2009). BB—Bunbury Basalt; 
FZ—fracture zone; QR—Quokka Rise; AP—
Abyssal Plain; ZP—Zenith Plateau.

H.K.H. Olierook Appendix A: Thesis publications reprints

397



972 www.gsapubs.org | Volume 43 | Number 11 | GEOLOGY

volume, which approximates to 104–105 km3. In-
terpretations from seafloo -spreading anomalies 
imply that this volcanism could either be rift re-
lated and coeval with breakup (Robb et al., 2005) 
or be pseudo-intraplate and postdate breakup by 
~20–30 m.y. (Mihut and Müller, 1998). As there 
are no accurate ages for these volcanic rocks, it 
remains unknown whether the Wallaby Plateau 
volcanism occurred relatively quickly during 
breakup or during a prolonged and/or episodic 
period of volcanism after breakup.

RESULTS
Samples dredged from the seafloor on the 

Wallaby Plateau during the marine reconnais-
sance survey GA2746 in 2009 (Daniell et al., 
2009) provide an opportunity to improve tem-
poral constraints on magmatic activity along the 
rifted margin of northwest Australia. Zircons 
from three volcaniclastic samples were dated 
by the sensitive high-resolution ion microprobe 
(SHRIMP) U-Pb method, and plagioclase sepa-
rates from three basaltic samples were dated by 
the 40Ar/39Ar method. Four samples were ana-
lyzed for major and trace element geochemistry.

SHRIMP U-Pb Geochronology of Detrital 
Zircons from the WZFZ

Three volcaniclastic samples from two dredge 
sites (sites 53 and 61; see Fig. 1; see Table DR1 in 
the GSA Data Repository1 for full sample names) 
along the WZFZ <1 km apart were dated using 
zircon U-Pb SHRIMP. Zircons were separated 
using conventional techniques (see the Data Re-
pository for analytical techniques).

The three samples display age clusters at ca. 
124 Ma and scattered ages ranging from Paleo-
zoic to Archean (Fig. 2). Zircon grains from vol-
caniclastic samples 53-1 and 53-2 from dredge 
site 53 yielded weighted average 206Pb/238U ages 
of 123.9 ± 1.0 Ma (mean square of weighted de-
viates [MSWD] = 1.0; P = 0.42) and 123.9 ± 1.3 
Ma (MSWD = 1.8; P = 0.10), respectively (Fig. 
2). The sample from dredge site 61 produced a 
similar apparent age range, with individual spot 
206Pb/238U ages ranging from 118 to 134 Ma, but 
the MSWD and P-value of 4.9 and <0.001 indi-
cate that the data are scattered beyond statistical 
expectation for a single population and thus a re-
liable weighted mean age could not be calculated.

In the three samples, the 14 analyses yielding 
Paleozoic, Proterozoic, and Archean ages indi-
cate that the grains were derived from older con-
tinental sources, either directly available to sedi-
mentary transport at the time of deposition or via 
recycling from preexisting sedimentary units.

1 GSA Data Repository item 2015328, tabulated 
U-Pb SHRIMP, 40Ar/ 39Ar, and geochemistry results, 
zircon photomicrographs, and detailed analytical 
techniques, is available online at www.geosociety 
.org /pubs /ft2015.htm, or on request from editing@ 
geosociety .org or Documents Secretary, GSA, P.O. 
Box 9140, Boulder, CO 80301, USA.

40Ar/39Ar Plagioclase Ages from the WZFZ, 
Sonne Ridge, and Sonne Seamount

Three plagioclase separates from basaltic 
samples of the Wallaby Plateau yielded statis-
tically reliable 40Ar/39Ar plateau ages (Fig. 3; 
Table DR2; see the Data Repository). The firs  
sample was collected along the WZFZ (46B 
from dredge site 52; Fig. 1). Two aliquots of pla-
gioclase from this sample yielded plateau ages of 
125.12 ± 0.90 Ma (MSWD = 0.99; P = 0.45) and 
123.8 ± 1.0 Ma (MSWD = 1.80 P = 0.09) with 
at least 97% of the total 39Ar released included 

in the plateau calculation (Fig. 3). A weighted 
mean age between the two aliquots yields an 
age of 124.53 ± 0.54 Ma for this sample. The 
37Ar/39Ar ratio, a proxy for Ca/K, was abnor-
mally low (~0.1; Fig. 3), which is incompatible 
with pure plagioclase and illustrates the quasi-
complete sericitization of the crystals, a process 
commonly observed for altered basaltic samples 
(Verati and Jourdan, 2014). Therefore, this age 
is interpreted as the age of the alteration process 
(Verati and Jourdan, 2014) and thus provides a 
minimum age for the eruption of the basalt.

The second sample was collected on the 
Sonne Seamount (49B from dredge site 56; 
Fig. 1). Two aliquots of plagioclase from this 
sample yielded plateau and mini-plateau ages 
of 59.39 ± 0.64 Ma (MSWD = 1.08; P = 0.38) 
and 63.49 ± 0.79 Ma (MSWD = 1.02; P = 0.39), 
respectively, which include 94% and 69% of 
39Ar, respectively (Fig. 3). Similar to the previ-
ous sample, the 37Ar/39Ar ratio was abnormally 
low (~0.1; Fig. 3), which is interpreted to result 
from sericitic replacement of plagioclase, and 
thus these ages represent the age of the altera-
tion event(s) and provide minimum ages for the 
timing of the eruption of the host basalt.

The third sample was recovered from the 
Sonne Ridge (51A from dredge site 57; Fig. 1). 
Two aliquots of plagioclase yielded imprecise 
mini-plateau apparent ages of 120 ± 14 Ma and 
123 ± 11 Ma (Fig. 3) indicating an Early Cre-
taceous age for the Sonne Ridge samples, but 
the relatively poor resolution of the age spectra 
prevent detailed age comparison (Fig. 3).

Major and Trace Element Geochemistry 
from the WZFZ, Sonne Ridge, and Sonne 
Seamount

Two samples from the WZFZ (52 and 61), 
one sample from the Sonne Ridge (57), and one 
sample from the Sonne Seamount (56) were 
analyzed for major and trace elements (Table 
DR2; see the Data Repository). All samples 
are basaltic or slightly differentiated as shown 
by their low Mg content. Three of the samples 
show negative Nb and positive Pb anomalies, 
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Figure 3. 40Ar/39Ar apparent age and related 
37Ar/39Ar ratio spectra of plagioclase sepa-
rates versus cumulative percentage of 39Ar re-
leased. Steps included in plateau (>70% 39Ar 
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released) age calculation are shaded gray. 
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which are characteristic of many continental 
flood basalts. Incompatible and rare earth ele-
ment (REE) patterns are similar to those of en-
riched tholeiitic basalts such as enriched mid-
oceanic ridge basalts (Fig. 4; Dadd et al., 2015). 
They are remarkably similar to that of the ca. 
132 Ma Bunbury Basalt in southwestern Aus-
tralia (Fig. 4) (Coffin et al., 2002; Frey et al., 
1996). The sample from the Sonne Seamount 
presents a stronger light REE (LREE) enrich-
ment relative to heavy REE (HREE) compared 
to the other samples, and shows positive Nb and 
negative Pb anomalies.

DISCUSSION
The chronology of volcanism on the Wallaby 

Plateau as indicated by zircon and sericite/pla-
gioclase isotopic ages provides new constraints 
on the duration of magmatism as Greater India 
drifted away from Australia. The concordant 
U-Pb ages from volcaniclastic detrital zircon 
indicate that an episode of volcanism occurred 
along the WZFZ at ca. 124 Ma on the edge of 
the Wallaby Plateau. The sericite minimum 
40Ar/39Ar age of ≥124 Ma further west along the 
WZFZ confirms the importance of this volcanic 
phase along the WZFZ. Despite the sericitiza-
tion age being very similar to the age recorded 
by the zircon and thus indicating strong hydro-
thermal activity at the time, we note that the true 
age of the basaltic eruption could range from 
being synchronous with the alteration process 
(cf. Jourdan et al., 2009) to up to a few million 
years older (Verati and Jourdan, 2014). There-
fore, we can say with certainty that some of 
the Wallaby Plateau volcanic rocks formed at 
ca. 124 Ma, but the total duration of volcanism 
remains uncertain. The sericite 40Ar/39Ar age 
from the Sonne Seamount has indicated a much 
younger age of alteration of ≥60 Ma. As a result, 
the true age of the eruption remains elusive. The 

Sonne Seamount sample could be related to the 
rest of the Wallaby Plateau volcanism at ca. 124 
Ma and have been severely altered at ca. 60 Ma. 
However, the geochemistry of the Sonne Sea-
mount is more typical of an ocean island basalt 
(Fig. 4). Alternatively, we note that the closest 
magmatic occurrences of ca. 60 Ma are located 
in the Christmas Island Seamount Province 
(CHRISP; Hoernle et al., 2011), which was, at 
the time, only a few hundred kilometers away 
from the Sonne Seamount, suggesting a pos-
sible connection between the two. In any case, 
the difference in age and chemistry points to a 
distinct origin for the Sonne Seamount relative 
to the rest of the Wallaby Plateau.

The age of the bordering oceanic crust in 
adjacent abyssal plains is significantly older 
than that of the 124 Ma Wallaby Plateau vol-
canic rocks, taking into account the uncertain-
ties associated with the ages of the magnetic 
anomalies. Although most authors agree that the 
oldest magnetic anomalies adjacent to the Wal-
laby Plateau are M11 (Perth Abyssal Plain) and 
M10 (Cuvier Abyssal Plain), in the absence of 
isotopic ages, there is current debate about the 
absolute ages of these chrons, ranging from 136 
to 132 Ma (M11) and 134 to 130 Ma (M10) (cf. 
Heine et al., 2013). In any case, some portion 
of the volcanic rocks on the Wallaby Plateau 
erupted at least 6 m.y. after the onset of oceanic 
spreading, although the initiation of the volca-
nism on the plateau could have happened a few 
million years earlier.

Furthermore, we showed that the Wallaby 
Plateau has rocks with enriched compositions 
similar to that of continental tholeiitic basalt 
(Fig. 4). Such geochemical signatures clearly 
point to the involvement of continental material 
during the melt generation for the Wallaby Pla-
teau volcanic rocks, either by contamination of 
the basaltic melts ascending through the conti-
nental lithosphere or by derivation from a fertile 
subcontinental lithospheric mantle. Temporally 
and spatially, the closest known basalt with sim-
ilar geochemical signatures is the ca. 132 Ma 
Bunbury Basalt in southwestern Australia (Fig. 
4) (Coffin et al., 2002), although it only has a 
volume of ~102 km3 (Olierook et al., 2015). The 
Bunbury Basalt and volcanism on the Wallaby 
Plateau have a similar composition despite an 

8 m.y. gap, suggesting that both eruptive pro-
cesses share some affinities. Nevertheless, the 
volumetric approximations for the Wallaby Pla-
teau volcanism are two to three orders of mag-
nitude greater than for the Bunbury Basalt floo  
basalt (Goncharov and Nelson, 2012). Plate 
reconstruction models indicate that the position 
of the dredge samples along the WZFZ coincide 
with the opening of the Indian Ocean along this 
major lithospheric discontinuity (Gibbons et 
al., 2012; Hall et al., 2013) (Fig. 5). This would 
imply that while the Bunbury Basalt volcanism 
was restricted to southwest Australia at ca. 132 
Ma, the Wallaby Plateau could have initiated 
only when space opened sufficiently at ca. 124 
Ma that could allow basaltic lavas to fl w freely 
along the WZFZ and over the Wallaby Plateau. 
The sericite age of 124 Ma could be explained 
by intense hydrothermal activity associated with 
the magmatism along the WZFZ.

Incubation of a mantle plume head under-
neath the lithosphere could provide an origin for 
the Wallaby Plateau volcanism that is consistent 
with the volcanic rock geochemistry (e.g., Xu et 
al., 2014). Upwelling plume material is stored 
at the base of the thick continental lithosphere 
below its solidus before continental breakup. 
This plume can only rise after breakup, cross-
ing its solidus and melting by decompression. 
This provides an alternative mechanism to gen-
erate plume-type magmatism after continental 
breakup and is probably the direct consequence 
of mantle melting caused by plate breakup.

Despite 104–105 km3 of basalt on the Wallaby 
Plateau, these contiguous margins are still like 
neither magma-poor (e.g., Iberia-Newfoundland, 
<103 km3) nor volcanic passive margins (e.g., 
East Greenland, 106–107 km3) (Courtillot et al., 
1999; Eldholm and Grue, 1994). We suggest that 
magma-poor and volcanic passive margins are 
only “end members” of a continuous spectrum 
for continental breakup. The age, geochemis-
try, and volume of the Wallaby Plateau volcanic 
rocks indicate that intermediate levels of volca-
nism exist within what we suggest should be a 
continuum between the two end members.

CONCLUSIONS
New zircon U-Pb and 40Ar/39Ar ages of vol-

caniclastic and volcanic rocks at 124 Ma along 
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the WZFZ indicate a significant magmatic event 
shortly after the onset of seafloor spreading. 
Geochemical and volume constraints indicate 
that the Wallaby Plateau volcanic rocks are part 
of a small continental flood basalt province with 
a volume of 104–105 km3. Known plate recon-
struction constraints imply that this volcanism 
occurred when space was generated as the 
northeastern Indian Ocean opened adjacent to 
the Wallaby Plateau, potentially by means of an 
incubating plume. These intermediary volumes 
of continental flood basalts related to continen-
tal breakup challenge the prevailing theory that 
passive margins are either magma poor or volca-
nic. We suggest that a continuum between these 
end members is far more suitable.
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a b s t r a c t

Faults and their associated damage zones in sedimentary basins can be sealing, impeding fluid flow and
creating permeability barriers, or open, creating fluid pathways. This impacts the reservoir potential of
rocks in fault damage zones. Stylolitization and fracturing severely impacted permeability through
compartmentalization and cementation of Apium-1, an exploration hole drilled in the northern Perth
Basin, Western Australia. Apium-1 is located 1 km into the hanging wall block damage zone of a major
NNW-trending normal fault. The drill core consists of fine- to medium-grained quartz arenite overlain by
a coarse-grained lag and capped by impermeable shale. It was quantitatively characterized by sedi-
mentary and structural logging, and microstructural and porosity-permeability analysis. Fractures and
stylolites in the damage zone of the major fault are shown to have been sealed. Extensional cracks have
been sealed by quartz precipitation; shear fractures that locally preserve brecciation are always quartz
and siderite cemented; stylolites are common and contain halos of quartz cementation. In each case,
porosity was reduced to approximately 1%, with concomitant reduction of permeability to <<0.01 mD.
These structures are observed to be interconnected in the core and are likely to form a larger-scale 3D
network of steeply-dipping fractures and shallowly-dipping stylolites. The bulk permeability of the
damage zone would reflect the permeability of the fractures and stylolites, compartmentalizing the
Mesozoic rocks in the northern Perth Basin into elongate NW-SE trending blocks if the magnitude of
stress does not exceed the cemented rock strength.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In sedimentary basins, faults and their associated ‘damage
zones’ can be sealing or transmissive to fluids, depending on the
deformation mechanisms and styles of damage involved (Fisher
and Knipe, 1998; Lloyd and Knipe, 1992; Odonne, 1990; Rutter
and Elliott, 1976; Shipton and Cowie, 2003). The established view
of faults and fault zone architecture is that they comprise a ‘core
zone’ (usually on the order of decimetres, even for very large
displacement faults) associated with one or more principal
displacement surface(s). The core zone is surrounded by broadly
tabular ‘damage zones’ e essentially where the host rocks contain
structures that accommodate some strain but considerably less
than the principal displacement surface(s) (Billi et al., 2003; Kim
et al., 2000, 2004). Damage zones are considered to be relict ‘pro-
cess zones’ ewhere damage occurs ahead of the fault tip, modified

as the fault accumulates displacement by many slip events (Childs
et al., 1996; Kim et al., 2000). Fault damage can occur as extensional
microcracks, conjugate shear fractures, polymodal fractures, brec-
ciation, cataclasis, solution seams and stylolites (Kim et al., 2003,
2004). The assessment of strain accommodation in fault damage
zones by the characterization of meso- and microstructures, and
diagenesis is useful for the assessment of structural modification of
fluid flow properties of petroleum reservoirs and aquifers (Bonson
et al., 2007; Johansen et al., 2005; Johnson, 2002; Kim et al., 2004;
Mory and Iasky, 1996; Tada and Siever, 1989). The relative timing of
diagenetic fabrics and structural deformation is fundamental to the
understanding of permeability of fault zones (Billi et al., 2003;
Faulkner et al., 2010; Fisher and Knipe, 1998, 2001; Kim and
Sanderson, 2010; Odling et al., 2004; Peacock et al., 1998; Volk
et al., 2009). It is often difficult to predict the permeability of
fault zones because they commonly form complex, three-
dimensional arrays of deformation structures that evolve
throughout a fault’s history (Fisher and Knipe, 2001; King et al.,
2008). Despite the significant implications of fault zones for hy-
drocarbon and geothermal exploration, groundwater management

* Corresponding author. Tel.: þ61 432 632 167.
E-mail address: h.olierook@student.curtin.edu.au (H.K.H. Olierook).
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and CO2 storage in the Perth Basin, there are no direct studies of
their structure, deformation mechanisms, and effects on perme-
ability in this basin.

The aim of this study is to provide an integrated, quantitative
analysis of sedimentology, petrography, diagenetic fabrics, orien-
tation and distribution of meso- and microstructures, and porosity
and permeability of potential reservoir rocks in the damage zone of
a large fault in the northern Perth Basin. This will enable an
assessment of the controls on reservoir/aquifer quality and so
contribute to risk reduction for petroleum and geothermal explo-
ration and groundwater extraction. This has been achieved by a
detailed analysis of core from one proximal well (Apium-1) and two
distal wells (Centella-1 and Mondarra-4) in the hanging wall
damage zone of a normal fault in the northern Perth Basin (Fig. 1).
This study integrates electron backscatter diffraction mapping
(EBSD), scanning electron microscope cathodoluminescence (SEM
CL) imaging, automated mineral analysis (AMA) and image analysis
techniques to quantify deformation microstructures associated
with faulting, and their impacts on fluid pathways. This study

represents the first detailed structural analysis of a fault zone in the
Perth Basin and demonstrates the potential of an integrated
microstructural approach to fault seal analysis, with applications
including petroleum exploration, hot sedimentary aquifer (HSA)
geothermal exploration, aquifer management, and CO2 capture and
storage.

2. Geological setting

The Perth Basin is an extensive northesouth sedimentary basin
in south-western Australia (Fig. 1A) that has had over 360 petro-
leum exploration holes, 200 groundwater production wells, and
more recently exploration for geothermal energy and carbon stor-
age (Champ, 2010; Crostella and Backhouse, 2000; Ennis-King and
Wu, 2005; Mory and Iasky, 1996; Timms et al., 2012). The majority
of hydrocarbon exploration and extraction is concentrated in the
northern onshore Perth Basin. This section of the Perth Basin
contains an asymmetric graben known as the Dandaragan Trough,
an axis-parallel sub-basin bound to the east by the NeS trending

Figure 1. (A) Basin subdivisions in the northern Perth Basin. Apium-1, Mondarra-4 and Centella-1 are located in the Beharra Springs Terrace, east of an unnamed major fault;
modified from Crostella and Backhouse (2000). (B) Stratigraphy of the northern Perth Basin; Apium-1, Mondarra-4 and Centella-1 cores were taken from within the Early Triassic
Kockatea Shale to the Late Permian Dongara Sandstone (boxed area); modified from Mory and Iasky (1996).
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Darling Fault, and compartmentalised to the north and south by
major oblique fault zones (Fig. 1A) (Cockbain, 1990; Harris, 1994;
Playford et al., 1976; Wilde and Nelson, 2001). The western
margin of the Dandaragan Trough is the Cadda Terrace (Mory and
Iasky, 1996). The Dandaragan Trough is the deepest part of the
Perth Basin filled by up to 15 km of Permian to Recent sedimentary
rock (Cockbain, 1990; Pryer et al., 2005).

Apium-1, Mondarra-4 and Centella-1 are located in the Dan-
daragan Trough, northern Perth Basin, and are 1.0 km, 4.8 km and
5.4 km to the east and in the hanging wall block of an unnamed
NNW-trending fault, respectively (Fig. 1A). The unnamed fault is to
the east of and sub-parallel with the Mountain Bridge Fault. It is
oriented favourably for reactivation in the present-day stress field
(King et al., 2008). The fault is approximately 50 km long, with a
maximum, predominantly dip-slip net displacement of 800 m
along the fault plane approximately 10 km to the south of Apium-1,
identified from seismic imaging. The net displacement along the
fault adjacent to Apium-1 is approximately 600 m. Apium-1, Cen-
tella-1 and Mondarra-4 are located on an uplifted fault block with
four-way dip closure, bound by the NNW-trending unnamed fault
to the west, a NNW-trending fault to the east, an E-trending fault to
the south and a WNW-trending fault to the north (Fig. 1).

The depositional environment in the northern Perth Basin was
marine-dominated from the Permian to the Triassic, resulting in
the deposition of the Dongara Sandstone and Kockatea Shale (Mory
and Iasky, 1996). These formations were deposited during the main
rift phase of basin development as Greater India and Australia
separated during Gondwana breakup (Harris, 1994). All three wells
intersect the Late Permian Dongara Sandstone, which is overlain by
the Early Triassic Kockatea Shale (Fig. 1B), identified from paly-
nology and breaks in induction-electrical and gamma-ray sonic
logs (Mory and Iasky, 1996; Owad-Jones and Ellis, 2000). The
Kockatea ShaleeDongara Sandstone section comprises three
distinct facies, subdivided into 7 units: (1) The basal Kockatea Shale
is part of an offshore marine facies (unit 1); (2) the transition be-
tween the two formations is part of a transgressive shoreface de-
posit (unit 2), and; (3) the upper Dongara Sandstone consists of a
foreshore facies (units 3e7). There is a low order sequence strati-
graphic boundary present between facies 1 and 2, marking a
change from a highstand systems tract (Dongara Sandstone) to a
transgressive systems tract (Kockatea Shale) (Mitchell, 2004; Mory
and Iasky, 1996). The stratigraphy in Centella-1 and Mondarra-4
were sufficiently similar to that of Apium-1 to allow correlation
between wells (Fig. 2).

The Dongara Sandstone has previously been targeted as a pe-
troleum reservoir (Mory and Iasky, 1996). However, the majority of
producing reservoirs in theDongara Sandstone are in the footwall of
major faults. The permeability of hangingwall reservoirs tends to be
significantly less (Mory et al., 2005; Mory and Iasky, 1996). Perme-
ability measurements of 47 core plugs taken from the Dongara
Sandstone in Apium-1 found permeability variations by up to two
orders of magnitude that are not explained by relatively homoge-
nous sandstone (Mitchell, 2004). The analysis of the contributing
factors to this permeability variation are analysed in this study.

3. Approach and methodology

The sedimentology and mesoscopic structures were character-
ized by sedimentary and structural logging of drill core recovered
from Apium-1, Centella-1 and Mondarra-4 (Fig. 2). Structural logs

of Centella-1 and Mondarra-4 cores were used to assess the lateral
extent of the damage zone in the hanging wall block of the major
regional fault.

Lithologies are described in terms of grain-size (Wentworth
scale), sorting, rounding/sphericity and proportions of modal
minerals, using Folk’s sandstone classification scheme (Folk, 1965;
Wentworth, 1922). Ultraviolet light images of Apium-1 core were
used to identify the presence of petroleum residue and diagenetic
cements (such as illite and siderite), (Lemon and Cubitt, 2009;
Mozley, 1989). The orientation and depth of fractures and stylo-
lites were quantified using established methods (Blenkinsop and
Doyle, 2010). The thickness and amplitude of stylolites and any
cross-cutting relationships were recorded. The average well devi-
ation of Apium-1 and Centella-1 is 5� and 16� from vertical,
respectively, with an average azimuth of 023 and 097, respectively.
This has been accounted for in orientation data for structures.

Laboratory measurements of porosity and permeability were
made from 47 core plug samples from Apium-1 by ARC Energy Ltd�

using mercury-injection capillary pressure (Mitchell, 2004). Core
plugs were taken normal to the core axis (i.e., their axes are sub-
horizontal, parallel to bedding), and have external diameters of
2.54 cm. This meant that core plugs were typically obliquely ori-
ented at w30� to the strike of the steeply-dipping fractures, and
parallel to sub-horizontal stylolites. Twenty-four additional sam-
ples were taken from Apium-1 between 2758.50 and 2781.90 m,
impregnated with blue resin and used to make polished thin sec-
tions to examine the petrography and microstructure. High reso-
lution (2 mm pixel dimension) plane- and cross-polarized optical
photomicrographs of the whole thin sections were acquired using
the Zeiss Axio Imager 2 microscope at CSIRO, Perth, and were used
to characterize the mineralogy via point counting. Detrital quartz
versus quartz overgrowths were able to be differentiated due to the
presence of detrital iron oxide grain coatings. Porosity was quan-
tified in 2D from thin sections via an image analysis technique
using ImageJ� software (Rasband, 2011). The ‘Threshold Colour’
plug-in (Landini, 2010) permitted the area fraction of blue resin,
and thus porosity, to be determined. Two values for porosity were
discriminated: ‘blue resin’ and ‘green-blue resin’, which represent
clear and partially clay-occluded porosity, respectively. The total 2D
porosity values show moderate correlation with core plug porosity
values (R2 ¼ 0.558), (Fig. 7C). However, 2D porosity values are
consistently lower and changes in porosity are exaggerated in
comparison to core plug values. Nevertheless, 2D porosity values
may still be used for relative porosity variations between samples
where core plugs are absent.

Scanning electron microscope cathodoluminescence (SEM CL)
imaging was used to resolve quartz overgrowths and/or cements
because it is sensitive to variations in trace elements and defects,
and unlike most other techniques, it provides strong contrast be-
tween detrital and diagenetic phases and can resolve syntaxial
veins and overgrowths in quartz (Augustsson and Bahlburg, 2003;
Kwon and Boggs, 2002; Lloyd and Knipe, 1992). Cath-
odoluminescence images were collected at Curtin University using
a Philips XL30 scanning electron microscope fitted with a KE De-
velopments cathodoluminescence detector with working distances
between 14.5 and 16.9 mm, a spot size of 6 and accelerating volt-
ages of 10.0 kVe12.0 kV.

Crystallographic orientation mapping was done to characterize
microscopic deformation mechanisms in the vicinity of damage in
key samples via electron backscatter diffraction (EBSD) at Curtin

Figure 2. Core log of the Dongara sandstone formation in Apium-1, Mondarra-4 and Centella-1, with the horizontal distance between wells shown. Structures are drawn to scale;
basal fractures attributed to core handling are not drawn. Mineralogy is shown as pie charts, assessed from mineralogy point counts of transmitted, cross polarized light thin
sections of samples at arrowed locations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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University, using the Zeiss EVO SEMwith Oxford Instruments’ EBSD
system (Channel 5.10). This is a quantitative technique that can
resolve: (a) mineral phases, such as quartz and siderite; (b) grain
geometry statistics, outlining the orientation of particular grains;
(c) crystallographic preferred orientation data, and; (d) intra-grain
deformation, including lattice strain and quartz dauphiné twins.
Dauphiné twins in quartz are a 60� rotation around the c-axis
(<0001>), which primarily occurs at grainegrain impingement
boundaries (Comer,1972;Mørk andMoen, 2007;Wenk et al., 2011).
For EBSDmapping, aworking distance of 15.0mm, a spot size of 5.5,
a stage tilt of 70.0� and an accelerating voltage of 20.0 kV was
utilized. The EBSD data were collected and processed with the
Oxford Instruments’ Channel 5.10 software using established pro-
cedures (Prior et al., 1999; Reddy et al., 2007). Visual comparison of
the processed datawith optical photomicrographs indicates that no
significant artefacts were introduced by the noise reduction
routine. Dauphiné twins were redrawn from EBSD maps due to a
systematic misindexing issue that affected some grains, which
resulted in false isolated data points with 60�/
<0001 >misorientation with the host grain due to close rotational
crystal symmetry of quartz.

High-resolution (2 mm step-size) quantification of major and
trace mineralogy in two stylolite regions was done to assess the
degree of enrichment of immobile detrital phases (e.g., zircon and
TiO2), and thus quartz dissolution associated with stylolitization.
This was done via automated mineral analysis (AMA) (Dilks and
Graham, 1985; Goldie Divko et al., 2010; Messent and Farmer,
2008; Reid, 1989) using the FEI QEMSCAN� at Ammtec Ltd.�,
Perth, Western Australia. This instrument comprises a scanning
electron microscope with four light-element, energy dispersive X-
ray spectrometers (EDS). QEMSCAN� utilizes a software suite
(iMeasure) controlling automated data acquisition. Modal miner-
alogy was determined from the X-ray spectral data using iExplorer.
The working distance was 23 mm, with an accelerating voltage of
15 kV and a probe current of 3 nA. Samples were coated using a
10 nm-thick evaporative carbon coat to disperse electron charge
induced in the SEM. Note that the method, as used, does not allow
distinction between minerals of same/similar chemistry, such as
anatase and rutile, or illite and muscovite.

4. Results

4.1. Sedimentary logging and petrography

Seven distinct units in Apium-1 can be grouped into three facies
(Mitchell, 2004). (1) Unit 1 is part of an offshore marine facies,
consisting of shale with lensoidal intercalations of medium- to
coarse-grained sandstone. This ranges fromanoffshoremarine shelf
(wholly shale), to lower offshore (<5 cm lenses of sand) to rare
upper offshore (10 cm beds of sandstone). (2) Unit 2 is part of a
transgressive shoreface deposit, consisting of coarse- to very coarse-
grained, friable, chlorite-cemented sandstone. (3) Units 3e7 are part
of a foreshore facies, consisting ofmassive,fine- tomedium-grained
quartz arenite. Point counting of thin sections shows that the Don-
gara Sandstone in Apium-1 is dominated by single crystal quartz
(67e84%), with minor detrital feldspar, authigenic quartz and clay
minerals, and rare lithic fragments, rutile, zircon, pyrite, siderite and
Fe oxides/oxyhydroxides/siderite (Fig. 2). The sandstone units show
very little mineralogical variation.

4.2. Meso-scale structural analysis

Fractures and stylolites were observed in fine- to medium-
grained sandstones in Apium-1. Measurements of fractures and
stylolites from the same facies and intervals in the top of the

Dongara Sandstone decrease with distance from the major regional
fault, with the highest density in the most proximal well (Apium-
1), when compared to the distal wells (Centella-1 and Mondarra-4)
(Fig. 3). Several other wells proximal to Apium-1 could not be used
because the same facies observed in Apium-1 were not cored, and
therefore equivalent structural measurements could not be made.
The presence of deformation structures in the three wells dem-
onstrates the existence of a broad fault damage zone. However, due
to the paucity of wells in the region, it is uncertain if the number of
structures per metre reduces logarithmically with distance from
the fault, or has another relationship. Unfortunately, the cm- to m-
scale fractures measured in Apium-1 are sub-seismic resolution,
and therefore the damage intensity versus distance relationship
cannot be quantified using seismic data.

At the mesoscopic scale, fractures occur as steeply-dipping
shear fractures with a normal sense of displacement and open
sub-horizontal extensional fractures (Fig. 4). Shear fractures are
limited to fine- to medium-grained quartz arenite and are
cemented by red-brown siderite (units 3 and 4). Shear fractures
have variable dips and generally strike NW, parallel to minor faults
in the region (Fig. 5A). Jogs are occasionally present between shear
fractures that exhibit NeS trending, horizontal cylindrical holes up
to 2 cm in diameter, which indicate a reverse sense of displacement.
Shear fractures become locally orthogonal to bedding-parallel
stylolites. Open extensional fractures show no evidence of prior
cementation. These are typically sub-horizontal, and are far more
abundant in shale (mean w22 open fractures per metre) than in
sandstone (mean 1.2 open fractures permetre). These fractures, less
than 1 mm wide, are parallel to the present-day maximum prin-
cipal stress, i.e., sub-horizontal (King et al., 2008), and can therefore
not be drilling-induced as they would need to be perpendicular to
the present-day maximum principal stress, i.e., vertical (Fig. 5B).
Open fractures are not consistently in the same locations in
opposite half-cores, are not observed in image logs, nor do they
show any evidence of disking. These observations imply that open
fractures formed during core extraction, handling and slabbing and
were consequently not plotted on Figure 5A.

Stylolites are most common in fine- to medium-grained ho-
mogenous quartz arenite and have a range of morphologies in
Apium-1. Stylolites show a strong linear relationship between
thickness and amplitude, which implies an evolution to thicker,
higher amplitude stylolites over time. They are variably filled with
predominantly organic carbon and clay minerals, but minor

Figure 3. Graph showing the stylolite and fracture populations recorded in the Don-
gara Sandstone per metre, versus the distance into the hanging wall block of the major
NNW-trending regional fault.

H.K.H. Olierook et al. / Marine and Petroleum Geology 50 (2014) 130e147134

412

H.K.H. Olierook Appendix B: Additional Publications



amounts of framework grains are present. Thick, clay- and organic
carbon-rich stylolites occur predominantly in units 5 and 6 that
contain minor clay horizons (0.1e5 mm). Some stylolites have a
ribbon form defined by one or two strands over one millimetre in
thickness, and up to ten thinner strands (Fig. 6E,F). Stylolites less
than 0.5 mm thick have low amplitudes (Fig. 6).

Stylolites in Apium-1 and Centella-4 are most commonly
bedding-parallel (sub-horizontal), but are oriented at higher angles
proximal to cemented shear fractures (Fig. 5C,D). Seventy-five
percent of stylolites are sub-horizontal in Apium-1 and are inde-
pendent of other deformation structures, and the remainder have
formed at the tip zone of fractures and dip up to 60�. Steeply-
dipping stylolites tend to be coincident with open fractures. How-
ever, these fractures are attributed to core handling. Sub-horizontal
stylolites vary systematically in dip with a mean dip of 04� and
consistent strike (sub-parallel to the main regional fault), (Fig. 5C).
Stylolites of similar orientations are spatially clustered, but there is
no systematic distribution with depth within the logged intervals
(Fig. 7B). Stylolites in Centella-1 are less systematically oriented,
with a mean dip of 16� (Fig. 5D). Mondarra-4 shows only a few
bedding-parallel stylolites.

Ultraviolet (UV) images of Apium-1 core show that hydrocarbon
residue is clustered in two sections (Fig. 8). Both are approximately
1.5 m thick, at depths of 2770.8 me2772.1 m and 2772.5 me

2774.1 m. Specific gravity of these residues is approximately 45
�API, which is that of very light oils. This correlates with the sur-
rounding gas fields in production wells adjacent to Apium-1. The
deeper interval shows a stylolite acting as a local barrier (Fig. 8),
indicating that this stylolite formed and reduced adjacent vertical
permeability prior to hydrocarbon migration. Immediately below
this, a series of stylolites is overprinting hydrocarbon shows, indi-
cating that these stylolites initiated after hydrocarbon migration or
that adjacent porosity was still sufficiently high during migration.

4.3. Microstructural analysis of fractures in Apium-1

Microstructural analysis of meso-scale shear fractures from
Apium-1 samples shows that they are accommodated by micro-
brecciation, which is localised in discrete 0.1 mme2 mm bands
along fracture surfaces, and are always cemented by siderite. In
some cases, micro-breccia zones are soft-linked by relay zones of
stylolites splaying out of fracture tip zones. Cathodoluminescence
imaging reveals that fragmented clasts containing intragranular
extensional fractures filled with quartz cement (i.e., syntaxial
quartz veins) are present within the breccia zone, indicating that
these fractures preceded brecciation (Fig. 9C). Broader damage
zones that envelop micro-brecciated cores of shear fractures also
comprise quartz veins, oriented between 25� and 40� to shear
fractures (Fig. 9C). The density of quartz veins increases toward
meso-scale fracture surfaces (Fig. 9G). Total extension accommo-
dated by quartz veins in the vicinity of the shear fractures shown in
Figure 8C is 5.2% (measured in the vein-normal direction from CL
images). Automated EBSD mapping shows that rare crystal-plastic
strain in quartz is localized to grain boundaries and occasionally
as intra-grain deformation, shown by low-angle (<2�) mis-
orientations in quartz grains (Fig. 9D). Dauphiné twins are localized
at grain boundaries and triple junctions (Fig. 9D). Open, unsealed
intragranular fractures are extremely rare in all samples except in
unit 2 (very coarse grained sublithic-arenite) or occasionally as
post-cementation extensional fractures.

4.4. Microstructural analysis of stylolites in Apium-1

All stylolites have strongly anastomosing, sutured quartz grains
along their interfaces indicative of quartz dissolution, and authigenic
quartz is precipitated in rock volumes on both sides of stylolites. Ul-
traviolet fluorescence, optical microscopy and AMA show that

Figure 4. Core (A) and transmitted, plane-polarized light (B) images of a typical cemented fracture, and; core (C) and transmitted, plane-polarized light (D) images of a typical open
fracture, where mineralogy changes are not apparent across fractures. Arrow indicates way-up direction. Samples have been impregnated with blue resin to highlight porosity. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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stylolites consist of mainly organic carbon and illite (Fig. 10AeD).
Automated mineral analysis shows concentrations of accessory pha-
ses in stylolites, including TiO2 (rutile/anatase/brookite), zircon and
pyrite (Fig. 10CeE). Titanium dioxide (TiO2) phases have a bimodal
grain size distribution; the larger, rounded phase (50e1000 mm) is
probably detrital rutile and the smaller TiO2 phase (3e15 mm) is
thought to be diagenetic anatase or brookite (Fig. 10E). Pyrite identi-
fied under optical and SEM microscopy is located in stylolites, typi-
cally subhedral and 50e100 mm in diameter. It is also located as an
anhedral pore-fillingphase andfine remnantof incomplete alteration
to siderite near siderite-cemented fracture zones.

Local mass balance associated with quartz dissolution and
precipitation around stylolites can be investigated by considering
the dissolution required to explain enrichment of insoluble min-
erals within stylolites versus the volume of cement in the sur-
rounding halo, thereby facilitating assessment of open or closed
system behaviour. If it is assumed that in homogenous sandstone
(units 3 and 4) detrital clays and heavy minerals were originally
evenly distributed, then zircon and titanium oxides were enriched
between 6 and 35 times in stylolites as compared to adjacent host
rock. The mechanism for this enrichment is via quartz dissolution
and removal. This would require one to two orders of magnitude
of quartz to have been dissolved, when compared to the area of
the image, to produce this enrichment of detrital minerals. This is

equivalent to 50e70 mm of quartz lost vertically in sample 13 and
200e300 mm of quartz lost vertically in sample 6. In two clay-rich
sandstone samples (18 and 23), zircon and titanium oxides were
enriched between 30 and 57 times in stylolites as adjacent to host
rock through quartz dissolution.

4.5. Diagenetic minerals and fabrics

Detrital quartz grain boundaries were identified by thin hae-
matitic coatings in optical photomicrographs, which reveal that
optically continuous, authigenic overgrowth cements are common.
Thedetrital to authigenic quartz ratio varies from4:1 infine-grained
sandstone, 16:1 in medium-grained sandstone, and 18:1 to 28:1 in
coarse-grained sandstone. Up to four stages of quartz overgrowth
zoneswere identified by CL, and quartz grains typically showone or
two overgrowth stages (Fig.11). Crack-fill quartz cement cuts across
quartz overgrowth cements (Fig. 9C). Crack-fill quartz truncates
anastomosing stylolite boundaries (Fig. 9C) and is truncated by
stylolites (Fig. 10G). Diagenetic clay comprises 1e5% pore-filling
kaolinite ‘books’ that pre-date quartz overgrowth cements and mi-
nor amounts of diagenetic illite (Fig.11B). Other diagenetic minerals
include pyrite, siderite and anatase/brookite. Large diagenetic pyrite
nodules (up to 80 mm across) occur between 2765 m and 2770 m
(units 3 and 4). These are occasionally cross-cut by stylolites. Optical

2/3

2/3

1

Figure 5. Stereographic projections of fracture and stylolite orientations in Apium-1 using GEOrient�. The trend of a major regional fault is denoted by a black line, striking NNW.
The smaller scale NW-striking regional fault is also marked onwith a grey line. (A) Poles to fractures in Apium-1; (B) Present day principal stress direction, inferred from shmax, after
King et al. (2008); (C) Poles to stylolites in Apium-1, and; (D) Poles to stylolites in Centella-1.
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microscopy and EBSD mapping shows that the siderite cement in
micro-breccia zones along shear fractures is red-brown and very
fine-grained (Fig. 9E). Residual pore spaces adjacent to micro-
breccia zones are also filled with siderite. Here and in the limited
pore space in the micro-breccia, small siderite grains fringed the
pore walls, and grew larger in the centre of pores via competitive
grain growth, forming a drusy texture. Siderite wraps around early-
formed kaolinite and has formed after quartz overgrowth and
brecciation. Anatase/brookite is typically subhedral, confined to
stylolites and very fine-grained, ranging from 3 to 15 mm.

4.6. Characterisation of porosity and permeability

Porosity measurements of sandstones from optical photomi-
crographs vary between 0 and 20% (Fig. 7C). These porosity mea-
surements correlate moderately with core plug porosity
(R2 ¼ 0.558), but are typically understated. Limited grain plucking
prior to resin impregnation has generated anomalously high
porosity values from image analysis in two samples (and a high
clear to partially-occluded porosity ratio), and is entirely an artefact

of poor sample preparation. These two samples were not included
in the cross plot between core plug- and thin section-derived
porosity (Fig. 7C). The primary control on porosity away from
fractures and stylolites domains is grain size, with higher values
from coarser grained units, with a small proportion of the porosity
partially occluded by diagenetic kaolinite (and minor illite). There
are strong variations in porosity within sandstone units of similar
grain size. This variation is due to the presence of fractures and
stylolites. Significant porosity reduction in fractures has resulted
from siderite, pyrite, and minor quartz cementation. Domains
immediately adjacent to fractures typically do not show significant
reduction in porosity. However, stylolites exhibit lateral porosity
reduction by authigenic quartz cementation between 1 and 20 mm
wide, or more, outside the thin section area (Fig. 7D). These ’halos’
of reduced porosity are commonly asymmetrically developed.
There is a strong correlation between the thickness of stylolites and
width and intensity of the porosity reduction halo (Fig. 10I). Thicker
and higher amplitude stylolites have wider halos of cementation.
Stylolites formed along pre-existing clay-rich laminae are thicker
and have higher amplitudes, typically with >20 mm halos of

Figure 6. Core photographs (A, C, E) and respective sample photomicrographs in transmitted plane-polarized light (B, D, F) of various thickness/amplitude stylolites. (A) and (B) are
from sample location 3 (2760.85 m) in medium-grained sandstone; C and D are from sample location 23 (2779.25 m) in coarse-grained sandstone, and; E and F are from sample 17
(2774.10 m) in fine-grained sandstone. Red arrows show stylolites in core and respective photomicrographs. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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decreased porosity. Stylolites in quartz arenite have cemented halos
between 1 and 20 mm wide.

The permeability within lithological units varies by two orders
of magnitude and does not correlate with variations in ‘primary’
sedimentological characteristics (Fig. 7D). The maximum perme-
ability observed in each lithological unit away from deformation
structures was assumed to represent the residual ‘primary’
permeability of undeformed rock, and was used as a benchmark for
relative comparison (Fig. 7D). The correlation between porosity and
permeability (Fig. 7D) shows that porosity is significantly reduced
in the vicinity of cemented stylolites, but unaffected near fractures.
Core plugs taken at or in close proximity (5 cm) to stylolites typi-
cally show an order of magnitude reduction from the maximum
permeability in undeformed samples. Core plugs at fractures show
permeability increases because they tend to be broken due to core
extraction and handling. Increased silica overgrowths, character-
ized by vitreous rims on quartz grains in core samples, reduce
permeability by up to two orders of magnitude.

5. Discussion

5.1. Mesoscopic mechanisms for damage accommodation

Meso-structural deformation is characterized by shear fractures
and stylolites. The decrease of fractures and stylolites from wells

proximal to the major fault (Apium-1) to distal wells (Centella-1
and Mondarra-4) infers that the regional fault has a significant
damage zone (Fig. 3).

Steeply-dipping to sub-vertical shear fractures have a NW strike,
parallel to the regional fault and surrounding minor faults. This
implies that they were formed in the wall or linkage damage zones
in the same stress field as the regional fault (Fisher and Knipe,
2001; Kim et al., 2004). Porosity in shear fractures is now
occluded, and this severely reduces the permeability across them.
This compartmentalizes the basin, prohibiting fluid flow pathways
across shear fractures, but promoting pathways NW-SE. Northe
South trending holes along jogs are indicative of releasing bends,
promoting linear, lateral NeS trending additional fluid flow path-
ways. This late-stage reverse dip-slip reactivation of existing shear
fractures is thought to occur in the present-day stress field (King
et al., 2008).

Stylolites in Apium-1 are most commonly bedding-parallel
(sub-horizontal) implying that they formed by pressure solution
independent of other deformation features along existing bedding
planes (Tada and Siever, 1989). Alternatively, some sub-horizontal
stylolites could be fault-related, having developed during normal
faulting (where s1 was vertical). A smaller proportion of stylolites
are steeply dipping, only adjacent to fractures, and are therefore
thought to have formed in the tip-zone of propagating shear frac-
tures (Kim et al., 2000, 2004). Both types are predominantly filled
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with organic carbon and clay minerals (up to 95%), but there are
also concentrations of heavy minerals. This mineralogy together
with the enhanced diagenetic cementation adjacent to stylolites
resulted in a drastic vertical permeability reduction and associated
halos of porosity reduction (Fig. 10I). Hydrocarbon-rich domains
are sharply bounded by stylolites, implying that the initial forma-
tion of some stylolites preceded hydrocarbon migration (Fig. 8).
However, stylolites are also found within hydrocarbon-rich do-
mains, implying that hydrocarbonmigrationwas contemporaneous
with either continuous or multiple-stage stylolite formation. Sty-
lolites change orientation to steeper dips adjacent to fractures,
which imply that stylolites and fractures interacted, and are most
probably contemporaneous.

5.2. Microscopic mechanisms for damage accommodation

Microstructural deformation is localized primarily near stylo-
lites and faults. Strain is accommodated by shear and tensile frac-
turing, quartz dauphiné twinning, crystal plasticity and diffusive
mass transfer (DMT) through pressure solution. Stylolitization and
fracturing are believed to be caused by predominantly DMT and
microfracturing, respectively (Knipe, 1989; Labaume et al., 2004;
Lloyd and Knipe, 1992; O’Kane et al., 2007).

Shear and tensile fractures, brecciation and dauphiné twinning
are observed in fractured regions of Apium-1. Impingement-related
deformation at quartz grain contacts can occur by four mecha-
nisms: (a) crystal-plastic dislocation activity away from impinge-
ment; (b) densification by forming polymorphs of a-quartz; (c)
dauphiné twinning, or; (d) microfracturing (Hartley and Wilshaw,
1973; Lloyd, 2000; Lloyd and Knipe, 1992). Densification and
crystal-plastic dislocation is not possible in low-temperature
sedimentary basins (Hartley and Wilshaw, 1973; Peacock et al.,
1998). Some quartz grains do preserve crystal-plastic microstruc-
tures; however, textural relationships indicate that dislocation

creep microstructures are pre-depositional (Fig. 9D). Dauphiné
twins form predominantly at the edge of grains, with some twins
formed at vein-detrital quartz boundaries, indicating that veins
formed syntaxial to pre-formed twins and undeformed grains. In
laboratory experiments, Hartley and Wilshaw (1973) applied load
rates of 10�6 msec�1 on the crosscut X- and Y-axis surfaces of quartz
(perpendicular to the c-axis cut), which formed dauphiné twins at
critical loads of w100e150 N under ‘wet’ conditions (air) and
w200e400 N in ‘dry’ conditions (dry nitrogen) between 25 �C and
150 �C. The temperature conditions correspond to the known range
of burial depths, for which the maximum temperature was about
150 �C (Thomas and Barber, 2004). Due to DMT processes creating
‘wet’ dissolved quartz, critical loads are only likely to be 100e150 N.
This gives an indication of the stress magnitudes and strain rates
required to form dauphiné twins in sedimentary basins.

Extensional and shearmicrofractures are also common in quartz
grains in Apium-1. These can occur with a significant component of
DMT in low-temperature deformation systems, leading to
cementation-related brecciation (Knipe, 1991; Onasch et al., 2010).
However, cataclasis in the studied samples is likely to have been
derived primarily from brittle shearing, without a significant
component of cementation and migration of grains because: (a)
Deformation bands have discrete to mildly gradual boundaries to
their host rock, which is consistent with a shear-fracture model
(Onasch et al., 2010), and; (b) Extensional fractures (now micro-
veins) occur between 25 and 40� to shear fractures, perpendic-
ular to s3 (Onasch et al., 2010).

Grain boundary elongation by dissolution and stylolitization
forms primarily by pressure solution creep, which involves dis-
solving, transporting and re-precipitating dissolved quartz (Canole
et al., 1997; Gratier et al., 2005; Tada and Siever, 1989). Stylolites are
most common in the fine- to medium-grained sandstone units
because of short pathways for DMT and higher density of graine
grain contacts relative to coarse-grained units.

The stylolites in Apium-1 are characterized by concentration of
heavy minerals and clay minerals (Fig. 10CeE), as is commonly
observed elsewhere (Heald, 1955; Tada and Siever, 1989). It is also
observed in Apium-1 that thicker, higher amplitude stylolites have
wider halos of cementation, indicating local source and sink of
quartz cementation. If stylolites nucleated homogenously in sand-
stone, then a linear relationship between thickness of residual
phases and 2D porosity reduction halos would exist, which was not
observed (Fig. 10I). This implies that stylolites nucleated on heavy
mineral-rich and clay-rich layers, having a higher initial heavy
mineral/clay proportion and therefore skewing the results. Clay at
quartz grainegrain contacts are known to promote pressure solu-
tion, and hence the formation of stylolites (Canole et al., 1997; Tada
and Siever, 1989). This also helps explain the discrepancy between
zircon and TiO2 phases, where the difference in enrichment
quantities is caused by probable authigenic anatase production,
enriching TiO2, or the non-uniform initial distribution of zircon and
rutile.

The quartz lost in the stylolites calculated from residual
enrichment does not balance with quartz overgrowth cements in
the surrounding halos in the four analysed samples. There are
higher enrichments of residual phases than required from volumes
of neighbouring authigenic quartz overgrowths. The excess dis-
solved quartz may have escaped through: (a) diffusion further into
the host sandstone outside the scale of the thin sections, or (b)
migration along shear fractures prior to sealing by siderite
cementation. However, core plug porosity and permeability mea-
surements taken adjacent to stylolites do not show a significant
reduction further than 10 cm away from any stylolites. This in-
dicates that fracture-related migration is the most likely cause for
the loss of dissolved quartz from the local system. This implies that

Figure 8. (A) & (B) Core photograph of stylolite bounding oil residue, under normal
light and ultraviolet light, respectively. (C) Specific gravity of hydrocarbon residue,
showing that hydrocarbons in Apium-1 are w45 �API indicative of very light oils.
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shear fractures were conduits to fluid flow pathways during the
evolution of the basin.

5.3. Relative timing of structure development

The relative timing of diagenetic phases and structures and the
source of diagenetic phases has been used to establish a diagenetic
and structural history that involved six distinct events: (1) Pre-
depositional deformation; (2) Early diagenesis; (3) Pressure solu-
tion, stylolitization and kaolinite formation; (4) Permian-Jurassic
faulting; (5) Siderite cementation, and; (6) Present-day reac-
tivation (Fig. 12).

(1) Pre-depositional deformation is characterized by low-angle
misorientation boundaries that indicate crystal-plastic
deformation. Crystal-plastic microstructures are at the
edges of quartz grains, cannot be traced across multiple
grains and cannot have formed during compaction in low-
temperature sedimentary basins (Knipe, 1989; Lloyd and
Knipe, 1992), implying that these formed prior to trans-
portation and deposition of the grains.

(2) Early diagenesis is characterized by nodular pyrite formation
and the onset of quartz dissolution and re-precipitation,
although the timing relationship between these two phases
is uncertain. The open texture of included clasts within the
pyrite nodules indicated that pyrite formed early during
diagenesis, prior to significant mechanical compaction (Xiao
et al., 2010). Nodules are thought to instigate through mi-
crobial reduction of sulphates to sulphide, typically in the
form of hydrogen sulphide, which subsequently reacts with
free iron to form pyrite (Schenau et al., 2002; Worden et al.,
2003). The amoeboid shape of some detrital quartz cores
prior to quartz overgrowths (Fig. 11B), long and sutured grain
contacts, kaolinite cementation and microfracturing indicate
that quartz dissolution initiated before any cementation and
deformation.

(3) An initial quartz overgrowth cement phase is consistently
truncated by stylolites, shear fractures within breccia cores
and extensional fractures. Long and sutured grain contacts
(Fig. 11A) throughout the host sandstone indicate that pres-
sure solution was triggered during compaction. Individual
quartz grains locally display up to four separate syntaxial
overgrowths, indicating that quartz cementation was
spatially and temporally heterogeneous, most probably
derived from heterogeneous pressure solution (cf. Knipe,
1989; Lloyd and Knipe, 1992).
The initiation of stylolitization is commonly between

w1000 and 2500 m depth in quartzose sandstone in sedi-
mentary basins, implying that stylolites are probably pre-
ceded by heterogeneous compaction-related pressure
solution (Baron and Parnell, 2007; Gratier et al., 2005;
Labaume et al., 2004; Rispoli, 1981). This supports iso-
chemical models of quartz cementation in reservoir sand-
stones, and it is unlikely that quartz cement originated from
externally-derived fluids (Fisher et al., 2000). Stylolites are
also occasionally truncated by quartz-filled microcracks
(microveins), indicating that stylolitization begun prior to
microfracturing (Fig. 9C). The concentration of insoluble

phases, such as zircon and rutile, in stylolites can be used to
further test this hypothesis. Automated mineral analysis
showed that zircon and rutile concentrations in stylolites are
1e2 orders of magnitude (up to 35 times) higher than in the
surrounding quartz arenite. This implies that these heavy
mineral phases are residual from the removal of large vol-
umes of quartz by pressure solution (Hamilton et al., 2011).
The presence of SieTieO bearing grains indicates that the
likely source of titanium to form anatase is rutile needles in
quartz grains because a single mineral does not exist con-
taining only these elements. This also implies anatase
formed during stylolite formation.
Kaolinite formation occurred after the onset of quartz

dissolution and re-precipitation (Fig. 11B). Kaolinite partially
fills large secondary pore spaces, most likely produced by in
situ alteration of feldspar. The most likely origin for this
book-form kaolinite is in situ from dissolution of feldspar for
the following reasons: (a) the pore shapes that host kaolinite
retain pseudo-habits of feldspars with similar size to sur-
rounding framework grains, and; (b) ‘books’ of 5e30 plate-
lets are randomly oriented (Górniak, 1997; Wilson and
Pittman, 1977). Kaolinite is also not found within breccia
zones, which implies that feldspar alteration to kaolinite was
complete before brecciation.

(4) Normal faulting occurred during Permian to Jurassic rifting,
probably creating subsidiary, core-scale transgranular frac-
tures (Song and Cawood, 2000). Steeply-dipping stylolites
are found splaying out from fracture surfaces. These stylolites
either: (a) post-date the Permian to Jurassic normal faulting
event, using the deformed fracturing surfaces as lower en-
ergy nucleation sites (Gratier et al., 2005; Song and Cawood,
2000); or (b) stylolites nucleated and propagated syn-
faulting, forming in the tip-zone of soft-linked fractures
(Canole et al., 1997; Labaume et al., 2004; Rispoli, 1981). The
latter mechanism is more likely, considering steeply-dipping
stylolites, those expected to form at tip zones, vary 40e50� in
strike to sealed fractures. This strike variation is expected in
stylolites located in tip damage zones of normal and strike-
slip faults (Peacock et al., 1998). Tip-zone stylolites with
non-zero dips formed due to a local perturbation of the stress
field, where the maximum principal stress, s1, is not vertical
(i.e., the suggested strike slip fault stress regime). Locally,
quartz cementation continued during stylolite development
and continued pressure-solution in the matrix. Sub-
horizontal stylolites also occasionally truncate microveins
(Fig. 10G), indicating that stylolitization initiated prior to
faulting, yet still occurred syn- and post-faulting. It is
possible some of these stylolites initiated during normal
faulting, during which it is assumed that s1 was vertical,
promoting horizontal stylolite development. Regional
normal faulting also resulted in the onset of dauphiné
twinning, low-angle grain boundary slip sub-parallel to
faulting, extensional fractures and shear fractures. Dauphiné
twins are clearly crosscut by quartz veins (representing low-
angle grain boundaries) and a subsequent phase of quartz
cements. Extensional microfractures are spatially and
geometrically related to shear fractures, but are not filled
with siderite cement; both sets of fractures are also observed

Figure 9. Fractures exhibit different microstructures that are shown to reduce porosity. (A) Siderite-filled breccia zone with significant quartz comminution, in thin section, under
plane polarized light. (B) Zoom-in of siderite-filled breccia zone in thin section. (C) CL image of (B), showing syntaxial quartz veins, oblique to breccia zone. (D) EBSD image of (B),
delineating detrital quartz boundaries, syntaxial quartz veins, low-angle misorientation boundaries and dauphiné twins. (E) A different breccia zone, coloured for grain size, with
quartz (dark red) and fine grained siderite, coloured for grain size. (F) Rose diagram showing orientations of tensile fractures (both open and quartz-filled) in relation to the breccia
zone margin in a breccia zone transect. (G) Extensional fracture frequency distribution across two breccia zones, measured as fractures per 2.5 mm by 2.5 mm areas, perpendicular
to the shear fracture. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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to be filled with quartz cement. An explanation for these
observations is that extensional fractures (and shear frac-
tures) formed rapidly-annealing crack-seal systems, where
newly-formed extensional and shear fractures were sealed
with locally-derived quartz cement soon after microcracking,
eventually inhibiting migration of silica-bearing fluids
(Ramsay, 1980). Quartz cement hardened both sets of frac-
tures, so upon further critical loading, micro-breccias formed
along shear fracture planes, opening fractures for infiltration
by exotic fluids that precipitated siderite.
It is also probable that hydrocarbon migration occurred

post-faulting. Two key observations were made regarding
the timing of stylolite migration: (1) Ultraviolet images show
one occurrence of a stylolite acting as a barrier (Fig. 8), which
locally prevented migration of hydrocarbons; (2) Stylolites
are seen to grow into hydrocarbon shows. The observations
imply that the onset of stylolitization occurred prior to hy-
drocarbon migration, but stylolitization was also active post-
migration. Geohistory modelling has shown that source
rocks reached oil-generation window in the earliest Creta-
ceous (Mory and Iasky, 1996), implying that hydrocarbon
migration post-dated Permian-Jurassic faulting.

(5) Micro-brecciated fracture core zones are filled with siderite
cement. There are two possible sources for the iron and
carbonate that comprises the siderite. The iron could be
derived locally from nearby cm-scale biogenic pyrite nodules
or Fe-rich shale. The carbonate could originate from car-
bonate alteration or exotic CO2-rich fluids sourced from
organic matter degradation outside the sandstone beds. The
latter is likely due to the lack of local carbonate minerals in
the local stratigraphy (Schenau et al., 2002; Xiao et al., 2010).

(6) Present-day stresses (transitional reverse to strike-slip)
reactivated steeply-dipping sealed fractures to create cm-
scale jogs in releasing bends (Kim et al., 2004; King et al.,
2008). Quartz veins were not observed in these fractures,
indicating that stylolitization and pressure solution had
ceased before the present-day stress state had been
established.

5.4. Porosity and permeability evolution

The evolution of porosity was quantified in 2D for an unde-
formed and a damaged domain by using EBSD and CL images to
back-strip the effects of deformation and diagenetic events (Fig. 13).
The area percent of porosity at each stage was quantified using
ImageJ software (Fig. 13). Two main diagenetic porosity- and
permeability-altering events were identified: (1) authigenic quartz
overgrowth and fracture-fill cementation, and; (2) siderite
cementation following micro-brecciation in shear fractures.
Detrital feldspar volumes altered to microporous kaolinite were
sufficiently small to have caused only minimal enhancement of
porosity and permeability.

Initial 2D porosity was 34.7% and 30.0% in the fractured and
undeformed samples of medium-grained quartz arenite, respec-
tively (Fig. 13). Authigenic quartz production reduced porosity to
12.6% and 4.7% for the fractured and undeformed regions,

respectively. Siderite cementation of the micro-breccia reduced the
remaining porosity in the shear fractures from 13.9% to 1.6%, with
concomitant reduction in permeability of several orders of
magnitude.

5.5. Implications for ancient and present-day fluid flow

The porosity and permeability evolution associated with
different deformation structures allows analysis of the geometry
of fluid flow pathways over time (Fig. 14). It is highly likely that
ancient permeability in the sandstone units prior to structural
deformation, compaction and quartz overgrowth cementation
was approximately isotropic, and decreased uniformly by
compaction-related deformation (Fig. 2). An initial porosity of
30%, estimated from 2D images (Fig. 13), is equivalent to a 3D
porosity of w15% (Fig. 7C) and can be correlated to an isotropic
permeability of w50 mD, using porosityepermeability relation-
ships in undeformed sandstones from Apium-1 (Fig. 7D),
(Mitchell, 2004).

The onset of stylolite formation early during diagenesis began to
locally reduce porosity by quartz re-precipitation into surrounding
pore space adjacent to sub-horizontal stylolites (Fig. 14). This effect
plus the residual layers of insoluble phases (such as clay minerals
and heavy minerals) leave an impermeable, sub-horizontal layer
that severely impeded vertical fluid flow. The dissolved quartz is re-
precipitated into vertically-adjacent pore space. Although the finite
length of individual stylolite bands cannot be established in drill
core, laterally continuous stylolites may severely reduce vertical
fluid pathways. This resulted in stylolite-induced compartmental-
ization, which affected subsequent vertical hydrocarbon migration
(Fig. 8), with preferential lateral fluid flow pathways and baffled
vertical pathways. Using porosityepermeability relationships be-
tween thin section and core plugs, 3D porosity and permeability
values have been reduced from 15% and 50 mD to w2.5% and
<< 0.01 mD after quartz cementation (Fig. 7).

When critical stress loads were achieved to brecciate shear
fractures, sub-vertical and lateral fluid pathways were generated
along fracture planes (Fig. 14). Micro-breccia cores remained open
to fluid flow during this process, permitting precipitation of exotic
cements (e.g., siderite, and even pyrite) along transmissive shear
fractures after their formation. Extension fractures in the associated
damage zone remained sealed, shown by the lack of siderite
cementation, implying that fluid pathways were only along discrete
micro-breccia cores. Sealing of shear fractures by siderite post-
dated quartz cementation because breccia clasts within the frac-
tured zone are only cemented with siderite (Fig. 9). The initial
fracture porosity and permeability is unknown, but the final
porosity after siderite cementation is less than 1%. Given pressure
solution rates from experimental studies, reduction of fracture
porosity from approximately 10% to approximately 0% by pressure
solution of quartz could take on the order of one month to seal
10 mmwide fractures, and 1000 years to seal 100 mmwide fractures
(Gratier and Gueydan, 2007).

Where coeval stylolites and fractures intersect, ‘crack seal sys-
tems’ were established that completely compartmentalize the
reservoir on a metre-scale, effectively reducing the finite perme-
ability to almost zero (Fig. 14). Using porosityepermeability

Figure 10. Stylolites are shown to reduce porosity on the micro-scale. Note that the mineralogy legend is applicable for (C), (D) and (E). (A) & (B) Core photograph of fluorescent,
illite-bearing stylolite, under normal light and ultraviolet light, respectively. (C) AMA of clay-poor stylolite shown to be filled with muscovite/illite, pyrite, rutile/anatase/brookite,
zircon and siderite. (D) AMA of clay-rich stylolite enriched heavily in muscovite/illite, kaolinite and accessory minerals. (E) AMA of (D), showing only zircon and TiO2 phases,
highlighting enrichment in stylolite as opposed to surrounding host rock. (F) CL image showing highly sutured quartz grains at quartzestylolite interfaces (red arrows). (G) Syntaxial
quartz veins (green arrows) overprinting early (red arrows) and later (yellow arrows) quartz overgrowth phases. (H) Maximum amplitude of stylolites is proportional to stylolite
width. (I) Stylolite thickness is inversely proportional to porosity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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relationships for sandstones in Apium-1 (Mitchell, 2004), a
porosity of 1% would match to a permeability of<< 0.01 mD. Given
the interconnected structures observed in the core, they are likely
to form a 3D network of steeply-dipping fractures and shallowly
dipping stylolites. The bulk permeability of the damage zone would
reflect the permeability of the fractures and stylolites. Therefore, it
is likely that ‘fossil’ (i.e., inactive) faults have impermeable fault
cores and an interlocking network of impermeable structures in
their damage zones. A significant caveat for this interpretation is
that the rock/cements are not overcome by the magnitude of the
present-day stress field (King et al., 2008).

The orientation of this 3D network would compartmentalize
present-day fluid flow into elongate, NW-SE trending blocks, with
significantly inhibited trans-fracture and trans-stylolite fluid
migration (Fig. 14). The dense fault network identified from 3D
seismic (limited to faults with displacements >10 m), infers that
most of the Mesozoic rocks of similar mineralogy and grain size in

the northern Perth Basinwould be compartmentalized by stylolites
and fractures on a metre-scale into elongate NW-SE trending
blocks, which are aligned 26e30� to the present-day shmax in a
transitional strike to slip-reverse fault stress regime.

6. Conclusions

� Meso-structural deformation is characterized by shear fractures
and stylolites. Micro-structural deformation is accommodated
by shear and tensile fracturing, quartz dauphiné twinning and
diffusive mass transfer through pressure solution. Stylolitization
and fracturing are believed to be caused by predominantly DMT
(pressure solution creep) and microfracturing.

� Six stages of diagenetic and structure development are recog-
nized: (1) Pre-depositional inheritance of crystal-plastic defor-
mation. (2) Early diagenesis characterized by the onset of quartz
dissolution and re-precipitation, and biogenic pyrite nodule
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Figure 12. Flow chart showing interpreted burial history of Apium-1.

Figure 11. (A) Quartz (Q) has multiple overgrowth stages, divided into two mains phases: an early phase (dark grey arrows) and later phase (light grey arrows). (B) Kaolinite (K)
partially-occludes pore spaces that followed both early (dark grey arrows) and later (light grey arrows) quartz (Q) phases.
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formation. (3) Stylolitization, kaolinite formation and further
pressure solution. (4) PermianeJurassic normal faulting char-
acterized by dauphiné twinning at quartz grainegrain contacts,
followed by development of extensional fractures and shear
fractures with brecciation, tip-zone stylolites and possible fault-
induced sub-horizontal stylolites. Hydrocarbon migration post-
dated faulting, but its timing with respect to siderite

development is uncertain. (5) Mobilization of CO2-rich fluids
through Fe-rich shale or pyrite nodules to form siderite that
sealed fractures. (6) Present-day transitional strike-slip to
reverse-slip reactivation of breccia zones resulting in the for-
mation of cm-scale open jogs.

� Two main diagenetic porosity-altering events were identified:
authigenic quartz overgrowths and quartz veining, and; siderite

Figure 13. Quantitative porosity of: (A) the host sandstone, and; (B) a brecciated fracture zone. Note that the breccia zone in (B) only formed between the quartz overgrowth and
siderite phases, and hence is excluded in (i) to (iii). (C) Porosity evolution for the undeformed zone (A) and the brecciated zone (B).
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cementation following micro-brecciation in shear fractures.
Porosity was reduced from approximately 30% to <1%, with
concomitant reduction in permeability of several orders of
magnitude.

� The orientation of a 3D network of sub-horizontal stylolites and
steeply dipping fractures would compartmentalize present-day
fluid flow into elongate, NW-SE trending blocks, with signifi-
cantly inhibited trans-fracture and trans-stylolite fluid migra-
tion if stress magnitudes do not exceed the strength of the rock
framework and cement.
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a b s t r a c t

Assessment and successful exploration for, and exploitation of, aquifers in the Perth Basin require
knowledge of their petrophysical and sedimentological characteristics and geometries. This study pro-
vides a sedimentological and lithofacies analysis of core from the Mesozoic Yarragadee Formation, Cadda
Formation, Cattamarra Coal Measures, Eneabba Formation and Lesueur Sandstone of Western Australia
recovered from Pinjarra-1, Cockburn-1, Gingin-1 and Gingin-2 wells provide insights into changes in
depositional environment over time and space in the central Perth Basin. In studied sections, nine
different fluvial-dominated lithofacies have been identified in the Yarragadee Formation, Cadda For-
mation and Cattamarra Coal Measures that occur in similar proportions, whereas the Lesueur Sandstone
is dominated by coarse-grained deposits of high energy fluvial systems. Vertical variation in lithofacies
on the order of 10 cm to approximately 2 m vertical scale is observed in all formations and wells. Changes
in the lithofacies, linked to local depositional environments, are probably associated with fluvial-alluvial
to fluvio-deltaic systems that have complex 3D architecture, including braided and to probably
meandering systems, and are affected by channel avulsion. Point counting and automated mineral
analysis of thin sections of core showed detrital mineralogy dominated by monocrystalline quartz, with
rare polycrystalline quartz, a moderate amount of alkali feldspar and very minor amounts of garnet,
organic fragments, muscovite and biotite. These data show a lithofacies-dependence of the proportion of
minerals, with little variation between equivalent lithofacies from different depths, formations or wells.
Grain size and sorting, that have a first order control on porosity, are strongly lithofacies dependent.
Individual lithofacies types show a trend of decreasing porosity with depth due to the increasing effects
of compaction, quartz overgrowth cementation and authigenic clay mineral development. Lithofacies
and depth are the main controls on permeability, and so lithofacies distribution exerts a key control on
hydraulic behaviour.

Crown Copyright © 2014 Published by Elsevier Ltd. All rights reserved.

1. Introduction

The Perth Basin (Fig. 1) has a deep (up to 15 km) and varied
(PermianeRecent) sedimentary fill, including numerous uncon-
fined and confined groundwater aquifers (Davidson, 1995; Harris,
1994; Playford et al., 1976; Davidson and Yu, 2006). Locally, some

of these ‘aquifers’ are also important hydrocarbon reservoir units
(Crostella and Backhouse, 2000), potential targets for ‘hot sedi-
mentary aquifer’ geothermal exploration (Corbel et al., 2012;
Timms et al., 2012; Reid et al., 2012; Delle Piane et al., 2013), or
potential repositories for CO2 storage (Causebrook et al., 2006;
Stalker et al., 2013; Olierook et al., 2014a). The Triassic Lesueur
Sandstone and Jurassic Yarragadee Formation (Fig. 1) are two of the
most important aquifer units, with thicknesses of up to 2000 m,
and subsurface depths between 50 and >2000 m, respectively.
These units, therefore, form a substantial proportion of Perth's deep
groundwater resources, and are key potential targets for shallow
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geothermal heat extraction. A predominantly fluvial origin has
been inferred for the Lesueur Sandstone and Yarragadee Formation
(Playford et al., 1976). However, significant spatial and temporal
variations in sedimentary processes, porosity and permeability
have been identified (McWhae et al., 1958; Johnson, 1965;
Brownhill, 1966; Jones and Nicholls, 1966; Smith, 1967; Playford
et al., 1976; Davidson, 1995; Delle Piane et al., 2013). The well
completion reports only describe the sedimentology of each for-
mation at a basic level (e.g., the Yarragadee Formation consists of
sandstone and mudstone). A more detailed description of the
sedimentology and depositional environment for these formations
exists for sparse outcrops over 300 km away in the northern Perth
Basin (Playford et al., 1976; Crostella and Backhouse, 2000). To date,
a lithofacies analysis of these key stratigraphic units has not been
undertaken in the central Perth Basin. This study aims to address
the paucity of data on Mesozoic formations in the central Perth
Basin through lithofacies and petrographic analyses of core data,
having implications for aquifer/reservoir development.

Sedimentary depositional environments exert a primary con-
trol on lithologies and rock unit architecture. In turn, lithological
variations at all scales, related to both deposition and diagenesis,
exert a first order control on porosity and permeability. Previous
investigations report wide ranges of key petrophysical properties
such as porosity and permeability in the Mesozoic Perth Basin
formations (Johnson, 1965; Brownhill, 1966; Jones and Nicholls,
1966; Smith, 1967; Delle Piane et al., 2013; Olierook et al.,
2014a; Esteban et al., 2015). For example, the Yarragadee For-
mation penetrated by the Cockburn-1 well shows 6 orders of
magnitude variation in permeability from 0.0022 to 1403 mD
that does not have a straightforward relationship with depth.
(Delle Piane et al., 2013). Knowledge of the porosity and
permeability structure of target rocks is essential for modelling
fluid flow in steady-state scenarios, yet the links between sedi-
mentology, porosity and permeability had not been systemati-
cally examined. Improved understanding of lateral and vertical
variations in depositional environments and their influence on
lithological heterogeneity and sedimentary geometries are
essential to better characterise flow variability and connectivity
within the system. Examination of spatial and temporal changes
in lithofacies is also pertinent to evaluating controls on changes
in depositional environments during the Mesozoic evolution of
the Perth Basin.

Mineralogy and porosity/permeability are key considerations
for geothermal or hydrocarbon exploration, CO2 capture and stor-
age and aquifer management in the central Perth Basin (e.g.
Crostella and Backhouse, 2000; Ghori, 2008; Varma et al., 2009;
Reid et al., 2012; Ricard et al., 2012; Timms et al., 2012; Schilling
et al., 2013; Stalker et al., 2013; Olierook et al., 2014a, 2014b;
Esteban et al., 2015). Knowledge of grain size distribution and ce-
ments is vital for assessment of the physical integrity of potential
reservoirs. An evaluation of the mineralogy of potential reservoirs
and/or aquitards is necessary to understand possible fluiderock
reactions during fluid injection or extraction. Despite mineralogical
variations being important for understanding siliciclastic sediment
provenance, and via diagenetic alteration being linked to pore
system evolution, siliciclastic component data is lacking for the
central Perth Basin (Davidson, 1995). Furthermore, there are no
previous studies of the diagenetic fabrics of the central Perth Basin,
and their effects on porosity and permeability have not been
assessed.

This study presents new data from sedimentary logging,
lithofacies analysis and interpretation of the environment of
deposition during the Mesozoic in the central Perth Basin based
on core samples recovered from Pinjarra-1, Cockburn-1, Gingin-1
and Gingin-2 wells. New mineralogy data from rock samples

from these sedimentary units are discussed in the context of
lithofacies.

2. Geological background

The central onshore Perth Basin (Fig. 1) comprises an asym-
metric graben known as the Dandaragan Trough, which is an axis-
parallel sub-basin bound to the east by the NeS trending Darling
Fault, and compartmentalised to the north and south by major
oblique fault zones (Playford et al., 1976; Cockbain, 1990; Harris,
1994; Wilde and Nelson, 2001). The western margin of the Dan-
daragan Trough is taken to be the South Turtle Dove Ridge e an
inverted half graben which separates the Dandaragan Trough from
the offshore Vlaming sub-basin (Cockbain, 1990; Lockwood and
Iasky, 2004). The Dandaragan Trough represents the deepest part
of the Perth Basin where up to 15 km of sedimentary succession
was deposited from the Permian to Recent (Cockbain, 1990; Frog
Tech, 2005; Timms et al., 2012).

The depositional environment in the central Perth Basin was
fluvial-dominated from the Permian to the Jurassic, with possible
marine incursions, resulting in the sequential deposition of the
Lesueur Sandstone, Eneabba Formation, Cattamarra Coal Measures,
Cadda Formation and Yarragadee Formation (Fig. 1) (Crostella and
Backhouse, 2000). These formations were deposited during the
main rift phase of basin development as Greater India and Australia
separated during the breakup of Gondwana (Harris, 1994). The
long-lived predominantly fluviatile system in the central Perth
Basin implies that sedimentary fill approximately kept track with
rift-related accommodation space generation. The Dandaragan
TrougheMandurah Terrace has been partially compartmentalised
by syn-rift faulting, and the drainage patterns during the Permian
to Jurassic are unclear (Harris, 1994). Potential detrital source rocks
include the Archaean to Proterozoic rocks of the Yilgarn Craton, the
Leeuwin Block, the Albany Fraser belt, the East Antarctic Craton or
Greater India (Sircombe and Freeman, 1999; Cawood and Nemchin,
2000; Kohn et al., 2002; Veevers et al., 2005).

The burial history of the central Perth Basin is not well under-
stood. Average burial rates for the deepest parts of the Dandaragan
TrougheMandurah Terrace system (12 km) must have been
approximately 40 m/Myr, assuming continuous linear burial rates
since the Permian. However, actual burial rates could vary signifi-
cantly from this value across the central Perth Basin due to un-
known additional overburden prior to Valanginian uplift and
erosion (formerly known as the Neocomian Unconformity), and
differential subsidence related to local faulting. Apatite fission track
data from the northern Yilgarn Craton suggests slow, continuous
exhumation of the craton during the Early Permian through toMid-
Late Jurassic; considered to be due to removal of a sedimentary
blanket rather than erosion of cratonic material (Weber et al.,
2005). Vitrinite reflectance data from the Permian coal measures
in the nearby Collie Basin (Fig. 1) indicate the presence of an extra
~1.4 km of sedimentary cover to achieve the inferred maximum
burial temperatures of ~100 �C (Le Blanc Smith,1993). However, it is
unclear whether this inferred removal of overburden strata also
applies to the onshore Perth Basin.

3. Summary of the stratigraphy of Pinjarra-1, Cockburn-1,
Gingin-1 and Gingin-2

The locations of wells studied are indicated in Figure 1, with the
depths of stratal unit boundaries given in Table 1. Formation
boundaries are taken from well reports with Table 2 summarising
the key palynomorphs used to discriminate age, listed by well and
formation. The full fossil listing may be found in each of the well
completion reports (Johnson, 1965; Brownhill, 1966; Jones and
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Figure 1. A. Map of the surface geology of the central Perth Basin showing the location of onshore petroleum wells. Wells used in this study are in red. Geology after Playford et al.
(1976). ‘Faults at depth’ control pre-Cretaceous basin architecture and are interpreted from vertical gradient of isostatic residual gravity, after Wilkes et al. (2011). B. Generalised
stratigraphy of the Perth Basin, after Crostella and Backhouse (2000). Tectonic stages after Song and Cawood (2000). C. Geological cross section along line i-ii shown in A (viewing
north), generated from a 3D geological model of the Perth Basin after Timms et al. (2012). Colour scheme shown in B. DF ¼ Darling Fault; SF ¼ Serpentine Fault. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Nicholls, 1966; Smith, 1967). In the Pinjarra-1 well, there are
unconformable contacts between the Yarragadee Formation with
the overlying Quaternary sands and the underlying Cattamarra Coal
Measures (Ghori, 2008; Mory and Iasky, 1996). The only formations
cored in Pinjarra-1 are the Cattamarra Coal Measures, the Eneabba
Formation and the Lesueur Sandstone. Cockburn-1 is the well most
proximal to the Perthmetropolitan area (Fig.1), currently providing
the best analogue for direct observations and measurements of
potential geothermal target rocks beneath Perth (Timms et al.,
2012). Only the Yarragadee and Cadda Formations as well as the
Cattamarra Coal Measures were cored in Cockburn-1. The Yarra-
gadee Formation is significantly eroded at Cockburn-1, having a
total thickness of only 1412 m (compared to Gingin field with a
thickness of ~2970 m), and being unconformably overlain by South
Perth Shale (Fig. 4). The Yarragadee Formation is unconformably
overlain by Quaternary sands, but conformably overlies the Cadda
Formation. The Cadda Formation unconformably overlies the Cat-
tamarra Coal Measures (Crostella and Backhouse, 2000; Mory and
Iasky, 1996) (Fig. 4). The Yarragadee and Cadda Formations as
well as the Cattamarra Coal Measures were cored in Gingin-1,
whereas only the Cattamarra Coal Measures was cored in Gingin-
2 (Fig. 4).

4. Methods

4.1. Sedimentary logging and facies analysis

Gamma ray wireline logs were available for the four wells in this
study, and gamma ray motifs, or ‘facies’, have been identified based
on gamma value and short-range vertical variability. Sedimentary
logging at 1:10 scale was completed on all the cored intervals of

Triassic and Jurassic formations from Pinjarra-1, Cockburn-1,
Gingin-1 and Gingin-2 wells at the Western Australia Core Library
Facility, Perth. Individual cored intervals for all wells are typically
1e5 m long with 100e150 m spacing, i.e. between 1 and 5% of the
depth range of each well was cored. Despite such an incomplete
record of the central onshore Perth Basin strata, the regular length
and spacing of the cored intervals provides a (relatively) statisti-
cally unbiased snapshot of the formations, and provides one of the
few study opportunities given the paucity of outcrops. Core totalled
60 m from 28 intervals (with ~150 m spacing) from Pinjarra-1 that
spans the Lesueur Sandstone, Eneabba Formation and Cattamarra
Coal Measures; 65 m from 26 intervals from Cockburn-1, 86 m from
28 intervals fromGingin-1, and 97m from8 intervals fromGingin-2
wells that span the Yarragadee and Cadda Formations, and the
Cattamarra Coal Measures (Fig. 4). In Cockburn-1 the core depths
have been adjusted from those marked on the core trays for several
intervals to account for errors in the driller's depth marks during
core recovery (Logan, 1966). This involved subtracting 9.1 m from
cores #12 (approximately 1099 m) to #17 (approximately 1913 m).

Sedimentary logging involved description of bed thicknesses,
sedimentary structures, grain size, grain shape, sorting, colour,
body fossils, and ichnology. Logged sections were subdivided into
lithologically distinct facies (Walker and James, 1992). Each lith-
ofacies has distinct physical characteristics, such as bed thickness,
grain size, grain sorting, sedimentary structures and colour,
rendering them recognisably different in core and/or outcrop
(Fig. 2). The environment and processes of deposition exerts a
primary control on these characteristics, and so a lithofacies
scheme is commonly interpreted in terms of sedimentary envi-
ronment (Fig. 3). Because sedimentary structures are a key part of
lithofacies analysis, this approach is generally restricted to

Table 1
Summary of formation tops from the four studied wells.

Collar location (GDA94) Pinjarra-1 Cockburn-1 Gingin-1 Gingin-2

Latitude �32.6755556 �32.1347806 �31.1430556 �31.1722222

Longitude 115.7711111 115.7375111 115.8272222 115.8441667

Formation Age Formation top height (m) Formation top height (m) Formation top height (m) Formation top height (m)

Below
surface

Relative
to sea level

Below
surface

Relative
to sea level

Below
surface

Relative to sea level Below surface Relative to
sea level

Sandstone 7 laterite Quaternary Start
of hole

þ11 Start of hole þ7 Start of hole þ203 Start of hole þ266

Leederville Formation L Cretaceous n/a n/a n/a n/a 94 þ109 n/a n/a
South Perth Shale L Cretaceous n/a n/a 40 �33 n/a n/a n/a n/a
Jervoise Sandstone L Cretaceous n/a n/a n/a n/a 189 �14 280 �14
Otorowiri Formation L Cretaceous n/a n/a n/a n/a 319 �116 401 �135
Yarragadee Formation U Jurassic 25 �14 313 �306 356 �153 430 �164
Cadda Formation M Jurassic n/a n/a 1725 �1718 3314 �3111 3399 �3133
Cattamarra Coal

Measures
L Jurassic 150 �139 1914 �1907 3610 �3407 3591 �3325

Eneabba Formation U Triassic 1203 �1192 n/a n/a n/a n/a n/a n/a
Lesueur Sandstone U Triassic 2372 �2361 n/a n/a n/a n/a n/a n/a
End of hole 4573 �4562 3054 �3047 4544 �4301 4482 �4216

Table 2
Summary of the key palynomorphs in Pinjarra-1, Cockburn-1, Gingin-1 and Gingin-2 in each Formation.

Formation Age Pinjarra-1 Cockburn-1 Gingin-1 Gingin-2

Yarragadee Formation Lower Cretaceous/
Upper Jurassic

n/a Microcachryidites antarticus n/a

Cadda Formation Middle Jurassic n/a Dinophyaceae Gonyaulax n/a
Cattamarra Coal Measures Lower Jurassic Classopollis torosus; Circulina sp. Classopollis torusus; Circulina sp. Classopollis - Circulina
Eneabba Formation Lower Jurassic e n/a n/a n/a
Lesueur Sandstone Upper Triassic Alisporites (Pteruchipollinites);

Aratrisporites paenulatus
n/a n/a n/a

N.E. Timms et al. / Marine and Petroleum Geology 60 (2015) 54e78 57
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Figure 2. Idealised graphical sedimentary logs and core photographs to summarise the lithofacies scheme developed for the Mesozoic stratigraphy of the central Perth Basin.
Continuous juxtaposition of lithofacies is entirely for diagrammatic purposes and no real stratigraphic trends are implied. Example core photographs are from Cockburn-1 well, with
the following annotations: Tc ¼ Teichichnus; Th ¼ Thalassinoides; Pl ¼ Planolites; Sc ¼ synaeresis cracks.
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observations made in outcrop or drill core rather than drill cuttings.
Therefore, core-based lithofacies were compared with gamma ray
facies as a means of upscaling of facies for the entire wells. Lith-
ofacies analysis provides a physical property-based rock classifi-
cation framework and a context for the interpretation of
petrophysical tests, such as porosity and permeability (e.g., Delle
Piane et al., 2013; Olierook et al., 2014a). Sedimentary log data
were processed to determine the: (a) cumulative thickness of in-
dividual lithofacies, and (b) thickness statistics for intervals
comprising continuous individual lithofacies. Each core interval
was logged for natural (i.e., non-core handling induced) fractures
and stylolites. These data are presented as structures permetre, and
apply to cored intervals only. The moderate to poor condition of
many intervals precluded identification of natural fractures with
confidence.

4.2. Core plug analysis

Core plugs of approximately 2.54 cm diameter and
2.54e3.81 cm length with their long axes parallel to bedding were
taken to sample a range of lithofacies and depths from eachwell. 23
core plugs were taken from Pinjarra-1, 48 from Cockburn-1, 67 from
Gingin-1, and 47 from Gingin-2. The end section of each core plug
(perpendicular to bedding) was removed with a trim saw,
impregnated with blue resin and used to make polished petro-
graphic thin sections.

4.2.1. Petrography and mineralogy analyses
Plane and cross polarised transmitted light optical photomicro-

graphs with a spatial resolution of 2 mmwere taken of all thin sec-
tions using a Zeiss Axio Imager II at CSIRO, Perth. Components,
‘partially occluded pores’ (pale blue-green resin, clay minerals pre-
sent) and ‘clear pores’ (strong primary blue resin) were quantified
from the digital photomicrographs by point counting using J
MicroVision© (Roduit, 2006). A rectangular area was selected from
each thin section for400counts,witha randomgrid. The component
percentages were also determined for 47 samples from Pinjarra-1,
Cockburn-1 and Gingin-1 using automated mineral analysis (Dilks
and Graham, 1985; Reid, 1989; Messent and Farmer, 2008; Goldie
Divko et al., 2010) using an FEI E430 QEMSCAN® (QS) at ALS

Ammtec Pty Ltd, Perth, Western Australia. The instrument com-
prises a scanning electron microscope (SEM) with four energy
dispersive X-ray spectrometers (EDX). The spacing of analytical
points was set at 5 mm or 10 mm depending onwhether the area for
analysis was fineeor coarse-grained, respectively. The data were
processed using FEI's iDiscover off-line image analysis software.
During automated analysis, spectral data collected at each point
were classified using a detailed chemical-based mineral database.
Data processing software allows for the simplification of these
mineral species into a manageable format, by creation of mineral
groupings. The additional benefits of this technique over point
counting are that it can yield (a) data onmineral compositions, such
as garnet; (b) provides amore statistically robustmineralogydataset
than point count data, especially useful for quantification of the
proportions of trace minerals; and (c) data on the location and
abundance of clayminerals. Disadvantages of the technique include
(a) an inability to distinguish between some phases (e.g., illite and
muscovite); (b) an inability to distinguish detrital grains, such as
quartz and feldspars, from their respective diagenetic overgrowths.
Some weakly developed stylolites were visible via optical micro-
scopy only, and are reported as structures per thin section.

Porosity was quantified in 2D via image analysis of petrographic
thin sections using ImageJ® software. The area percentage of blue-
dyed resin (porosity) was calculated in transmitted, plane polarized
light images, using the Threshold Colour plug-in of Rasband (2011).
The software was used to: (1) threshold the images to isolate do-
mains of impregnated blue resin based on hue, saturation and lu-
minosity; (2) convert the threshold areas to monochrome; and, (3)
quantify the area as a percentage of total. The plug-in offers the
flexibility to account for variations in resin colour between samples,
and permits the quantification of the fraction of porosity that is
partially occluded by clay minerals (appears pale blue-green).

Porosity measurements on full core plugs from the same dataset
are presented in Delle Piane et al. (2013), and generally showa good
match with the values reported in this study.

4.3. Scanning electron microscopy

Backscatter electron images were collected from polished sur-
faces using a Zeiss scanning electron microscope (SEM) at CSIRO,

Figure 3. Block diagrams of ‘generic’ fluvial models to illustrate the sedimentary depositional environment and architecture of lithofacies AeG, with the approximate distribution
interpreted in this study. Modified from Miall (1996).

N.E. Timms et al. / Marine and Petroleum Geology 60 (2015) 54e78 59

438

H.K.H. Olierook Appendix B: Additional Publications



Figure 4. A summary of the gamma ray (GR) logs and lithofacies assigned to cored intervals of the studies wells from sedimentary logging. The colour-coded fill of the GR curves
reflects the GR values. Numbers adjacent the charts refer to the original core IDs and depth of the top of the cored section. See Tables 3 and 4 and the main text for discussion of the
gamma ray log and core facies. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Perth, using 30 kV accelerating voltage and 10.6 mm working dis-
tance. Secondary electron imaging of the 3D pore spaces in sand-
stone were acquired using a Zeiss EVO SEM at the Electron
Microscope Facility at Curtin University. Images were acquired us-
ing carbon coated broken surfaces of core samples using 15 kV
acceleration voltage, an aperture optimised for depth, and working
distances that ranged from 29 to 30 mm. Mineral phases were
verified in spot mode using an Oxford Instrument AZTEC energy
dispersive X-ray spectrometry (EDX) system. Cathodoluminescence
imaging was done using a TESCANMIRA3 SEM at Curtin University,
with 12 kV accelerating voltage, working distance of 16 mm, and
the large area mapping capabilities of Oxford Instruments' AZTEC
software.

5. Results

5.1. Subdivision of gamma ray log facies for the studied wells

The gamma ray (GR) logs for the four studied wells show sig-
nificant variability, and eight gamma-ray-derived petrophysical
facies have been identified based on gamma value and log motif
(GR1 to GR8 in Fig. 4, Table 3). The facies with the lowest gamma
ray response of 20e50 GAPI (GR1) typically has units on the order
of a few tens of metres thick, and has been subdivided into uniform
(20e30 GAPI), increasing-upwards, and decreasing-upwards subf-
acies, or GR1i, GR1ii, and GR1iii, respectively. Facies GR2 (40e70
GAPI) and GR3 (50e90 GAPI) have progressively higher GR re-
sponses than GR1, and have ‘irregular’ metre-scale variability with
no particular vertical trends. Facies GR4 has similar GR response to
GR2 and 3 (40e90 GAPI), but shows little, or larger-scale, internal
variability compared with GR2/3 and typically forms units between
5 and 15 m thick. GR5, GR6, GR7, and GR8 are moderate (70e100
and 100e130 GAPI, respectively), high (120e180 GAPI) and very
high (170e200 GAPI) GR units, respectively, and often show inter-
nal variability. Facies GR5e8, however, have not been further
subdivided.

There are several commonly-encountered GR facies associations
(Fig. 4). Intermixed GR2 and GR3 can be seen in the lower quarter of
Pinjarra-1 (Lesueur Sandstone) and the upper sections of Gingin-1
and Gingin-2 (upper Yarragadee Formation). Alternating sequences
of GR1 and GR6 can be seen in the Eneabba Formation in Pinjarra-1,
from the upper part of the Catamarra Coal Measures to the top of
the Yarragadee Formation in Cockburn-1, and the lower part of the
Yarragadee Formation in Gingin-1 and Gingin-2 but with propor-
tionally more GR1 than the same associations in Pinjarra-1 and
Cockburn-1. The Cattamarra Coal Measures in Pinjarra-1 and
Gingin-2 comprise alternating sequences of 5e30 m GR1 and
5e20 m GR5, with a higher proportion of GR5 at Gingin-2. In
Cockburn-1 and Gingin-1, the lower section of the Cattamarra Coal
Measures is characterised by alternating 5e25 m GR4 with
10e50 m GR7/8. The stacking patterns of the gamma facies from
each well do not show clear vertical trends Correlation between
wells based on gamma ray facies alone is almost impossible, with
the exception of the significant changes expressed in Gingin-1 and
Gingin-2 (which are only 5 km apart). The Valanginian unconfor-
mity (formerly known as the Neocomian Unconformity) does not
have a consistent, recognisable GR response between the different
wells.

5.2. Description of the core-based lithofacies scheme for the
Mesozoic strata of the central Perth Basin

Digital copies of the original sedimentary logs, digitised Well-
CAD files and associated data tables are available via the Western
Australia Geothermal Centre of Excellence data catalogue (accessed

via http://www.geothermal.org.au/). Nine lithofacies have been
identified in the cores, and are summarized in detail in Figure 2 and
Table 4. Lithofacies A are cream, medium to gravel-grade sand-
stones that have been divided into three subfacies. Lithofacies Ai
comprises beds of coarse-grained sand to gravel clasts; Lithofacies
Aii is typically cross bedded, medium-to very coarse-grained sand
with centimetre-scale fluctuations in grain size that define cross-
bed foresets; Lithofacies Aiii is typically massive, and predomi-
nantly coarse-to very coarse-grained sandstone. Lithofacies B is
predominantly cream, medium-grained sand that is mainly
massive, containing variably preserved flaser laminations with
draped laminae rich in clay, organic material and/or mica. Lith-
ofacies C consists of cream, fine-to medium-grained, cross-
laminated sandstone with carbon-, and/or clay-rich flaser drapes.
Organic fragments (coal and plant debris) are common in lith-
ofacies C to G, and thin (up to 5 cm thick) coal layers are commonly
associated with lithofacies D and E. Grain sorting generally de-
creases from lithofacies A to G. Lithofacies D consists of medium-to
pale-grey, fine-to medium-grained, homogenised sands with
rootlets (Di) and 1e10 cm thick black coal beds (Dii). Lithofacies E is
brownish grey bioturbated sands, whereas lithofacies G are muddy
laminated silts with rare burrows and synaeresis cracks. Bio-
turbation, only seen in lithofacies E and G, comprises simple sand-
filled horizontal burrows with bioturbation index (Taylor and
Goldring, 1993) ranging from 2 to 4, and the occasional escape
burrow. Lithofacies F is highly variable in grain size, and is heter-
olithic in places, comprising beige to brownish interbedded silty
fine-grained sandstone and siltstone with trough cross-lamination.

5.3. Spatial and temporal distribution of lithofacies in drill core and
comparison with respect to ‘gamma facies’

The cores from all four wells show high vertical variability in
lithofacies. In Pinjarra-1, over 80% of the cored intervals of Lesueur
sandstone comprise sands and gravels of lithofacies A and B (pre-
dominantly Ai and Aii) that correspond mainly to gamma facies
GR1 and 2. These coarse facies are interspersed with intervals of
lithofacies D and G in the upper part of the Lesueur sandstone that
correspond to minor gamma facies GR5, GR6 or the lower gamma
responses within GR4 or GR3. The overlying Eneabba Formation
predominantly comprises lithofacies F and G (combined 67%)
mainly linked to GR6 gamma facies, with 24% lithofacies A corre-
sponding to GR1 gamma facies occurring mainly towards the base
of the formation (Fig. 4). The Cattamarra Coal Measures in Pinjarra-
1 are dominated by fine-grained and heterolithic lithofacies E, F and
G (combined ~85%) corresponding mainly to GR5, GR6 or the lower
gamma responses in GR4 or GR3, with the remainder of the cored

Table 3
Gamma ray (GR) facies from Cockburn-1, Gingin-1, Gingin-1 and Pinjrarra-1.

Facies code Typical gamma
value range (GAPI)

Motif/Style

GR1i 20e30 Blocky (even) vertical profile
GR1ii 20e50 Increasing upwards profile
GR1iii 20e50 Decreasing upwards profile
GR2 40e70 Irregular metre-scale variability,

no particular vertical trend
GR3 50e90 Irregular metre-scale variability,

no particular vertical trend
GR4 40e90 Little internal variability,

typically 5e15 m thick
GR5 70e100 Typically little internal variability
GR6 100e130 Typically little internal variability
GR7 120e180 Typically little internal variability
GR8 170e200 Typically little internal variability
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intervals (~15%) only comprising coarser lithofacies Aiii linked to
GR1 (Fig. 4). The finer-grained, higher gamma response facies are
likely over-represented in upper cores of Pinjarra-1 when
compared with the downhole log response of the Cattamarra Coal
Measures and the Eneabba Formation.

In comparisonwith Pinjarra-1, the cored intervals of Cattamarra
Coal Measures in Cockburn-1 are much more variable, have a
greater proportion of coarse Ai and Aiii (Fig. 4), and in both respects
appear representative of its overall log response. Almost 50% of the
only cored interval of the Cadda Formation in Cockburn-1 is lith-
ofacies G, with most of the remainder comprising lithofacies D, and
fine sand lithofacies C that collectively correspond to GR6 (Fig. 4).
The overlying Yarragadee Formation has very variable lithofacies
distribution, with no systematic stratigraphic variations apparent
between the different wells. It is dominated by coarse-grained
lithofacies A and B, (~66%) that mainly tie to GR1 or with lower
gamma response parts of GR2. The remainder of the Yarragaddee
cores contain mainly lithofacies D to G linked to the higher gamma
facies (Fig. 4).

In Gingin-1, cores of the Cattamarra Coal Measures are almost
bimodal between coarse-grained lithofacies Aiii/B and mud/silt-
dominated lithofacies G (Fig. 4c) and in gamma response the up-
per Cattamarra Coal Measures is dominated by GR1-3, whereas the
higher gamma response GR7 dominates in the lower part of the
formation. The only cored interval of the Cadda Formation sees an
appearance of cross-bedded lithofacies Aii and muddy sandstone
lithofacies E corresponding mainly to GR5 (Fig. 4). The cored in-
tervals of Yarragadee Formation in Gingin-1 show similar lith-
ofacies variability as in Cockburn-1, and a similar distribution
(Fig. 4). In Gingin-2, the only cored intervals were the Cattamarra
Coal Measures, which showed a higher proportion of lithofacies B
and C than in Cockburn-1, with sharp, frequent lithofacies alter-
nations (Fig. 4). Lithofacies Ai and Aii are most prevalent in the

Lesueur sandstone in Pinjarra-1 (Fig. 4). When the data from the
four wells are combined, the variety and proportions of different
lithofacies are quite similar between the Cattamarra Coal Measures,
Cadda Formation and Yarragadee Formations (Fig. 5). The main
difference is that there are proportionally more cored intervals of
lithofacies Ai and Aii in the Yarragadee Formation, as opposed to
lithofacies Aiii, B and G, which are more common in the Cadda
Formation and Cattamarra Coal Measures (Fig. 5). These contrast
with the Eneabba Formation and Lesueur Sandstone, which are
dominated by lithofacies Ai, Aii, and G. When averaged across the
four wells, the Yarragadee Formation shows quite an even distri-
bution of lithofacies, whereas the cored intervals of Cadda Forma-
tion and Cattamarra Coal Measures contain >30% muddy/silty
lithofacies G (Figs. 4 and 5). Coals encountered in core are associ-
ated with (and are a sub-facies of) lithofacies D and are <5 cm thick.
Therefore, the coals are typically belowwireline log resolution, and
consequently, have not been evaluated further in this study.

All of the wells show variations in lithofacies on a small-scale
such that the mean continuous thickness of any particular lith-
ofacies is less than 1 m (Fig. 6). Cockburn-1 has the smallest-scale
lithofacies variations, with mean continuous thicknesses ranging
from 8 to 17 cm, which is approximately the scale of the individual
beds. The most continuous sections of lithofacies Ai/Aii are from
cored intervals of the Lesueur Sandstone in Pinjarra-1, with some
intervals over 4.5 m (Fig. 6). Beds of the Cattamarra Coal Measures
from all the lithofacies except C and D tend to be slightly thicker
(higher facies mean thickness) than the equivalent lithofacies in the
Yarragadee Formation above. The cored sections of Cattamarra Coal
Measures in Gingin-1 and Gingin-2 contain intervals of continuous
lithofacies Aiii and C up to 11.19 m and 7.07 m thick, respectively,
although these are uncommon (Fig. 6). Several >2.5 m intervals of
continuous lithofacies G occur in the Cattamarra Coal Measures of
Pinjarra-1, Gingin-1 and Gingin-2 (Fig. 6).

Table 4
Lithofacies from Cockburn-1, Gingin-1, Gingin-1 and Pinjrarra-1.

Facies
code

Miall (1996)
equivalent

Colour Description of sedimentary structures (Trace) fossils Interpretation of depositional
environment

Ai Sg Cream-beige Gravelly to very coarse sandstone with gravel lags.
Moderately to poorly sorted with sub-round to sub-angular
clasts. Common tabular cross-bedding with 10e80 cm beds.
Occasional erosive base. Significant variations in grain size
over centimetre-scale associated with foresets.

None High energy fluvial channel fill

Aii Sxc Cream-beige Medium to (very) coarse cross-bedded sandstone (cm-scale
variations in grain size). Moderately to well sortedwith sub-
round to sub-angular clasts. Stacked 10e70 cm beds, Rare
contorted beds.

None High energy fluvial channel
barforms

Aiii Smc Cream-beige Massive predominantly (very) coarse sandstone. 20e50 cm
beds. Generally well sorted.

None Fluidised fluvial barforms

B Smm Cream-beige Massive predominantly medium sandstone. 10e70 cm
beds. Moderately to well sorted with sub-round to sub-
angular clasts. Flaser cross-lamination with organic drapes.
Rare evidence of contortion.

None Moderate energy fluvial
barforms

C Sxff Cream-beige Fine to medium cross-laminated sandstone with carbon &
clay flaser drapes. 0.5e4 cm beds with even grain size.
Moderate sorted with sub-round to sub-angular clasts.

None Moderate to low energy stacked
2D and 3D rippleforms

D Shrm Medium to pale grey Fine to medium homogenised sandstone with rootlets.
Poorly sorted with sub-round to sub-angular clasts. Thin (1
e10 cm) coals.

None recognisable Floodplain palaeosols

E MS(b) Brownish grey Muddy bioturbated sands (with slumps & dewatering
structures). Coarsening and fining up 5e25 cm thick units.
Poorly sorted with sub-round to sub-angular clasts.

Occasional Teichichnus Swampy/lagoonal deposits,
waterlogged conditions

F MSxf Beige to brownish Interbedded silty fine sandstone & siltstone with trough
cross-lamination. 2e15 cm beds, commonly coarsening up.
Common organic fragment draped foresets. Moderately
sorted with sub-round to sub-angular clasts.

Rare Thalassinoides,
and Planolites

Crevasse splays and overbank
deposits

G MC Mid to dark brown Muddy laminated silt with carbon/plant fragments &minor
thin laminated, poorly sorted fine sandstone (gradational to
facies E & F). Rare synaereses cracks.

None Swampy/lagoonal/overbank
deposits
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5.4. Petrography and mineralogy

All of the lithofacies from the studied wells are quartz-
dominated and contain sub-angular to sub-rounded grains with
moderate sphericity (Figs. 7e9). With the exception of a few large
lithic clasts from lithofacies A and rare mud clasts in finer-grained
lithofacies, clasts are monomineralic. Lithic fragments, where pre-
sent, comprise crystalline aggregates of quartz and feldspar (now
kaolinite) ± zircon, indicative of a granitic source rock. Cross-
bedding in lithofacies Aii is defined by changes in grain size
rather than changes in mineralogy. In many samples of lithofacies A
from Gingin-1, the grain size appears to be polymodal, and conse-
quently poorly sorted (Fig. 9). Laminations in lithofacies C, D, E and
F are defined by detrital clays, organic fragments and/or heavy
minerals, such as rutile and zircon (Figs. 7e9).

Point count and image analysis data from optical microscopy
shows a correlation between lithofacies, mineralogy and porosity,
with little systematic lateral or vertical variation for the studied
wells (Fig. 10). With the exception of lithofacies D and G, Pinjarra-1
comprises 62e82% quartz, 2e13% alkali feldspar and 10e20% clay
minerals. Lithofacies D and G are clay-dominated and contain <30%
and <40% quartz, respectively (Fig. 10). Clay minerals significantly

occlude the primary porosity in all lithofacies in Pinjarra-1, with
residual porosity of <10%. In Cockburn-1, quartz content ranges
from 50 to 70% and alkali feldspar is 2e30% in lithofacies A and B
(Fig. 10). Lithofacies D to G tend to contain much less quartz
(~30e50%), virtually no alkali feldspar and up to 17% mica (Fig. 10).
Lithofacies A, B C, D and F have the highest primary porosity at any
given depth (Fig. 10). However, porosity occlusion by clay minerals
generally increases with depth in lithofacies A and B, and lithofacies
C, D and F show significant porosity occlusion by clay minerals at
most depths (Fig. 10). Despite the presence of porosity-occluding
clays, 2e18% residual 2D porosity remains in lithofacies A and B
to several kilometres (Fig. 10). Gingin-1 shows similar mineralogy
to Cockburn-1. Partial pore occlusion by clay minerals occurs across
all lithofacies, and residual porosities are generally lower than for
equivalent lithofacies in Cockburn-1 (Fig. 10).

Automated mineral mapping of selected samples from Pinjarra-
1, Cockburn-1 and Gingin-1 permits the quantification of the pro-
portion and textural context of major and trace minerals
(Figs. 11e13). These data confirm that quartz and alkali feldspar are
the main detrital minerals across the three wells, which comprise
42e92% and 2e21% of the total mineral abundance, respectively
(Fig. 14). One sample in Gingin-1 is exceptional in preserving

Figure 5. AeE Pie charts show the proportion of different core lithofacies for combined cored intervals of each stratigraphic formation represented in each well and combined
across the four wells. Note that the Eneabba Formation and Lesueur Sandstone only occur in Pinjarra-1.
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plagioclase (3.7%), which has an albite composition. Elsewhere,
plagioclase is not present as a major constituent detrital mineral.
Minor amounts (<1%) of detrital biotite and muscovite are present
in all three wells. Variations in detrital mineralogy are best
explained by a lithofacies control rather than systematic trends in
provenance over time. Detrital garnet grains occur in many of the
samples up to approximately 2% (Fig. 14). Other heavy minerals of
notable trace abundance in all three wells include monazite, zircon,
ilmenite and TiO2 minerals (rutile and anatase) (Fig. 15). Areas
mapped as TiO2 have the appearance of large detrital rutile grains
as opposed to the typical euhedral microcrystal appearance of
diagenetic anatase (Figs. 11e13). Pyrite and apatite occur at trace
levels (<0.1%) in Cockburn-1 and Gingin-1, and goethite occurs in
three samples from Gingin-1 (Fig. 15). Chlorite is generally of low
abundance (<2%), and is most abundant in lithofacies E in Pinjarra-
1 (12%) and Gingin-1 (1.5e3.6%). In sample P_2895.12 m from
Pinjarra-1, chlorite is Fe-rich, is spatially associated with detrital
biotite and muscovite and has probably formed as a diagenetic
alteration of these micas. Figure 16 illustrates that the sandstones
range from proto- and orthoquartzite (predominantly lithofacies A)
to quartz-wacke (lithofacies BeG) (Fig. 16).

5.5. Diagenesis

Kaolinite is the main clay mineral in all three wells (Figs. 11e13,
15), and commonly occurs as microcrystalline coatings on the
detrital grains and in heterogeneously distributed pore-occluding
clots. Some alkali feldspars are skeletal and/or contain kaolinite
domains. Image analysis and point count data shows that the
proportion of skeletal feldspar and primary porosity that has been
partially occluded by clays (kaolinite) increases with depth across
all lithofacies and wells (Figs. 10, 14).

Quartz overgrowth cements and elongate grain boundaries in-
crease with depth of studied wells (Figs. 7e9, 15, 17g). Pore-
occluding domains mapped as muscovite/illite common in
Pinjarra-1 samples (e.g., Fig. 11) are very fine-grained, acicular, and
occupy the central part of primary pores (Fig. 17). Illite is not

observed in the cored sections of Cockburn-1 or Gingin-1. A patchy,
pore occluding dolomite cement covering approximately 6e7%
area of petrographic sections occurs in two samples at depths close
to 1020 m in Gingin-1 (Fig. 13). No carbonate cements have been
observed in Pinjarra-1 or Cockburn-1. Small amounts of halite were
detected in all samples in Cockburn-1 (up to 1%) and some samples
in Gingin-1 (<0.1%) (Fig. 15). Sample G1_14571, from Gingin-1, is
distinctly different from other samples. It has 90% siderite and
contains 1.5% plagioclase with an albite composition, which is not
present in all but one of the other samples (Fig. 13f).

Grains in the deepest coarse-grained samples from Pinjarra-1
and Gingin-1 are fractured by multiple fracture sets (e.g., Fig. 7).
Aligned ‘fracture zones’ commonly cut across several grains. Sty-
lolites have developed along sub-horizontal clay-rich laminations
in all wells at present day depths below ~2200m (Fig. 18). Stylolites
are generally weakly developed, discontinuous, and contain greater
abundance of micas, pyrite and heavy minerals. The thickest and
highest amplitude stylolites can be observed in hand samples of
core and occur at depths greater than 3800 m in Gingin-1 and
Gingin-2 (Fig. 18).

6. Discussion

6.1. Depositional environments of the lithofacies of the central Perth
Basin

All of the lithofacies described herein are common in fluvial-
alluvial environments, and have been correlated with the lith-
ofacies scheme established by Miall (1992, 1996) (Table 3; Fig. 3). A
fluvio-deltaic origin may also be a local possibility for some facies.
Coarse grained, generally well sorted, commonly cross bedded
sediments of lithofacies A and B are consistent with migrating
barforms formed under variable energy conditions, and are inter-
preted to be predominantly fluvial channel fill deposits. Lithofacies
C is associated with migrating ripples associated with moderate to
low energy conditions. Mud drapes and flaser bedding present in
lithofacies B and C indicates fluctuating flow energy conditions. The

Figure 6. Charts to summarise the mean, minimum, and maximum continuous intervals of each lithofacies. A. Pinjarra-1. B. Cockburn-1. C. Gingin-1. D. Gingin-2. See text for
discussion.
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lack of bioturbation in lithofacies A to C supports a fluvial envi-
ronmental interpretation (Melchor et al., 2012). Rootlets and
associated thin coals of lithofacies D indicates vegetated and
commonly waterlogged conditions, which is consistent with a
floodplain palaeosol environment, or perhaps a delta plain setting.
Muds and silts of lithofacies E can be finely laminated to containing
low diversity trace fossils, including Teichichnus, lack marine in-
dicators, and are most probably associated with swampy/lagoonal
conditions. The heterolithic nature of lithofacies F is consistent with
crevasse splays and siltstone overbank deposits. Lithofacies G
associated with quiescent swampy overbank to lagoonal condi-
tions. Rare synaeresis cracks found in lithofacies G indicate sub-
aqueous shrinkage rather than desiccation, and are therefore, not
an indication of subaerial exposure (see Harazim et al., 2013 and
discussion therein).

6.2. Evaluation of lateral and vertical variations in lithofacies, and
implications for facies architecture

Gamma ray log and core analyses show that all of the studied
formations have high lithological variability throughout all four
wells. By visual inspection of Figure 4, it is interpreted that gamma

facies GR1, GR2, and GR3 broadly correspond to core-based lith-
ofacies A to B. This finding is in agreement with general corre-
spondence between core gamma value and core-based lithofacies
quantified for the Lesueur Sandstone from the Harvey-1 well, south
of the area of this study (Olierook et al., 2014a). However, it is
acknowledged that gamma facies can incorporate lithofacies vari-
ability. This can be manifest as (i) uniform, (ii) increasing upwards,
and (iii) decreasing upwards motifs for GR1 that general corre-
spond to (i) constant, (ii) fining up, and (iii) coarsening up stacking
patterns for GR1, respectively. Whilst GR does commonly link to
grain size variations (through clay content), other minerals, such as
feldspars, zircons and type of clay minerals may also affect the GR
response. All stacking variants of GR1 are seen laterally and verti-
cally. However, (i) constant and (ii) fining up patterns are more
common, which would be consistent with meandering to braided
fluvial systems. Generally, GR4 through GR8 appear to correspond
closely (but not always) with lithofacies C through G, respectively
(Fig. 4). There do not appear to be any systematic trends in the
relative proportions of mudstone/siltstone-dominated versus
sandstone-dominated lithofacies with depth, neither over the
vertical distance of a cored interval, nor at a larger-scale that cor-
relates with formation boundaries (Fig. 4). The lack of clear

Figure 7. Optical photomicrographs and mineral maps of representative samples from each lithofacies in Pinjarra-1. Samples have been impregnated with blue resin to show
porosity. See text for discussion. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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correlation between GRmotifs between the wells indicates that the
intersected geobodies are not laterally continuous in recognisable
forms over these distances (i.e., 5e145 km). The Lesueur Sandstone
and Eneabba Formation present in Pinjarra-1 are lithologically
distinctive from the other formations in that they are dominated by
coarse-grained sandstone and conglomerates of lithofacies A and
siltstone/mudstone of lithofacies G with an approximately bimodal
distribution. The Yarragadee Formation, Cadda Formation and
Cattamarra Coal Measures are indistinguishable in terms of lith-
ofacies. They contain the same set of lithofacies with approximately
similar proportions, stacking patterns, and bed thicknesses. The
conclusion is that, from the logged core intervals, there are no clear

lithological differences between these formations. There are,
however, distinct local variations between the overall GR response
between different wells, such as the Cattamarra Coal Measures and
Cadda Formation in the Gingin wells being dominated by pre-
dominantly a “spikey”, and high gamma response.

6.3. Implications for the evolution of depositional environment
during the early Mesozoic

All lithofacies are predominantly attributed to fluvial-alluvial, to
perhaps fluvio-deltaic systems with no clear, unequivocal evidence
of tidal or wave influence (e.g., Homewood and Allen,1981; McIlroy

Figure 8. Optical photomicrographs and mineral maps of representative samples from each lithofacies in Cockburn-1. Samples have been impregnated with blue resin to show
porosity. See text for discussion. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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et al., 2005). It is possible that some intervals of lithofacies G
represent marine incursions, although there are no clear indicators
of marine conditions. The sedimentary depositional environment
was probably a low-lying fluviatile coastal plain with braided to
meandering streams, overbank floodplains, swamps and lagoons
(cf., Bhattacharyya and Morad, 1993; Miall, 1996). The types and
proportions of lithofacies from the Triassic Lesueur Sandstone in
Pinjarra-1 are similar to those encountered in the Harvey-1 well to
the south (Olierook et al., 2014a). The exception is that the Yalgorup
Member in Harvey-1 contains significantly more abundant palae-
osols (vertisols), equivalent to lithofacies D (Olierook et al., 2014a).
The change from coarse-grained lithofacies that typifies the
Lesueur Sandstone to mixed lithofacies during the Jurassic could be
due to any, or all, of: (a) change in sediment supply rate from the
same source; (b) a change in depositional environment from, e.g.,
predominantly fluvioedeltaic/braided channel conditions to a
mixed coastal plain setting with lagoons and swamps; or (c) a
switch in detrital provenance caused by tectonic factors. The lack of
significant changes in detrital mineralogy, however, is suggestive
that (c) is unlikely. The results of this study are, however, unable to

resolve the contribution of (a) and (b), and there is the possibility of
a climatic influence on both (see below).

One implication of the observations that the Yarragadee For-
mation, Cadda Formation and Cattamarra Coal Measures are lith-
ologically difficult to distinguish with a lack of long term stacking
trends is that approximately similar depositional environments
persisted across the central Perth Basin during the duration of the
Jurassic. Although the Cattamarra Coal Measures and Cadda For-
mation are dominated by commonly “serrated”, high gamma ray
response units, commonly associated with finer grained lithologies
in Gingin-1 and -2 wells, this does not hold for the Pinjarra-1 or
Cockburn-1 wells. These local inter-well variations may reflect
downflow changes in fluviatile systems or perhaps temporally
limited transitions to more proximal coastal setting northwards
(Crostella and Backhouse, 2000; Weissmann et al., 2010; Hartley
et al., 2010). Although spatial and temporal variations in coals,
floodplain fines and sandstone geobodies may all link to changes in
alluvial architecture, channel sinuosity, channel-belt mobility and/
or climate without further age or lithological controls a more
detailed evaluation is not attempted here. The apparent persistence

Figure 9. Optical photomicrographs and mineral maps of representative samples from each lithofacies in Gingin-1. Samples have been impregnated with blue resin to show
porosity. See text for discussion. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Figure 10. Bar charts to show modal mineralogy from point count data, sorted by lithofacies for Pinjarra-1, Cockburn-1, and Gingin-1.
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Figure 11. Representative automated mineral analysis maps for different lithofacies in Pinjarra-1.
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Figure 12. Representative automated mineral analysis maps for different lithofacies in Cockburn-1.
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Figure 13. Representative automated mineral analysis maps for different lithofacies in Gingin-1.
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of similar depositional environments, however, throughout the
Triassic and Jurassic is consistent with steady filling of continuously
generated accommodation space in excess of 3e4 km during sub-
sidence associated with a rift phase of basin development during
this period (Harris, 1994; Song and Cawood, 2000).

The centimetre-to decimetre-scale variability of lithofacies seen
downhole, including units that are commonly associated with
lateral variability (e.g. cross-bedded sandstones, thin coals)
together with analogues of fluvial forms in modern continental
sedimentary basins is suggestive of a complex 3D architecture
(Weissmann et al., 2010; Hartley et al., 2010). It is not possible to
predict the lateral continuity and, consequently, vertical connec-
tivity of the lithofacies from the data without further constraints,
such as lithofacies interpretations of wireline logs and seismic
sections, or stratigraphic forward models that would provide sta-
tistics on likely dimensions of rock bodies. It is highly unlikely that
lithostratigraphic units identified in this study persist across the
distance between wells, and this is bourne out by analogue data
from other fluviatile systems (Miall, 1996; Hartley et al., 2010;
Weissmann et al., 2010). Nevertheless, this study provides ideal
data to benchmark wireline logs and as inputs for, or to test, very
detailed stratigraphic forward models. However, the data from this
study suggests extreme lithological variability far below the reso-
lution of seismic data, which is typically on the order of tens of
metres, and indeed centimetre-scale variability is common in cored
intervals.

Current palaeogeographic reconstructions show that the central
Perth Basin was still a continental setting bound by the Yilgarn and
Greater India during the Jurassic, fed with sediments axially from
the south, and possibly (periodically?) open tomarine conditions to
the north (Playford et al., 1976; Crostella and Backhouse, 2000). The
transition from vertisols during the Triassic in Harvey-1 (Olierook
et al., 2014a) to presence of coals throughout the Jurassic sug-
gests a shift from a seasonal warm dry/seasonally wet climate to a

consistent warm and wet climate. High rainfall rates through the
Triassic and Jurassic could also explain plentiful sediment supply
via high erosion rates and active fluvial drainage systems. A
reduction in seasonality, but consistently wet climate, through the
Triassic and Jurassic is consistent with climatic models and the rock
record for Australia as it drifts northwards at the margin of the
southern Pangean landmass (Parrish, 1993; Fawcett et al., 1994;
Rees et al., 2000). Such a climatic change from more seasonal to
more perennial wet climates from the Triassic into the Jurassic may
be a factor in the change from coarse-grained lithofacies that typify
the Lesueur Sandstone to the more mixed lithofacies that dominate
the overlying formations (cf. Miall, 1996). Inter-well variations
across the formations through the Jurassic, appear to be linked to
basin-wide variations including possible proximity to coastal areas,
down-flow variations in fluviatile style and/or local variations in
fluviatile depositional systems, rather than to climatic changes
within the Jurassic (cf. Playford et al., 1976; Miall, 1996; Crostella
and Backhouse, 2000; Hartley et al., 2010; Weissmann et al., 2010).

The general inference of tectonic activity during the Jurassic is
based on subsidence (and faulting) required to generate accom-
modation space and preserve the formations (Harris, 1994;
Crostella and Backhouse, 2000). In an ideal scenario, this would
be greatly aided by the identification of significant surfaces that
define regional transgression and erosion events in a sequence
stratigraphic framework e e.g., marine incursions and sequence
boundaries. The lack of good quality seismic survey data and cur-
rent distribution of deep wells, however, renders meaningful cor-
relations difficult and the details of this tectonism consequently
underevaluated, specifically the interaction between tectonically-
driven and eustacy-driven patterns of deposition. A sequence
stratigraphic analysis based on the four widely-spaced wells in this
study would be unwise due to age and lithological correlation
uncertainty. For example, there is inherent difficulty in recognising
canyon formation, channelisation and sediment bypass and even

Figure 14. Bar charts to show modal mineralogy from automated mineral analysis, sorted by lithofacies for Pinjarra-1, Cockburn-1, and Gingin-1.
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minor periods of regional erosion prior to further aggradation. The
'weak' marine influence could reflect the inland expression of these
marine transgressions, as could changes in alluvial architecture,
coal bed thickness and/or frequency. However, the spatial extent
and periodicity of marine-influenced deltaic and/or estuarine
conditions from the northern Perth Basin during the Mesozoic re-
mains poorly constrained, and requires further investigation. The
development of finer grained Cattamarra Coal Measures and Cadda
Formation units in Gingin-1 and -2 from the early part of the
Jurassic, however, would be inconsistent with a eustatic sea level
rise link to development of any potential incursion and/or devel-
opment of swampy conditions since this is a period of relative
eustatic low within the Triassic/Jurassic (cf. Haq et al., 1987, 1988).
Nevertheless, the aggradational stacking patterns of fluvial-
dominated facies indicates a balance between consistent sedi-
ment input and tectonically driven subsidence. The lack of well
defined/thick marine/pro-deltaic mudrock intervals indicates that
in general eustacy had little or no impact in the central Perth Basin
during the Triassic and Jurassic. The general rise in eustatic sea level
inferred through the Triassic to Jurassic of around 150 m (Haq et al.,
1987, 1988) may have contributed to minor generation of accom-
modation space in the Perth Basin. Tectonic subsidence must,
however, have been the main driver allowing the accumulation of
>3e4 km of predominantly terrestrial sediments during the
Triassic and Jurassic.

6.4. Detrital mineralogy

The detrital mineralogy of samples from Pinjarra-1, Cockburn-1,
and Gingin-1 is dominated by monocrystalline quartz (approxi-
mately 50e90%), with rare polycrystalline quartz, a moderate
amount of alkali feldspar (approximately 5e20%) and very minor

amounts (approximately <5%) of garnet, organic fragments,
muscovite and biotite, and rare albite in Gingin-1. Trace (<1%)
zircon, rutile, monazite, apatite and titanite are common. Plagio-
clase is uncommon, only occurring in two samples in Gingin-1,
which probably reflects its instability through sedimentary and
diagenetic processes. In the deeper sample detrital plagioclase was
incorporated into a heavily siderite cemented zone of early diage-
netic origin and thus preventing access of pore fluids that might

Figure 15. Bar charts to show modal trace mineralogy from automated mineral analysis, sorted by lithofacies for Pinjarra-1, Cockburn-1, and Gingin-1.

Figure 16. Ternary plot for sandstone after Selley (1988) based on mineralogy from
AMA data shown in Figure 14.
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Figure 17. Scanning electron microscope images of sandstones of the central Perth Basin. A. to D. Backscattered electron images of pore-occluding cement phases in very coarse
sandstone typical of lithofacies A of the Lesueur Sandstone, Pinjarra-1 well. All phases verified via energy dispersive x-ray analyses. E. and F. Secondary electron images of a broken
surface of a coarse sandstone typical of lithofacies Aii from the Yarragadee Formation, Cockburn-1 well. G Cathodoluminescence image of cement phases sandstone of lithofacies B,
Cattamarra Coal Measures, Gingin-1 well. In all cases, clay minerals commonly fill the residual pore throats at grain contacts.
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otherwise have caused plagioclase dissolution. However, in the
sample at 3643.6 m, there is no such siderite present.

There does not seem to be any systematic changes inmineralogy
across the four wells. Mineralogy changes heterogeneously with
depth in all four wells. These variations are consistent with a strong
correlation between lithofacies and mineralogy. Lithofacies A tends
to be the most quartz-rich, which probably reflects greater win-
nowing associated with high energy channel fill processes. Finer-
grained lithofacies DeG have variable but low proportions of
quartz, and significant amounts of clays (kaolinite). Lithofacies EeG
contains more detrital mica and organic fragments, which tend to
be abundant on lamination surfaces. The high proportion of
authigenic clays and presence of skeletal feldspar in most samples
prevents the use of traditional ternary classification schemes for
sandstones (Selley, 1988).

Overall, the detrital mineralogy is consistent with cratonic and/
or metamorphic sources. Other than garnet, no specific meta-
morphic indicator minerals were present. It is difficult to precisely
pinpoint the exact provenance of the sediments. They could have
been sourced from any or all of the Yilgarn Craton, the North-
ampton Block, the Leeuwin block, Antarctica or Greater India,
which would all have granitic composition rocks with garnet-rich
metamorphic rocks.

Most quartz grains in the sandstones are sub-angular to sub-
rounded. This indicates moderate distance from source and/or

some secondary phase reworking from the older sedimentary basin
fill. The source of sediment is probably the Yilgarn Craton or re-
worked from younger rocks overlying the Yilgarn (cf. Miall, 1996;
Descourvieres et al., 2011). The Cadda Formation in Gingin-1 has
>80% quartz in its two samples and is significantly more rounded,
even for gravel-sized grains. Furthermore, it is better sorted than
other sandstones. This suggests high degrees of winnowing, greater
detrital transportation, perhaps more second phase reworking (cf,
Sircombe and Freeman, 1999; Cawood and Nemchin, 2000).

6.5. Diagenesis

Diagenetic quartz present as grain overgrowths and fracture-fill
cement precedes the development of authigenic clay minerals
(Fig. 17g). The kaolinite in the sandstones does not have the
appearance of inherited detrital clay coats because it is not present
at grainegrain point contacts. Either detrital clay coats were un-
common, or have been removed in the high energy fluvial envi-
ronment. Kaolinite in these rocks has a book-like habit, and is
consistent with development via diagenetic dissolution of feldspars
by the action of low-pH groundwater conditions (Worden and
Morad, 2003). This process is more prevalent in permeable sedi-
ments, such as channel sand deposits (Worden and Morad, 2003).
The presence of kaolinite-filled skeletal feldspars in the low energy,
swampy and lagoonal facies indicates that some of the kaolinite is

Figure 18. Frequency histograms of stylolites with downhole depth. A. Pinjarra-1. B. Cockburn-1, C. Gingin-1, D. Gingin-2. The depths sampled by core are indicated by grey lines.
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likely to be eogenetic. However, a proportion of the total clay
content could have resulted from grain coating by percolation of
mud-rich surface waters in floodplain environments (Worden and
Morad, 2003).

The increased abundance of kaolinite with depth is a major
factor in the reduction of porosity with depth across all wells.
Patchy dolomite cements are rare in the region, and are most likely
to have formed later than kaolinite (Fig. 13c). The origin of minor
halite in Cockburn-1 samples is unknown but it may be a
contaminant from the drilling process. However, records of the
drilling fluid, etc., from the time of drilling are not available. Pre-
vious x-ray diffraction studies in the Cattamarra Coal Measures
(below 3600 m) found that on average each sample from Gingin-1
(and Gingin-2 at equivalent depth) contained clay fractions
comprised of 75% kaolinite, 23% chlorite, and 2% illite relative
concentrations (Macchi, 2000). The clay fraction of one sample of
coarse-grained sandstone contained 65% illite/smectite and 35%
kaolinite. The development of diagenetic illite has significantly
reduced the porosity in Pinjarra-1, but is generally not present in
Cockburn-1 or Gingin-1. This suggests that this well has undergone
a different burial and/or thermal history to the other wells. Trans-
formation of kaolinite to illite requires Kþ in solution and is prev-
alent at temperatures greater than approximately 70 �C and
pervasive at temperatures greater than 130 �C (Worden andMorad,
2003). Therefore, greater burial and subsequent uplift of the
southern part of the area could explain the prevalence of illite in
Pinjarra-1, and is consistent with the change in depth of the
stratigraphic formations across the four wells. However, there is no
significant difference of the upper limit of stylolite formation be-
tween the wells, as could be expected for differential burial/exhu-
mation histories between the wells. Alternatively, Pinjarra-1 could
have experienced higher temperatures during diagenesis due to
heat transport associated with nearby faults, and/or underlying
basement rocks with higher heat production. It is possible that the
Logue Brook Granite, which outcrops to the east of the Darling Fault
at the same latitude as Pinjarra-1 (Nemchin and Pidgeon, 1997;
Wilde, 1999; Wilde and Nelson, 2001), extends beneath the re-
gion of Pinjarra-1 to the west of the Darling Fault. However, this is
difficult to verify due to the thickly developed succession in this
part of the basin. Buried granites of the Northampton Complex have
been suggested as an influence on the anomalously high apparent
modern day heat flow in the northern Perth Basin north of latitude
30�00’ (Hot Dry Rocks Pty. Ltd, 2008).

Burial-related stylolites occur below 2000 m and are weakly
developed in the central Perth Basin, and it is anticipated that
stylolites are unlikely to have significant effects on the vertical
permeability at depths <3800 m. Pervasive, burial-related intra-to
transgranular fractures of coarse grained sedimentary rocks at
depths greater than 2900 m in Gingin-1 and 2400 m in Pinjarra-1
have probably formed in response to compaction-related stresses
during burial. The effects of this microcrack damage on

permeability are unclear, and would depend on the fracture
orientation distribution, density with respect to the geometry of
the applied stress field (Brace,1978; Bruno,1994; Heiland and Raab,
2001; Simpson et al., 2001). Figure 19 summarises the paragenetic
sequence in the central Perth Basin.

6.6. Implications for exploitation of deep aquifers in the Perth
region

High vertical variability in lithofacies in the wells is an impor-
tant factor in modelling and understanding subsurface hydraulic
and thermal regime (see Corbel et al., 2012; Reid et al., 2012; Timms
et al., 2012; Delle Piane et al., 2013; Esteban et al., 2015). Delle Piane
et al. (2013) reported a first-order correlation between the lith-
ofacies types described herein with porosity, permeability and
thermal conductivity measured from 164 core plug samples across
the four wells. For each lithofacies type, both porosity and
permeability generally diminish with depth. They showed that
petrophysical properties of the Mesozoic stratigraphy of the central
Perth Basin are dominated by intraformational lithological vari-
ability with no significant differences that characterise facies of one
formation from another. Porosity and permeability of the Lesueur
Sandstone from the Harvey-1 well are also strongly controlled by
lithofacies and depth (Olierook et al., 2014a). From the data
collected on four widely-spaced wells the central Perth Basin in this
study, the Mesozoic aquifers seem to be constituted of finely
alternating reservoir units with good hydraulic and thermal prop-
erties and buffer zones which may act as hydraulic and thermal
baffles or barriers (cf. Descourvieres et al., 2011). So far, the vertical
and lateral connectivity of such zones remains unknown, but these
are predicted to be medium to short-ranging given the interpreted
braided to meandering fluvial setting. Consequently, vertical
permeability is predicted to be much lower than lateral perme-
ability over metres to hundreds of metres scales, which has im-
plications for fluid migration. However, given the uncertainty
surrounding the style of facies architecture (i.e., braided versus
meandering fluvial systems) it is difficult to resolve further impli-
cations with respect to aquifer connectivity and geometry, such as
empirically derived channel belt widths, mud-plugged abandoned
channels, meander/cut-offs, floodplain lakes, etc. Cross bedded
sandstones of Lithofacies Aii from the Lesueur Sandstone in
Harvey-1well (~2500m depth) have strongmeasured permeability
anisotropy at the core plug scale (Olierook et al., 2014a) Therefore,
permeability heterogeneity and anisotropy needs to be accounted
for in future fluid dynamic and geothermal modelling of the deep
aquifers of the Perth Basin at a range of scales.

7. Conclusion

� Sedimentary rocks of the Mesozoic aquifers in the central Perth
Basin have been characterized via a detailed lithofacies scheme

Figure 19. Paragenetic sequence for the central Perth Basin.
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that indicates deposition in a range of predominantly fluvial-
alluvial to perhaps fluvio-deltaic environments. Fluviatile sys-
tems resulted in predominantly aggradational deposition of
>3e4 km of basin fill during long-lived (Triassic to Jurassic)
subsidence of the Australian passive margin of Pangea.

� Downhole variation in lithofacies on the order of 10 cm to
approximately 2 m vertical scale is observed in all formations
across the studied wells, probably associated with local depo-
sitional environments in a braided to meandering fluviatile
system with a complex 3D stacking pattern.

� The detrital mineralogy is dominated by monocrystalline quartz
and amoderate amount of alkali feldspar, with some lithofacies-
dependence of the modal proportion of minerals. Yet, little
variation between equivalent lithofacies from different depths,
formations or wells indicates no significant change in prove-
nance throughout the central Perth Basin during the Mesozoic
era (cf. Descourvieres et al., 2011).

� Grain size and sorting, that have a first order control on porosity,
are strongly lithofacies dependent. Individual lithofacies types
show a trend of decreasing porosity with depth due to the
increasing effects of compaction, quartz overgrowth cementa-
tion, and authigenic clay mineral development.
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INTRODUCTION 

  
The Bunbury Basalt is the collective term for a series of lava 
flows that represents the only Mesozoic magmatism in the 
Perth Basin, Western Australia, and is restricted to the 
southernmost part of the basin.  It is interpreted to be 
associated with the breakup of eastern Gondwana and the 
emplacement of the Kerguelen large igneous province (Frey et 
al., 1996).  The Perth Basin is a north–south trending 
sedimentary basin that stretches along the western coastline of 
Australia between latitudes 27°S and 35°S (southern end 
shown in Figure 1).  Deformation in the Perth Basin is 
dominated by listric, extensional, north to north-west trending 
faults, compartmentalizing the basin into a series of sub-basins 
that controlled the distribution of sediments and subsequent 
fluid flow (Song and Cawood, 2000). 
 

 
Figure 1.  First vertical derivative of total magnetic 
intensity showing aerial extent of the Bunbury Basalt. 
 
The Bunbury Basalt is situated in the southern Perth Basin, 
which comprises (from east to west) the Bunbury Trough and 
the Vasse Shelf, bounded by the Darling, Busselton and 
Dunsborough Faults, respectively (Figure 1).  Permian to 
Recent sediment was deposited (Crostella and Backhouse, 
2000).  However, identifiable faults and stratigraphic 
correlation between drill holes is impeded by sparse well 
coverage, poor quality seismic data, and the predominantly 
sand-rich, fluviatile nature of lithofacies.  The poor-quality 
seismic data (Iasky, 1993) and regional gravity data (Iasky and 
Lockwood, 2004) inhibit the identification of all but the 
largest and deepest faults.  However, the Early Cretaceous 
Bunbury Basalt (~123–132 Ma; Frey et al., 1996) is much 
easier to distinguish due to its distinctly higher magnetic 
susceptibility in aeromagnetic images and clear lithological 
contrast to the surrounding sedimentary rocks.  Therefore, the 
Bunbury Basalt provides useful stratigraphic marker that 
could facilitate the identification of post-flow deformation in 

SUMMARY 
 
The Bunbury Basalt is a series of lava flows in the Perth 
Basin, Western Australia, and is interpreted to be related 
to the breakup of eastern Gondwana during the Early 
Cretaceous.  We integrate new aeromagnetic images with 
available well intersections and outcrop constraints to 
establish the first 3D model of the Bunbury Basalt.  The 
model reveals that the flows can be up to 100 m thick and 
are predominantly confined to two paleochannels and 
their tributaries situated in the Bunbury Trough in the 
southern Perth Basin. The Donnybrook paleochannel 
flows proximal to the Darling Fault and is cut by the 
Bunbury paleochannel, which is positioned centrally in 
the Bunbury Trough and contains two flow episodes.  
The model illustrates a dominantly north–south axial 
paleo-drainage pattern that existed in the southern Perth 
Basin prior to Gondwana breakup.  The 3D model 
provides a present-day volume of 90 km3 with an aerial 
extent of 3300 km2.  Offsets of the Bunbury Basalt have 
been used to identify new northeast and northwest 
trending faults in the southern Perth Basin, and broad 
folding is interpreted to a consequence of drag into the 
Darling and Busselton Faults.  The source vents for the 
Bunbury Basalt were probably located at extensional jogs 
at intersections between the Darling and Busselton Faults 
with subordinate oblique faults.  
 
Key words: Perth Basin; 3D Model; Large Igneous 
Provinces; Supercontinent Breakup 
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the basin, such as faults and folds, and test previous tectonic 
interpretations. The Bunbury Basalt is thought to comprise at 
least two flow episodes separated by a thin sedimentary layer 
and is exposed in several outcrops and has been intersected by 
more than 290 drill holes (Figure 1) (Iasky and Lockwood, 
2004).  Yet, it is poorly understood how the outcrops and 
well intersections are spatially linked, and little is known 
about the preserved volume and areal extent of the Bunbury 
Basalt.  Furthermore, the location(s) of the original extrusive 
centre(s) are poorly constrained.  New, high resolution 
aeromagnetic data, acquired by the Geological Survey of 
Western Australia in 2011, have become available that could 
give new insights into the geometry of the Bunbury Basalt. 
 
This work aims to constrain the 3D geometry of the Bunbury 
Basalt for the first time by integrating recently acquired 
aeromagnetic survey data with all available well and outcrop 
data, to produce a 3D model.  We use the 3D geometry to 
resolve: (a) the spatial distribution and preserved volume of 
the Bunbury Basalt in southwestern Western Australia; (b) the 
source conduits of the basalt lava flows; (c) the paleo-drainage 
patterns at the time of eruption, and; (d) structural deformation 
in the southern Perth Basin since basalt emplacement.  
Knowledge of the paleo-drainage patterns and fault 
distribution/kinematics are useful for understanding the 
tectonic evolution of the southern Perth Basin, and could aid 
correlation of stratigraphy across the basin. 
 

METHODS 
 
The geometry of the Bunbury Basalt was determined using: (a) 
recently-acquired regional airborne magnetic data collected in 
2011 and legacy regional airborne magnetic data collected in 
1957; (b) 290 Bunbury Basalt-bearing drill holes and >30,000 
non-basalt bearing drill holes, and; (c) previously and newly 
identified faults from sharp offsets in the basalt geometry 
(Figure 1).  Aeromagnetic data were processed using Oasis 
Montaj® software in order to visualize the magnetically-
anomalous Bunbury Basalt within a relatively magnetically-
homogeneous sedimentary sequence.  The data were gridded 
to 100 m, reduced-to-pole, and then further processed to 
produce a first vertical derivative to aid in distinguishing the 
basalt boundary.  A depth inversion via standard Euler 
deconvolution was resolved and compared to Euler 
deconvolution solutions produced for the legacy 
aeromagnetics (Iasky and Lockwood, 2004) to estimate depth 
solutions away from drillholes.  The 2011 aeromagnetic 
survey covers onshore areas only, and so lower resolution 
legacy aeromagnetic data were used to constrain the offshore 
extent of the Bunbury Basalt (Iasky and Lockwood, 2004).  
 
Three-dimensional modelling of the Bunbury Basalt utilized 
Petrel E&P 2013 to process the data. This modelling was done 
in several stages. (1) a digital elevation model (DEM) was 
generated in Petrel E&P software.  (2) Data from all drill holes 
that contained basalt (n=290) and those that did not contain 
basalt (n>30 000) were entered into Petrel and used to model 
the basalt as a continuous sheet using a convergent 
interpolation algorithm.  (3) Aeromagnetic images indicated 
that the Bunbury Basalt is restricted to two sinuous, 
magnetically-anomalous bodies. With this information, the 
model was re-interpolated so that the base and top of the flows 
terminate outside these paleochannels.  (4) Drill hole 
constraints were supplemented with the total magnetic 
intensity and the relative Euler deconvolution depth solutions 

to model areas with little drill hole constraints.  (5) The 3D 
architecture of the offshore expression of the Bunbury Basalt 
is not penetrated by drill holes. The areal extent was obtained 
from legacy aeromagnetics. The basalt’s top elevation was 
modelled using the breakup unconformity surface as the top of 
the basalt (from 2D seismic). The base was modelled 
according to the total magnetic intensity, using known 
thickness–intensity relationships from onshore domains.  (6) 
The position and displacement sense of faults were inferred 
from a combination of: (a) previously mapped large-scale and 
deep-seated faults; (b) vertical offsets in the top and base of 
the Bunbury Basalt where well constraints were sufficiently 
dense; (c) topographic scarps visible in the DEM; (d) linear 
features seen in the first vertical derivative aeromagnetic 
image, and; (e) mapped lateral juxtaposition of different 
outcropping rock units.  The basalt base and top surfaces were 
re-interpolated to incorporate displacement across inferred 
faults to minimize surface curvature (Figure 2).  
 

 
Figure 2.  3D model of the Bunbury Basalt.  Arrows 
indicate important locations discussed in text.  
 

RESULTS & DISCUSSION 
 

Distribution and timing of the Bunbury Basalt flows 
The spatial distribution of basalt-bearing drill holes and 
outcrops show that the Bunbury Basalt is restricted to the 
Bunbury Trough, the westernmost Yilgarn Craton and 
easternmost Vasse Shelf (Figure 1).  Aeromagnetic data show 
that the lava flows constrained from drill holes and outcrops 
coincide with two spatially- and texturally-distinct high 
frequency, high amplitude ‘channels’ with numerous 
‘tributaries’.  These are interpreted to be paleochannels that 
reflect the fluvial drainage pattern immediately prior to 
extrusion of the basalt. In this study, the western channel is 
referred to as the Bunbury Channel, and the eastern channel as 
the Donnybrook Channel.  Isolated magnetic localities with 
similar magnetic texture/intensity are proximal to the main 
channels, and as such are probably related to the Bunbury 
Basalt.  Drill holes in the neighbouring, relatively 
magnetically-homogeneous Bunbury Trough do not intersect 
the lava flows, indicating it is restricted to the meandering and 
sinuous channels.  The majority of drill holes within the 
Bunbury Channel record two intervals of basalt, separated by 
up to 6 m of sedimentary rock.  The thicknesses of the two 
intervals vary spatially, which corresponds to their positions 
within the channel.  Within the Donnybrook Channel, drill 
holes only ever penetrate a single interval of basalt.  
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The Bunbury Channel is situated centrally within the Bunbury 
Trough and typically has a heterogeneous negative 
aeromagnetic anomaly (i.e., has a total magnetic intensity that 
is consistently lower than the surrounding sedimentary 
rock/basement).  The Donnybrook Channel straddles the 
Darling Fault and has a homogeneous positive aeromagnetic 
anomaly.  The contrasting negative and positive aeromagnetic 
anomalies of the Bunbury and Donnybrook Channels, 
respectively, indicate different thermoremanent magnetization 
orientations, implying that the basalt within the two 
paleochannels erupted at different times (i.e., the two flows 
erupted during different magnetic pole orientations) (Iasky 
and Lockwood, 2004).  This indicates that the basalt extruded 
over a period that spanned at least one polar reversal.  The 
Donnybrook Channel cooled when the magnetic pole was in a 
similar orientation as it is at present (i.e., north), whilst the 
opposite is true for the Bunbury Channel (i.e., south).  The 
textural heterogeneity in the Bunbury Channel may be 
produced by destructive interference from stacked flows of 
different thicknesses and oppositely directed magnetic polarity 
flows.  We know that two flows constitute the Bunbury 
Channel, and thus, if the thicker flow is over- or underlain by 
a thinner flow with a northerly polarity, the polarities of the 
two flows partially cancel each other (i.e., destructive 
interference), whilst still showing an overall negative 
anomaly.  This indicates that the two Bunbury Channel flows, 
separated by sediment, cooled during different polar 
orientations. No absolute ages exist for the Donnybrook 
Channel or the lower flow of the Bunbury Channel, but 
relative relationships may be established from a cross-cutting 
relationship between the Bunbury and Donnybrook Channel 
near the town of Bunbury (Figure 3).  Drill hole data and 
aeromagnetics indicate that the originally continuous Bunbury 
Channel had been eroded by a cross-cutting paleochannel, 
followed by eruption of the Donnybrook Channel basalts into 
this new paleochannel. Subsequently, deposition of non-
magnetic sediment occurred into this paleochannel.  

 
 
Figure 3.  Schematic showing relationship between the 
Bunbury & Donnybrook Channels and sedimentary fill. 
 
Interpretation of conduits for Bunbury Basalt flows  
The most elevated points of the Bunbury Basalt are on the 
Yilgarn Craton, which were still topographically in the Early 
Cretaceous.  The Donnybrook Channel encroaches at three 
locations onto the Yilgarn Craton and the Bunbury Channel is 
connected to the Yilgarn via a tributary channel at latitude 
33°50’S (Figure 1).  Therefore, the source of eruptions, for 
both the Bunbury and Donnybrook Channels, would have 
been on- or near the Darling Fault to allow lava to flow onto 
the Yilgarn Craton.  Although there could be other feeder 
vents that have now been eroded, the most likely locations are 

at the three lobes of basalts onto the Yilgarn Craton (Figure 
1).  All three postulated vent sites are located at releasing jog 
fault intersections between the Darling Fault and newly-
identified NW- or NE-striking faults, thereby producing pipe 
conduits aiding the ascent of magma to the surface.  
Unfortunately, magnetic source depth modelling failed to find 
any pipe conduits because of interference with the 
magnetically chaotic Yilgarn Craton and the possibility that 
the feeder vents are too thin to be detected by the regional 
aeromagnetic survey.  Other source locations are unlikely 
because significant upstream flow would be required to 
deposit the Bunbury Basalt on the Yilgarn Craton. 
 
Paleo-drainage as indicated by the basalt geometry  
The lava flows are controlled by the pre-emplacement fluvial 
architecture and comprise of meandering and straight 
segments, which are controlled by a combination of low-
gradient topography (<1°) and incision along pre-existing fault 
scarps, respectively.  The 3D model provides a present-day 
volume for the Bunbury and Donnybrook Channel of 43 and 
47 km3, respectively, with an aerial extent of 1300 and 2000 
km2, respectively.  The ratio of the total volume (90 km3) to 
the areal extent of the basalt (3300 km2) yields an average 
thickness of ~30 m, but this is not evenly distributed.  The 
thickness of the basalt varies from 0.1 to 106 m. The thickest 
intervals are recorded centrally within broad sections of the 
Bunbury Channel.  The channelized flows are typically 
thickest in the centre of the main paleochannels, averaging 
70–80 m in the Bunbury Channel and 60–70 m in the 
Donnybrook Channel.  The basalt thins progressively towards 
the edges and towards the tips of tributaries. Locally, thin 
(<20 m) splays of thin basalt occur outside the channel, 
presumably channel-breach or overbank flows, particularly in 
the Bunbury Channel.  There is no systematic onshore 
thickness variation from north to south.  Offshore, the basalt 
thins to 30–40 m in the centre to <10 m on its margins. 
Minimal channel-breach/overbank implies that the 
paleochannels were deeply incised, although it is possible that 
more channel-breach basalt has since been eroded.  
 
If indeed the source vents for the flows were situated along the 
Darling Fault in the vicinity of Donnybrook, then this implies 
the lava flowed westward down a Yilgarn-sourced tributary 
and then both northward and southward along the axial 
paleochannels.  It is very unlikely that the drainage was only 
northwards or southwards, as this is incompatible with the 
angles created between the tributary and main channels, and 
the general widening of the main channels both southwards 
and northwards (Figure 1).  The Early Cretaceous drainage 
system is contrasting to the modern-day Perth Basin drainage, 
where all approximate east–west.  This implies that between 
the Early Cretaceous and present-day, the direction of axial 
drainage changed from predominantly north–south to 
predominantly east–west. 
 
Faulting and folding in the southern Perth Basin since 
extrusion of the Bunbury Basalt 
Paleo-drainage patterns have indicated that channels were 
originally horizontal.  Thus, angles higher than this in the 
present-day geometry are attributed to subsequent 
deformation, namely faulting and folding. Sharp offsets in the 
flow tops and bases have led to the identification of several 
new faults (Figure 2).  The newly identified faults may be split 
into NE- and NW-striking sets.  The NW-striking set 
consistently cross-cuts and offsets the NE-striking set.  
Aeromagnetic anomaly maps indicate that the faults have no 
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measurable strike-slip component (Figure 1).  The geometry of 
cross-cutting structures indicates that these faults are normal 
dip-slip, and preserve net normal displacement.  The Darling 
and Busselton Faults have the largest throws (370 and 210 m, 
respectively), although the Busselton Fault displacement is 
only constrained from two points near the southern end of its 
strike, and is expected to be larger near the centre of the fault 
(Figure 4).  One NW- and one NE-striking fault between 
latitudes of 33°25’S and 33°35’S have displacement 
magnitudes of 135 and 175 m.  The remaining eight identified 
faults have displacements in the range of 30 to 75 m.  Thus, 
faulting of the Bunbury Basalt is characterized by polymodal 
faulting, including normal, dip-slip displacement along the 
Darling and Busselton Faults, and sets of subordinate NE- and 
NW-striking faults (Figure 4).  

 
 
Figure 4.  Minimum net displacement of Darling & 
Busselton Faults, and newly identified NW- and NE-
striking faults since eruption of the Bunbury Basalt. 
 
The NE- and NW-striking faults are correlated to similar sets 
in the northern Perth Basin, which are reported to have 
initiated during the Permian and Triassic for the NE- and NW-
striking faults, respectively (Pryer et al., 2005).  Re-activation 
of the NE-striking faults probably occurred as greater India 
drifted away from Australia–Antarctica in the Early 
Cretaceous because this is consistent with the directions of 
tectonic stress directions at this time (Pryer et al., 2005; Song 
and Cawood, 2000).  This was then followed by re-activation 
of NW-striking faults, probably when Antarctica drifted away 
from Australia in the Late Cretaceous to be compatible with 
tectonic stress directions in the Late Cretaceous. 
 
The Bunbury Basalt flows also show a regional-scale, north–
south trending anticline in the Bunbury Trough (Figure 2).  
This is interpreted to be due to symmetrically opposite drag 
folding during normal-sense displacement along the Darling 
and Busselton Fault activity.  This anticline is roughly 
equidistant from both the Darling and Busselton Faults, 
implying that the drag in magnitude by both faults was 
approximately equal. The dip of the Bunbury Basalt increases 
exponentially from the centre of the anticline out towards the 
two faults.  This phenomenon has also been observed from 2D 
seismic (Iasky and Lockwood, 2004) in post-breakup 
sedimentary strata off the south coast.  
 

CONCLUSIONS 
 
The Bunbury Basalt comprises three distinct lava flows in two 
paleochannels, two in the western Bunbury Channel and one 
in the eastern Donnybrook Channel, and several deeply-buried 

sheeted sills.  The Donnybrook Channel cross-cuts at least one 
of the Bunbury Channel flows, although it may cross-cut both 
flows in the Bunbury Channel.  Conduits for both the Bunbury 
and Donnybrook Channels were identified as one (or more) of 
three possible vents at fault intersections between the Darling 
Fault and subordinate NE- or NW-striking faults.  The net 
normal sense observed in the Darling Fault and these 
subordinate faults could have resulted in releasing jogs, 
allowing magma to rise to the surface.  Deeply-buried sills 
probably utilized the Busselton Fault and possible subordinate 
cross-cutting faults as conduits for magma ascension and 
discontinuously intruded into the heterogeneous sedimentary 
rock.  The Bunbury Basalt fills a north–south axial fluvial 
system that is controlled by pre-Cretaceous topography and 
fault scarps.  Its total volume (90 km3) is primarily onshore 
and restricted to the deep channels, with minor channel-breach 
splays to the north and south.  Early Cretaceous paleo-
drainage allowed the Bunbury Basalt to flow westwards down 
a Yilgarn-sourced tributary into a large north–south axial 
drainage system.  The channel morphology indicates that it 
probably flowed both north and south from this central 
tributary.  The switch to the modern-day east–west dominated 
drainage pattern in the Perth Basin must have occurred since 
the extrusion of the Bunbury Basalt.  Offsets of the Bunbury 
Basalt have been used to identify new northeast and northwest 
trending faults that were active after the deposition of the 
Basalt, and broad folding is interpreted to a consequence of 
drag into the Darling and Busselton Faults.  
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INTRODUCTION 

  
The Perth Basin in southwestern Australia has a protracted 
history involving multiple rifts throughout the Permian and 
Mesozoic before the eventual drift of greater India, followed 

by Antarctica.  Phases of Permian–Recent subsidence and 
siliciclastic fill have been interspersed with regional 
unconformity-forming events.  In the central and southern 
Perth Basin, the most significant unconformities are the 
Permian–Triassic (~251 Ma), Triassic–Jurassic (~198 Ma), 
Valanginian (Early Cretaceous; ~133 Ma) and Aptian–Albian 
(Early Cretaceous; ~113 Ma) (Crostella and Backhouse, 
2000).  The Permian–Triassic unconformity is associated with 
the uplift of the Harvey Ridge, a major horst structure that has 
been postulated to have undergone significantly more 
exhumation than its adjacent sub-basins (Iasky, 1993).  The 
Triassic–Jurassic unconformity has only been associated with 
localized exhumation in the southern Perth Basin, which was 
accommodated by re-activation of the Dunsborough Fault, a 
major fault that juxtaposes the Perth Basin stratigraphy with 
the Precambrian Leeuwin Complex (Song and Cawood, 
2000).  The Valanginian unconformity is associated with the 
breakup of Gondwana and the drifting of greater India from 
the Austral–Antarctic portion (Crostella and Backhouse, 
2000).  The last major recorded unconformity-forming event 
in the Mesozoic was at the Aptian–Albian boundary, but this 
is thought to have resulted in relatively little exhumation and 
structural deformation, and rather represents a hiatus 
(Crostella and Backhouse, 2000).  Rocks that could elucidate 
on the separation of Australia from Antarctica in the Late 
Cretaceous (90–87 Ma) are only preserved in a small offshore 
portion in the Perth Basin.  However, exhumation during these 
times has not been adequately quantified across the Perth 
Basin, even though its quantification has significant tectonic 
and petroleum implications.  In this study, we use sonic transit 
time (Δt) analysis as a proxy for exhumation, as has yielded 
the most precise estimates over other methods of 
quantification.  These data are used to establish the magnitude 
of net exhumation for each well in the central and southern 
Perth Basin for stratigraphic formations from four time 
periods that bracket the key unconformity-forming events.   
This then allows the elucidation of the basin’s exhumation 
history, insights into the timing and magnitude of structural 
deformation, and tectonic implications during breakup. 
 

METHOD 
 
Exhumation term definitions 
Exhumation is a unique term that describes and measures both 
the upwards vertical displacement of a rock column (i.e., 
uplift) and the associated removal of overburden (i.e., 
erosion), relative to a specified reference frame.  To be clear, 
we use terms defined by Corcoran and Doré (2005) and define 
a new term ‘interval exhumation’ (Table 1, Figure 1). 

SUMMARY 
 
The Perth Basin in southwestern Australia has an 
extended history involving multiple regional 
unconformity-forming events from the Permian to 
Cretaceous.  The central and southern Perth Basin is the 
closest basin to the relict triple junction of eastern 
Gondwana and comprises a complete Permian to Recent 
stratigraphy, thus recording the full history of the breakup 
events.  We use sonic transit time analysis to quantify the 
magnitudes of net exhumation and the minimum 
differences in net exhumation across different time 
intervals (here called ‘interval exhumation’) for four 
stratigraphic periods from 37 wells.  We were able to 
quantify the minimum interval exhumation of the 
Permian–Triassic, Triassic–Jurassic, Early Cretaceous 
breakup and post-Early Cretaceous events.  The Permian–
Triassic and Triassic–Jurassic events recorded spatially 
varied exhumation, up to 1000 m, across sub-basins.  
These localized variations are caused primarily by reverse 
(re-) activation of NW- and N-striking faults in the 
Permian–Triassic and Triassic–Jurassic events, 
respectively.  The Valanginian breakup unconformity 
(~133 Ma) records approximately 400 m of basin-wide 
interval exhumation during the breakup of Gondwana, 
which implies a change to relatively uniform exhumation 
on a regional scale.  Using published uplift rates for 
volcanic and non-volcanic passive margins, estimates of 
the time required for 400 m of exhumation vary from 6 to 
20 Ma, respectively.  A volcanic margin is far more likely 
given that post-breakup sedimentation commenced 2–7 
Ma after breakup.  Lastly, post-breakup interval 
exhumation ranges from 0 to 800 m.  The highest values 
are in the hangingwall blocks of faults.  Up to 200 m may 
be locally caused by reverse fault re-activation due to the 
present-day compressional stress state of Australia.  The 
remainder is attributed to regional exhumation caused by 
dynamic topography in the last 50 Ma. 
 
Key words: Uplift; Erosion; Sonic velocity; Western 
Australia; Tectonics 
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Term Definition 
Net 
exhumation 

The difference between present-day burial 
depth of a reference unit/formation and its 
maximum burial depth prior to exhumation. 

Gross 
exhumation 

The magnitude of erosion that must have 
occurred at a particular unconformity prior to 
post-exhumation re-burial. 

Interval 
exhumation 

The difference in net exhumation between two 
chronostratigraphic intervals (i.e., the 
minimum gross exhumation). 

 
Table 1.  Definitions of exhumation terms 
 

 
 
Figure 1.  Graphical representation of exhumation and 
burial in sonic transit time analysis. 
 
Satisfied variables in sonic transit time analysis 
Sonic transit time provides the most precise quantification of 
exhumation, although it is limited to well locations.  Its main 
assumption is that compaction is an irreversible process that is 
not modified during exhumation.  This assumption is valid in 
most consolidated rocks.  However, there are several variables 
that must be satisfied prior to correct application (Corcoran 
and Doré, 2005).  These require one or more formations that: 
(a) are acoustically-homogeneous (lithology, grain size and 
mineralogy/diagenesis), thick and laterally extensive; (b) 
hydrostatically pore fluid pressured; (c) brine saturated, and, 
most importantly; (d) have experienced steady porosity 
reduction during mechanical and thermochemical compaction.  
Additionally, the integrity/reliability of the normal compaction 
trend (NCT) is vital (i.e., a formation which has not 
experienced exhumation).  Similarly, the reliability of 
collected sonic logs depend on borehole/casing quality and 
any tool issues.  The central and southern Perth Basin has four 
intervals that satisfy the above variables and bracket key 
unconformities: (a) the Permian Sue Group; (b) the Triassic 
Lesueur Sandstone; (c) the Jurassic–lowermost Cretaceous 
stratigraphy, and; (d) the Lower Cretaceous Warnbro Group.  
Only shale, claystone and mudstone were used as these have 
more predictable properties than other rock types. 
 
Analytical techniques 
Data from all wells in the southern half of the Perth Basin 
were considered for sonic transit time analysis, but only wells 
that contained sonic transit time wireline data (Δt), gamma ray 
wireline logs, formation tops data and lithological data from 
cuttings or cores were utilized.  From a total of 45 petroleum 
and stratigraphic exploration wells, 37 included digitized 
versions of these data.  Additionally, caliper logs and 
formation tests helped identify anomalous or erroneous sonic 
transit times caused by borehole discrepancy or overpressures.  
Data were first corrected for borehole quality. Sonic transit 
time data were removed that were >3 μm ft-1 from the median 
sonic value over a 10 m interval or >15% from the supposed 
borehole width in a calliper log.  The remaining data were 

edited to include only shale, claystone and mudstone using 
lithology and gamma ray logs.  To avoid interactions with 
surrounding rock types, only intervals >5 m were considered, 
and an arithmetic mean was calculated at the midpoint depth 
of each shale unit.  This rigorous processing yielded between 
1 and 50 points per well. 
 
A normal compaction trend was then constructed from wells 
that displayed the highest sonic transit time–depth relationship 
(i.e., at maximum burial depth) (cf., Corcoran and Doré, 
2005).  For Jurassic–lowermost Cretaceous and Lower 
Cretaceous stratigraphy, these included four wells in the 
offshore basin, which yielded correlation coefficients of 0.977 
and 0.938, respectively.  These wells were not deep enough to 
penetrate into the Triassic/Permian strata.  Therefore, the least 
exhumed wells in the southernmost sub-basin were used, but 
these are partially exhumed, so 480 m had to be added to all 
Triassic/Permian net exhumation magnitudes to avoid having 
impossible exhumation estimates.  Correlation coefficients are 
only 0.722 and 0.705 for the Permian and Triassic strata, 
respectively, so caution must be exercised when interpreting 
these data due to the uncertainty. 
 
Net exhumation was then calculated for each well’s 
chronostratigraphic intervals (Figure 2).  In essence, net 
exhumation is quantified by measuring the depth difference 
between a data point’s shale unit midpoint depth and its 
respective depth on the NCT.  The interval exhumation may 
then be calculated by subtracting the difference between an 
older interval and its adjacent younger interval (e.g., between 
Permian and Triassic intervals).  Note that these are minimum 
estimates post-exhumation reburial is not taken into account.  
Nevertheless, in any specific interval, exhumation magnitudes 
relative to other wells are quantifiable. 
 

RESULTS & DISCUSSION 
 
Exhumation history of the central and southern Perth 
during and after Gondwana breakup 
The quantification of net exhumation of different time periods 
permits interpretations regarding the spatial and temporal 
evolution of exhumation on Gondwana (Figure 2, Figure 3).  
The results that were obtained from this study were compared 
to independent qualitative and quantitative exhumation results 
to assist quality control and interpretation.  The most import of 
these is thermal history data obtained from vitrinite reflectance 
(cf., Iasky, 1993).  Available Permian vitrinite reflectance 
indicates 2 km of exhumation on the NW-striking Harvey 
Ridge (Iasky, 1993), more than double of our interval 
exhumation magnitude (890 m; Figure 3).  However, this is 
the only Permian exhumed block that has previously been 
identified, whereas sonic transit time analysis indicates 700 m 
of interval exhumation for the well Rutile 1, which is in the 
hangingwall blocks of imbricate fault system including the 
NW-striking Sabina and N-striking Busselton Faults (Figure 
2).  The Sabina Fault is more likely to have been (re-)activated 
because other wells along the Busselton Fault show no 
interval exhumation and NW-striking faults were most likely 
to have been re-activated (Song and Cawood, 2000).  
Exhumation at the Triassic–Jurassic boundary has only ever 
been interpreted as a localized uplift event resulting in re-
activation of the N-striking Dunsborough Fault and uplift of 
the adjacent Leeuwin Complex and, possibly, the Vasse Shelf 
(Iasky, 1993; Song and Cawood, 2000).  Unfortunately, the 
Vasse Shelf sonic transit time analysis is limited to Permian 
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and post-breakup stratigraphy, so it is uncertain where ~1000 
m of interval exhumation occurred (Figure 3). Vitrinite 
reflectance does not show higher values than other sub-basins 
in samples from Triassic to Cretaceous stratigraphy.  Yet, 
sonic transit time analysis shows 200–400 m of interval 
exhumation in the hangingwall block of the Busselton Fault.  
As the Busselton and Dunsborough Faults strike and dip in 
similar directions, it can be expected they re-activated at the 
same time.  A significant proportion of the 1000 m interval 
exhumation between the Permian and post-breakup Early 
Cretaceous may be accounted for during the Triassic–Jurassic 
unconformity, although this interpretation is tentative. 
 

 
 
Figure 3.  Minimum interval exhumation at each 
unconformity-forming event, by sub-basin. 
 
The Valanginian breakup of Gondwana recorded 0–300 m 
interval exhumation during this time, with the exception of 
Cockburn 1 (420 m; Figure 3).  Jurassic–Cretaceous thermal 
data is unable to identify exhumation magnitudes that fall 
within this range of uncertainty.  All interval exhumation 
magnitudes are the same within associated sonic transit time 
uncertainty, and so probably represent a regional exhumation 
over the entire central and southern Perth Basin.  This is 
significantly different from the localized variations in interval 
exhumation observed at the Permian–Triassic and Triassic–
Jurassic unconformities.  There appears to be a switch in 
paradigm from localized exhumation of sub-basins/blocks 
during the Permian–Jurassic to regional exhumation at the 
Valanginian. 
 
The absence of Late Cretaceous to Tertiary sedimentary rocks 
in the onshore Perth Basin makes an assessment of the interval 
exhumation at and after the Aptian–Albian boundary difficult 
to assess.  The remainder of the net exhumation (0–800 m; 
Figure 2) could have occurred at this boundary or afterwards. 
 
Geodynamic implications of a local to regional exhumation 
regime switch during breakup 
There are apparent changes of observed exhumation 
paradigms before, during and after the rifting of Gondwana.  
Quantified exhumation magnitudes permit investigation of 
crust–mantle interactions that drove these exhumation events, 
particularly for the breakup unconformity and post-rifting.  
The largest interval exhumation variations (0–1000 m; up to 

2000 m calculated from thermal history from Iasky, 1993) 
over short distances (<100 km) in the Permian–Jurassic Perth 
Basin have previously been attributed to rapid mantle 
upwelling (Iasky, 1993).  This has particularly been suggested 
for the Permian–Triassic unconformity to account for rapid 
coalification and anomalously high vitrinite reflectance on the 
Vasse Shelf and Harvey Ridge, respectively (Iasky, 1993).  
However, interval exhumation variations over such short 
distances of both the Harvey Ridge and Vasse Shelf relative to 
the other sub-basins are unlikely to form solely as a result of 
mantle upwelling.  A component of compressional stress is 
required to induce localized reverse fault (re-) activation.  No 
studies have yet been undertaken to discern between these two 
processes, and so neither the rate nor duration of uplift can be 
reliably quantified during the Permian and Mesozoic 
unconformity-forming events in southwestern Australia. 
 
During the Valanginian unconformity-forming event, which is 
associated with the rifting of greater India from Australia, the 
minimum interval exhumation was relatively minor (0–400 
m).  Interval exhumation here, particularly for the 300–400 m 
range for onshore wells, are reburied here by an average 100 
m, and so probably represent the maximum exhumation at the 
Valanginian unconformity (i.e., ~400 m).  This breakup event 
has been attributed to either volcanic or non-volcanic passive 
eastern Gondwana margin, depending on whether now-
offshore large volcanic plateaus (Wallaby, Zenith and 
Naturaliste Plateaus) erupted during breakup, but these are not 
yet precisely dated (Coffin and Eldholm, 1992).  
Independently constrained numerical modelling by Leroy et 
al., (2008) yielded exhumation rates of 20 and 70 m Ma-1 for 
non-volcanic and volcanic margins.  Given that the interval 
exhumation during the Valanginian unconformity event was 
approximately 400 m, then between 6 and 20 Ma was required 
to produce this exhumation using the volcanic and non-
volcanic margin settings.   However, the post-breakup hiatus 
was a maximum of 7 Ma before deposition of the Warnbro 
Group began (Crostella and Backhouse, 2000).  Therefore, if 
the published exhumation rate models, palynomorphs 
interpretations of the Warnbro Group and our quantification of 
exhumation magnitudes are correct, the breakup of Gondwana 
must have been in a volcanic-margin setting. 
 
After breakup, the Perth stratigraphy has still experienced 0 to 
800 m of net exhumation.  For onshore wells with a maximum 
of 50 m of post-exhumation reburial, net exhumation 
effectively equals gross exhumation.  Dynamic topography 
and epeirogenic studies have indicated that up to 200 m of 
regional exhumation can be attributed to the east–west 
compressive stress field that Australia currently experiences 
when flexure is considered, implying that a significant 
proportion of this last stage of exhumation is caused by 
epeirogenic processes (Czarnota et al., 2014).  The most likely 
cause for observed post-breakup exhumation is a resultant 
long-wavelength inversion of the Perth Basin caused by 
interaction between the rapidly migrating Australian Plate 
over a mantle hotspot.  From the analysis of longitudinal river 
profile studies across Western Australia, several studies have 
suggested that the entire southwest was uplifted during the last 
50 Ma between 200–500 m (Czarnota et al., 2014).  Therefore, 
wells with the highest exhumation magnitudes (580–790 m) in 
this study probably experienced interplay between localized 
reverse fault re-activation and regional uplift, whereas those 
with lower exhumation magnitudes (180–490 m) were caused 
by regional uplift alone.  The present-day Australian surface is 
being uplifted at a rate of 10–50 m Ma-1, where the southwest 
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is probably restricted to the slower values to allow erosional 
processes to keep track with formed surface relief (Czarnota et 
al., 2014).  Dynamic topography studies indicate that this 
exhumation of the Australian southwest occurred during the 
last 50 Ma. Using our reliable post-breakup exhumation 
magnitudes of 350–500 m, post-breakup epeirogeny could 
have occurred for 10 to 50 Ma, but was probably nearer to 50 
Ma to allow erosional processes to keep track with uplift. 
 

CONCLUSIONS 
 
This study successfully uses sonic transit time analysis to 
quantify the magnitudes of net exhumation and the differences 
in net exhumation across different time intervals (here called 
‘interval exhumation’) for four stratigraphic periods from 37 
wells in the central and southern Perth Basin. Interval 
exhumation prior to the breakup of Gondwana was defined by 
1000 m of Permian–Triassic re-activation of NW-striking 
faults and exhumation of the Harvey Ridge; and up to 1000 m 
of Triassic–Jurassic re-activation of N-striking faults and 
exhumation of the Vasse Shelf. The Valanginian unconformity 
recorded 400 m of basin-wide exhumation, which required 6 
to 20 Ma for volcanic and non-volcanic margins, respectively. 
Given rapid onset of post-breakup deposition, a volcanic 
eastern Gondwana margin is far more likely. Post-breakup 
interval exhumation ranges from 0 to 800 m, with the highest 
values in the hangingwall blocks of faults. A maximum of 200 
m may be locally attributed to reverse fault re-activation due 
to the present-day compressional stress state of Australia. The 
remainder is attributed to regional exhumation caused by 
dynamic topography in the last 50 Ma. 
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Figure 2.  Spatial and temporal variation in net exhumation magnitudes for wells of each chronostratigraphic interval. 

H.K.H. Olierook Appendix B: Additional Publications

470



H.K.H. Olierook    Appendix C: Facies-based rock properties 

471 

 

Appendix C 

 

SUPPLEMENTARY MATERIAL FOR FACIES-BASED ROCK 

PROPERTIES CHARACTERIZATION 

This appendix contains additional data related to Paper 1 and Report A. The appendix is 

divided into several subsections: (1) Digitized core log of GSWA Harvey 1; (2) Sample 

catalogue of 90 core samples, and; (3) Catalogue of thin section photomicrographs. 

Appendix C.1 – Sedimentary Log of GSWA Harvey 1 

The following pages document a sedimentary log of the cored intervals from GSWA Harvey 

1. Information on the drilling procedure may be found in the well completion report 

(Geological Survey of Western Australia, 2012). Sedimentary core logging was initially 

undertaken at the Geotechnical Services Pty Ltd (Geotech) on whole core prior to slabbing. 

The core was cased in aluminium and foam, cut into 1 m lengths, and the casing was cut to 

reveal the core. Preliminary logging on whole core was used to define sample localities 

based on identified lithofacies. GSWA Harvey 1 was then slabbed and has had 90 core plugs 

sampled, and was subsequently moved to the Core Library, Carlisle. Refinement of 

preliminary core logs on both sections of half-core was done at the Core Library. 

Sedimentological data was recorded in terms of lithology, colour, sedimentary structures, 

grain size, sorting, roundness/sphericity and interpreted lithofacies. 

The paper sedimentary logs, stored at Curtin University, were digitized using Adobe 

Illustrator and subsequently combined into a single sedimentary log, which is shown on the 

following pages. This visual approach allowed a thorough overview of the sedimentology 

and facies distribution of the cored sections of GSWA Harvey 1. 

Sedimentary rocks were subdivided into lithologically distinct facies. Each lithofacies has 

distinct physical characteristics, such as grain size, sorting, sedimentary structures and 

colour, so that they are recognizably different in core and/or outcrop. The environment of 

deposition exerts a primary control on these characteristics, and so a lithofacies scheme is 

commonly interpreted in terms of sedimentary environment. Note that because sedimentary 

structures have a key role in lithofacies analysis, this approach is generally restricted to 

observations made in outcrop and drill core rather than drill cuttings. Lithofacies analysis 
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provides a physical property-based rock classification framework and a context for the 

interpretation of petrophysical tests, such as porosity and permeability.  

Reconnaissance logging and integration with provenance studies of the Perth Basin showed 

that a braided fluvial-dominated facies scheme fits the sedimentology best (Crostella and 

Backhouse, 2000; Miall, 1996). A braided fluvial facies scheme developed by Miall (1996) 

was modified for the logging of Cockburn 1, Gingin 1, Gingin 2 and Pinjarra 1 (Timms et 

al., 2012) and was subsequently applied to GSWA Harvey 1. Nine distinct lithofacies were 

identified: Ai – High energy channel fill, commonly cross bedded, gravelly- to very coarse-

grained sandstone; Aii – High energy fluvial channel barforms, medium- to very coarse-

grained cross bedded sandstone with significant grain size variation between beds; Aiii – 

Fluidized fluvial barforms, massive, coarse-grained sandstone; B – Moderate energy fluvial 

barforms, massive, medium-grained sandstone with flaser cross lamination; C – Moderate to 

low energy stacked rippleforms, fine- to medium-grained cross laminated sandstone, with 

common organic fragments and flaser-drapes; D – Floodplain palaeosols (often vertisols), 

fine- to medium-grained homogenized sandstone with rootlets, desiccation cracks and 

slickensides; E – Swampy/lagoonal deposits, under waterlogged conditions, muddy 

bioturbated sandstone with slumps and dewatering structures; F – Crevasse splays and 

overbank deposits, interbedded silty fine-grained sandstone and siltstone with trough cross 

lamination; G – Swampy/ overbank deposits, muddy laminated siltstone with plant 

fragments and thin laminated fine-grained sandstone. 
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1266
H1_26 Grey

Purple/
green
Pale
grey

Ox

START OF CORE 2
Sub-horizontal laminations

Faciesmeters

Convoluted top of mudstone
Mottled appearance - rootlets?

919

920

921

922

H1_14

H1_16

H1_17

H1_15

Grey

Grey/
brown

Facies Aii

Facies B/C

923

924

925

926

927

928

929

930

931

H1_19

H1_20

H1_22

H1_23

H1_24

H1_18

H1_21

H1_25

Cross-bedded with cm-scale
interlayers

Massive

Muddy fine siltstone, micaceous
Horizontal laminations
Dewatering structures

Low angle cross-laminations

Massive

Grey/
brown

Dark
grey

Pale
grey
Grey

Pale
grey

Pale
grey

Pale
grey

Facies Ai

Facies E

Facies B/C

Facies Aii

Facies Aii

Facies B

END OF CORE 1

Coarsening and clay-rich base

Coarsening and clay-rich base

Mottled base

Coarse base
Vertical clay-rich pipe

P

Gravel lag

Facies Aii

Facies B

Facies C

Facies Aii

Facies Ai

Core lost Core lost
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1267

1268

1269

1270

1271

1272

1273

1274

1275

1276

1277

1278

H1_27

H1_28

green
Pale
grey

Pale
grey

Pale
grey

Brown

Green/
grey

Pale
grey

Pale
grey

Brown/
grey

Purple

Green

Purple

Ox

Ox

Ox

Ox

Ox
Ox

Facies D

Facies Ai

Facies D

Facies Aii

Facies D

Muddy sandstone
High angle boundaries

Mudstone, with minor sand
dykes

Massive sandstone

Muddy sandstone.
crevasse splays?

Silica cemented

Conjugate fractures
- slickensides

60° contact between
sandstones and
shales

1279

1280

1281

1282

1283

1284

Purple

Pale
grey

Dark
grey

Dark
grey

Grey

Pale
grey

Purple

Brown/
Black

Pale
grey

ox

ox

Facies D

Facies Aii

Facies Aii

Facies B

Facies Ai

Facies Aiii

85% quartz
Flaser bedding

Soil profile texture, with prominent
sandstone dykes

F

F

Green/
Purple

Convoluted top of mudstone
Mottled appearance - rootlets?

Modified clay drapes

Oxidized, fragmented; 
slickensideson fragments

More oxidized

Some core missing

Weakly crossbedded

Facies Ai

Fine top, massive

Sandstone dykes are greenish
and v. poorly sorted, and medium
to coarse-grained, often with
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1284

1285

1286

1287

1288

1289

1290

Pale
grey
Purple

Pale
grey
Purple

Purple

Green

Purple

Green

Rusty
red

Pale
green

ox

ox

ox

ox

ox
Facies D

Intruded sandstone dykes (into
fractures in shale) are the same
as the overlying unit

Interbedded muddy
siltstone with pale green
sandstone

Prominent sandstone
dykes (1-2cm wide) infilling
slickensurface fractures

ox

ox

1291

1292

1293

1294

1295

1296

1297

1298

1299

1300

1301

Pale
green

Green/
purple

Green/
purple

Green/
purple

Green/
purple

Green/
purple

Green/
purple

Grey

Pale
grey

Facies D

Facies D

Facies B/D

Sandstone and shale 
vertically mixed

Fine sandstone dyke becomes
progressively more abundant
towards base.

Mottled sandstone and shale

Gravelly towards base

Mottled sandstone/shale

Well cemented (silica)
homogeneous sandstone

Mottled sandstone/shale

H1_29(LS)

H1_30(LS)

H1_31(LS)

and v. poorly sorted, and medium
to coarse-grained, often with
convoluted bases (bioturbation)

Wispy clay laminae

Injection feature: indicates
fluidisation of sandstone

Vertically layered/bedded
sandstone ‘dyke’

Burrowed and bioturbated

High angle contacts
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purple

1302

1303

1304

1305

1306

1307

1308

1309

1310

1311

1312

1313

1314

Green/
purple

Purple

Beige

Pale
grey

Purple

Purple

Yellow/
Brown

Beige
Yellow/
Brown
Beige/
P.grey

Green/
purple

Green/
purple

Beige

Green/
purple

Beige

Beige

Open fractures absent of sand
dykes

Friable. Consists mainly of
quartz and white clays.

Thin (1-2cm) shale layers at
core breaks (purple). Sandstone
is silica cemented.

Yellow-brown oxidation of clayey
siltstone + minor sand dykes. Well
cemented.

Transition to clayey siltstone
Discontinuous bedding, high angle
to core
Minor shale lens towards base
Some granule clasts

Prominent sandstone dykes in
mildy oxidized clayey siltstone
(slightly yellowish). Well cemented.

Friable. Sand dykes intrude
conjugate fault sets.

Sharp, slumped boundary

Occasional minor yellowish
oxidation

V. friable, v. poorly sorted. Contains
quartz, feldspars (up to 2cm long)
and clays.

1315

1316

1317

1318

Pale
grey

Pale
grey

Beige

Green/
purple

Black/
purple

Coarser grained, more cemented

Mud covered - edges were
visible.

Heavily fractured

Facies D

Facies C

Facies D

Facies Aiii

Facies B

Facies Ai

Facies D

H1_32(LS)

Skeletal rootlet features present

Facies D

Facies Aii
H1_33(LS)

Very weak bedding

Core lost C
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1319

END OF CORE 2

Core lost Core lost

M S FS MS CS VCS G PLithology Colour Sorting
p m w

Grain
Shape

Description

Curtin University Perth Basin Preliminary Sedimentary Log
Name: H. Olierook / N. Timms / C. Delle Piane

Date/Location: 19 March 2012, at Geotech
Hole/Core: GSWA Harvey 1, Core 3

Core Gamma
(cps)20 100

1319

1320

1321

1322

1323

1324

1325

1326

1327

1328

1329

1330

1331

START OF CORE 3

Mud drapes increasing towards
base

Pervasive sand dykes

 Red.
grey

Red.
grey

Pale
grey

Red.
grey

Purple

Black

Pale
grey

Pale
grey

Dark
grey

Green/
purple

Grey/
green

Orange

Purple

Purple
Green

Pale
green

Facies D

Facies E

Facies B

Facies Aii

Facies D

ox

ox

ox

ox

ox

ox

ox

H1_34

H1_35

H1_37

H1_38

H1_39

H1_40

H1_36

Facies

1332

Blue/
green

H1_41
Friable

Facies Ai

meters

Pyritic?

Thin clay drapes,
pyritic discolouration

Grey

Beige

Beige

Green/
Purple

Erosional boundary

Facies D

Facies D

Facies D

Rottlets and sand nodules,
erosional base

Mottled

Erosional base

Intrusion of very coarse grained
sandstone at basal 10 cm
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M S FS MS CS VCS G PLithology Colour Sorting
p m w

Grain
Shape

Description

Curtin University Perth Basin Preliminary Sedimentary Log
Name: H. Olierook / N. Timms / C. Delle Piane

Date/Location: 3 May 2012, at Geotech
Hole/Core: GSWA Harvey 1, Core 5

Core Gamma
(cps)20 100

1895

1896

1897

1898

1899

1900

1901

1902

1903

1904

1905

START OF CORE 5

Beige

D.grey
P.grey
P.grey
&
D.grey

P.grey

P.grey

P.grey

P.grey

P.grey

P.grey

P

Beige

Very
Ang.

Fining upwards, cohesive

Cm-scale interlayers, defined by
clay-rich horizons

Stacked bedforms with a coarse-
grained top and gravelly base
Minor horizontal lamination

10 cm-scale interbeds, coarse top,
gravelly/pebbly base
Low-angle cross-bedding

10 cm-scale interbeds, with 40cm
gravelly/pebbly horizons
Low angle crossbedding
Most beds are fining upwards

Some small bidirectional
crossbedded regions

Highly silica cemented, very
smooth surface
Horizontal bedding

Pebbly bases

H1_45

H1_47

H1_49

H1_46

H1_48

Facies Aii

Facies Aii

Facies Aii

Facies Ai

Facies Aii

Facies Ai

Facies
meters

Coarsening base

Facies Aii

Facies Ai

Facies Ai

Facies Ai

Facies Ai

1343

1344
END OF CORE 4

H1_43

H1_44

Grey

Grey

1342

Grey

Purple

Weakly laminated

Mottled and oxidized sandstone/
siltstoneox

ox

Mottled

Core lost
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1906

1907

P.grey
&
D.grey

Beige

Strong clay drapes

Facies Ai

1908

1909

1910

1911

1912

1913

1914

1915

1916

1917

1918

1919

D.grey

P.grey

P.grey

P.grey

P.grey

P.grey

P.grey

P.grey

D.grey

Grey

Grey

Beige

Beige

Muddy siltstone layer, with
erosional base

Reddish, gravelly foresets

Bedforms are slightly wider,
with horizontal laminae

Thin clay drape

Slight dark clay patch

Thin cross-laminated sandstone
Facies C

H1_51

H1_52

H1_50

H1_53

Facies Ai

Facies Aii

Facies Ai

Facies Ai

Facies Aii

Facies Aii

Facies C

Facies C

1920

1921

1922

1923

Pale
grey

Pale
grey

Low angle planar bedding,
cm-scale interbeds

Faintly crossbedded

Dark clay-rich layer

H1_54

Facies Aii

Facies Aii

Facies Aii

Facies C&G

Facies C

Clay-rich base

Gradational boundary

Massive Facies B

Massive
Facies C

Pale
beige

Grey

15° angle contact
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1923

1924

1925

1926

1927

1928

1929

1930

1931

Pale
grey

Pale
grey

Pale
grey

Pale
grey

Dark
grey

Grey

Grey

Grey

Grey

Dark clay-rich layer

Prominent cm-scale clay-rich beds

More clay-rich

Cm-scale layers
Very prominent bedding, with
angular pebbly clasts on bedding
surfaces
Rich in biotite/mafics and feldspar

Less mafics and less clasts, more
quartz rich
Cm-scale interlayers

Well cemented interval, weak
laminations

Gravels localized on bedding
Very rich in mafics & feldspars

H1_55

H1_56

H1_58

Facies Aii

Facies Aiii

Facies Aii

Facies Aii

Facies Ai

Facies Aii

1932

1933

1934

1935

1936

1937

1938

1939

1940

Pale
grey

Pale
grey

Pale
grey

Pale
grey

Pale
grey

Pale
grey

Pale
grey

Grey

G

Grey

D.grey

D.grey

D.grey
Green

Massive
High angle contact (45°)
Juxtaposed facies C and Aii
High clay content, fining upwards

Mafic clasts + feldspar + quartz

Well cemented, very poorly sorted

Clay drapes

Weakly bedded

1-2mm wide clay drape

10-15cm beds marked by
coarsening tops and clay-rich
bases

Bidirectional crossbedding,
marked by clay drapes

Low angle contact
Weak laminations

Cm-scale planar lamination,
H1_61

H1_60

Facies Ai

Facies C

Facies Ai

Facies Ai

Facies Aii

Facies Aii

Facies Aii

Facies B

Facies C

H1_59

H1_57(LS)

Faint bi-directional crossbeds

Massive

Facies Aii

Facies C

Pale
grey

Pale
beige

Pale
beige

Grey

Clay drapes

45°

Facies Ai
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1940

1941

1942

1943

Pale
grey

Grey
Cm-scale planar lamination,
low inclination marked by clay
drapes

Gravelly base

Pebbly base

Low angle bedding, marked by clay
drapes

H1_61

H1_62 Facies C

Facies Aii

Facies Ai

Facies Aii

1944

1945

1946

1947

Pale
grey

Pale
grey

Partially mud covered
Cm-scale sub-horizontal bedding
with clay horizons

Crossbedded

END OF CORE 5

Facies Aii

30°
High angle contact (30°)

Core lostCore lost

M S FS MS CS VCS G PLithology Colour Sorting
p m w

Grain
Shape

Description

Curtin University Perth Basin Preliminary Sedimentary Log
Name: H. Olierook / N. Timms / C. Delle Piane

Date/Location: 4 April 2012, at Geotech
Hole/Core: GSWA Harvey 1, Core 6

Core Gamma
(cps)20 100

2480

2481

2482

2483

2484

2485

2486

Pale
grey

Pale
grey

Pale
grey

White

Beige

Grey/
green

Dark
grey

Dark
grey

Weakly laminated

Weakly cross-bedded

Strongly crossbedded (1cm beds),
unidirectional

Strongly crossbedded (1cm beds),
unidirectional

Pebbly top

Strongly crossbedded (1cm beds),
unidirectional, rich in lithic
fragments

Facies Aii

Facies Ai

Facies Aii

Facies Aii

START OF CORE 6

H1_63

H1_65

H1_64

Faciesmeters

Facies B

Facies Ai
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2486

2487

2488

2489

2490

2491

2492

grey

Pale
grey

Dark
beige
Pale
beige

Pale
beige

Grey/
green

1-2cm clay lens at top of unit

Massive

Weakly crossbedded, unidirectional

Unidirectional crossbedding

Bidirectional crossbedding
Increase in clay minerals %

Facies Aiii

Facies Aii

Facies B

Facies Aii

H1_68

H1_69

H1_66

2493

2494

2495

2496

2497

2498

2499

2500

2501

2502

2503

P. beige Thin, strongly laminated, mudstone
layer, mixing with v. coarse 
sandstone at base

Facies Aii

Facies Ai

Facies Aii

Facies C

Facies Aii

Facies F/G

Facies Aii

Pale
beige

Pale
beige

Pale
beige

Pale
beige

Pale
beige
D. grey

D. grey

Dark
grey

Pale
beige
with
d. grey

Pale
beige
with
d. grey

Dark
grey

Grey/
green

Black

Black

Contains abundant lithic fragments,
more so than coarser-grained,
cross-bedded unit

Dark grey layers mixed with pale
beige layers, varying with clay
content: 2-5 cm cross-beds.

Flaser drapes on cross-beds.
Contains some larger granule-sized
lithic clasts

Pebble horizon bounded by 1cm
beds of dark siltstone

Clay-rich zone

Unidirectional crossbedding
More clay-rich layers (darker)
than previously.
10cm thick clay-rich layer

H1_71

H1_74

H1_70

H1_72

H1_73

H1_75

Facies Aii/F

H1_67

F

F

Beige

Rare clay drapes

Facies Aii

Facies Ai

Facies Ai&G
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2504

Facies AiibeigeH1_75

2505

2506

2507

2508

2509

2510

2511

2512

2513

2514

2515

2516

Pale
beige

Facies Ai

Facies Aii

Facies Aii

Facies F

Facies Aii

Facies Aiii

Weakly cross-bedded

Several mud dykes; mixed/mottled
with coarse sandstone; large v.
coarse sandstone nodule, with
mottled wrap-around clays

Moderate angle (30°) contact: 
clay-rich to clay-poor sandstone 
(similar grain size)

Irregular contact

10cm thick clay-rich layer

Massive

Thinly laminated
slump

Finer-grained base

Facies Ai

Facies C   Aii

Facies Aii

Facies E

Facies G

Facies B/Aii

P. beige
to
grey
to
d. green

Pale
beige

Grey

Grey

White

Pale
beige

D. grey

Pale
beige

Grey

Pale
beige
&
Dark
grey

White

Beige

H1_76

H1_77

H1_78

H1_80

H1_82

H1_81

H1_79

2517

2518

2519

2520

2521

Beige

Grey/
beige

D.grey

Grey

Brown/
grey

Grey/
beige

Minor clay lamination

Crossbedded (bidirectional)

Crossbedded (bidirectional)

Facies Aii

Facies Aiii

Facies Aii

Facies B

H1_84

H1_85

H1_83

Strong clay drapes throughout 
interval

Thin layer of flat laminae
Fine top

Faint horizontal
lamination

Facies F

Stylolite; concentrating
heavy minerals?
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2521

2522

2523

2524

2525

2526

2527

2528

beige

Grey/
beige

White

Grey/
beige

Grey/
beige

D.grey

P.beige

P.beige

P.grey

Grey/
beige

White

Crossbedded (bidirectional)
Slightly more pebble rich

Carbon/clay? lens (2cm)

Pebble horizons on darker layers

Open fracture, 25-30° inclination
to core

Unidirectionally crossbedded

Facies Aii

Facies Aii

Facies Aii

Facies Ai

H1_86

H1_88

H1_89

2529

2530

2531

2532

Grey/
beige

P.beige
to
d.grey

Clay-rich, horizontal layer

Facies Aii

Facies Aii

Core lost Core lost

Brown
Bi-directional cross-bedding
Very clay-rich interval, slumping
into sandstone below
Minor carbon present
Small clay-rich, horizontal layer

Clay content increases towards
base of core

END OF CORE 6

H1_90

H1_87(LS)

Facies C

Facies Aii

Dark clay-rich layers

Rounded square sandstone nodule
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Appendix C.2 – Sample Catalogue 

Appendix C.2 is a sample catalogue of 90 core plugs taken from GSWA Harvey 1. Note that 

the numbering of these samples includes the well number prefix ‘2066’, followed by the 

sample number, from 01–90. Samples were selected targeting all facies identified during 

core logging, across a wide range of depths. Samples localities were also marked on the 

digital logs (see Appendix C.1). Samples were also selected at locations where the integrity 

was deemed to be cohesive when plugged. Twenty-seven of these samples also utilized the 

core plug ends to prepare thin sections. Sampling was carried out at geologically-significant 

areas by personnel at Geotechnical Services Pty Ltd. Procedures are stored at Geotechnical 

Services Pty Ltd. Cores are stored at the Perth Core Library, Carlisle, WA. T= thin section, L 

= core plug; H=horizontal, V=vertical; Facies = see paper 1. 
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Sample 
No. Type Ori.

Core 
no.

Depth 
(m) Description Facies

206601 TL H 1 897.63 Very coarse sandstone Ai

206602 L H 1 898.48 Coarse sandstone Aiii

206603 TL H 1 903.61 Med-coarse sandstone, cross-laminated B/C

206604 L V 1 904.00 Med-coarse sandstone, cross-laminated B/C

206605 L H 1 905.72 Medium sandstone B

206606 L H 1 906.94 Med-coarse sandstone, cross-laminated B/C

206607 L V 1 907.00 Med-coarse sandstone, cross-laminated B/C

206608 L H 1 909.17 Med to coarse sandstone, clean part of unit Aii

206609 L H 1 911.53 Coarse to very coarse sandstone Aii

206610 L H 1 913.87 Coarse to very coarse sandstone Aii

206611 L H 1 913.90 Coarse to very coarse sandstone Aii

206612 L H 1 915.46 Medium sandstone, clean part of unit B/C

206613 L H 1 917.70 Coarse to very coarse sandstone Aii

206614 L H 1 919.18 Fine to medium sandstone B

206615 L V 1 920.00 Fine to medium sandstone, clean part of unit B

206616 TL H 1 920.57 Fine to medium sandstone B

206617 L H 1 921.43 Medium to coarse sandstone Aii

206618 L V 1 923.00 Medium to coarse sandstone Aii

206619 L H 1 923.22 Medium to coarse sandstone Aii

206620 L H 1 925.83 Medium to coarse sandstone Aii

206621 L V 1 926.00 Medium to coarse sandstone Aii

206622 TL H 1 927.60 Medium to coarse sandstone Aii

206623 L H 1 929.30 Medium to coarse sandstone Aii

206624 L H 1 930.70 Fine to medium sandstone B

206625 L V 1 930.84 Fine to medium sandstone B

206626 TL H 2 1266.20 Fine to medium sandstone D

206627 TL H 2 1271.95 Very coarse sandstone Ai

206628 TL H 2 1273.90 Fine sandstone D

206629 L H 2 1289.61 Fine to medium grained massive sandstone D

206630 L H 2 1289.71 Mildy oxidized shale D

206631 L H 2 1299.88 Mottled sandstone/shale - mostly shale D

206632 L H 2 1301.73 Yellow-brown oxidized silty shale D

206633 L H 2 1305.69 Coarse sandstone Aii

206634 L H 3 1323.60 Medium-coarse sanstone B

206635 TL H 3 1323.94 X-bedded very coarse sandstone Aii

206636 TL V 3 1324.00 X-bedded very coarse sandstone Aii

206637 L H 3 1325.85 Very fine sandstone, stylolite/thin mud layer B

206638 TL H 3 1329.95 V. fine sandstone E  
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Sample 
No. Type Ori.

Core 
no.

Depth 
(m) Description Facies

206639 L H 3 1330.65 Fine grained mottled sandstone D

206640 L H 3 1331.05 Very coarse sandstone Ai

206641 L H 3 1331.57 Very coarse sandstone Ai

206642 TL H 4 1337.40 Medium to coarse sandstone D

206643 TL H 4 1342.60 Fine to medium sandstone D

206644 TL H 4 1343.75 Fine to medium sandstone D

206645 TL H 5 1897.67 X-bedded coarse-gravelly sandstone Aii

206646 TL V 5 1898.00 X-bedded coarse-gravelly sandstone Aii

206647 TL H 5 1901.61 X-bedded coarse-gravelly sandstone Aii

206648 TL V 5 1903.00 X-bedded coarse-gravelly sandstone Aii

206649 L H 5 1904.69 Coarse to very coarse sandstone Aii

206650 L H 5 1908.71 Coarse to very coarse sandstone Aii

206651 L V 5 1909.00 Coarse to very coarse sandstone Aii

206652 L V 5 1915.00 Very coarse sandstone base Ai

206653 TL H 5 1916.38 Laminated coarse sandstone C

206654 L H 5 1919.29 Medium-very coarse grained sandstone Aii

206655 L H 5 1927.20 X-Bedded coarse sandstone Aii

206656 L H 5 1929.42 Weakly laminated coarse sandstone Aiii

206657 L H 5 1929.45 Coarse grained sandstone, clay/mafics-rich Aii

206658 L V 5 1930.00 Crossbedded coarse sandstone Aii

206659 L V 5 1931.00 Laminated coarse to very coarse sandstone Ai

206660 TL H 5 1935.49 Laminated coarse-v. coarse sandstone Aii

206661 L V 5 1940.00 Fine to medium,  laminated sandstone C

206662 TL H 5 1940.57 Fine to medium, lam.sandstone C

206663 TL H 6 2480.65 X-bedded coarse sandstone Aii

206664 TL V 6 2481.00 Coarse sandstone, cross-bedded Aii

206665 L H 6 2485.54 Coarse sandstone, cross-bedded Ai

206666 L V 6 2488.00 Medium sandstone B

206667 L H 6 2488.15 Medium sandstone B

206668 L H 6 2491.22 X-bedded medium-v. coarse sandstone Aii

206669 TL H 6 2491.56 X-bedded medium-v. coarse sandstone Aii

206670 L H 6 2492.25 Laminated silty claystone F/G

206671 L V 6 2496.00 Medium to very coarse sandstone, x-bedded Aii

206672 TL H 6 2496.20 X-bedded medium-v. coarse sandstone Aii

206673 L H 6 2501.27 Medium to coarse sandstone, cross-bedded Aii

206674 L V 6 2503.00 Medium to coarse sandstone, cross-bedded Aii

206675 TL H 6 2503.47 Medium to coarse sandstone, cross-bedded Aii

206676 L H 6 2506.54 Medium to coarse sandstone, cross-bedded Aii  
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Sample 
No. Type Ori.

Core 
no.

Depth 
(m) Description Facies

206677 L H 6 2508.28 Very coarse, massive sandstone Ai

206678 L H 6 2509.42 Laminated silty fine sandstone F

206679 L V 6 2510.00 Fine to coarse sandstone, cross-bedded Aii

206680 L H 6 2510.29 Fine to coarse sandstone, cross-bedded Aii

206681 L H 6 2513.35 Coarse sandstone, cross-bedded Aii

206682 L H 6 2513.53 Fine to coarse sandstone, cross-bedded Aii

206683 TL V 6 2516.00 Massive coarse sandstone Aiii

206684 L V 6 2520.00 Fine to coarse sandstone, cross-bedded Aii

206685 L H 6 2520.45 Fine to coarse sandstone, cross-bedded Aii

206686 L H 6 2523.34 Medium to coarse sandstone, cross-bedded Aii

206687 L H 6 2523.37 Medium to coarse sandstone, cross-bedded Aii

206688 TL H 6 2525.82 Coarse to very coarse sandstone, crossbedded Aii

206689 L H 6 2527.37 Coarse to very coarse sandstone, crossbedded Ai

206690 L H 6 2529.29 Coarse to very coarse sandstone, crossbedded Ai
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Appendix C.3 – Catalogue of Optical Photomicrographs  

Polished thin sections were made from 27 selected samples from GSWA Harvey 1. 

Transmitted plane polarized and cross polarized light, and reflected plane polarized light 

images of each of the 27 samples were made using a Zeiss Axio Imager 2. The optical 

microscope has a moving stage, which captures photographs across the entire thin section 

and stitches these together. High resolution photomicrographs are taken, which can be 

converted to lower resolution images, including a scale bar. Note that thin sections contain 

quartzo-feldspathic grains surrounding the thin section to aid in polishing each thin section 

down to 30 μm. These are not related to the samples. Photomicrographs are not captioned, 

instead they show scale bars, sample number, depth and their light mode (Trans. = 

transmitted light, Ref. = reflected light, PPL = plane-polarized, XPL = cross-polarized). 

A complete catalogue of thin section images is found on the following pages. 
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Appendix D 

 

SUPPLEMENTARY MATERIAL FOR THE BUNBURY BASALT 

GEOMETRY 

This appendix documents the drill holes that were utilized during production of the 3D 

geometry of the Bunbury Basalt (Paper 2). More than 30,000 drill holes have been drilled in 

SW Australia that had the potential to host of the Bunbury Basalt. Only 293 penetrated the 

Bunbury Basalt. Due to the large volume of drill holes (>30,000), only those wells that 

contained Bunbury Basalt are here compiled. The remainder of drill holes may be found on 

the supplied CD-ROM or may be requested from the Geological Survey of Western 

Australia (via WAMEX for mineral drill holes and WAPIMS for petroleum wells) and the 

Department of Water for groundwater bores. 

The 3D model may also be visualized in a 3D PDF, which is supplied as a separate file with 

model instructions on the provided CD-ROM, or may be found as part of the online 

supplementary material in the published paper. The coordinate reference system is WGS 84, 

50S. 

Each of the 290 wells has: a unique object ID (copied from respective object IDs from 

GSWA/Dept. of Water); an easting & northing (GDA 94, MGA50 coordinate system); the 

height above ground level (m; relative to Australian Height Datum/Mean Sea Level); the end 

of hole depth (m); the depth to top and (where penetrated) base of basalt below ground level 

(m), and; the basalt thickness (m). GL= Ground level; EOH = End of Hole.  
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Object ID Easting Northing GL EOH Top Base Thick.
1269 373699 6251327 112.5 1671.0 80.0 132.0 52

1272 381380 6251487 156.4 1447.5 175.0 214.0 39

1301 359958 6250734 185.2 1504.0 180.0 190.0 10

1406 368813 6275907 45.0 1117.6 31.0 104.0 73

1436 380361 6289951 38.3 80.8 69.0 80.7 >12

1450 378315 6284165 65.1 53.0 48.0 53.0 >5

1465 373995 6278759 59.8 69.0 39.0 69.0 >30

1541 379991 6301036 24.1 114.0 84.0 114.0 >30

1545 375980 6308345 11.0 87.0 30.0 50.0 20

1554 376279 6301638 26.8 106.0 13.0 80.0 67

1561 373593 6312291 5.0 100.0 5.0 27.0 22

1563 376446 6313683 8.0 114.4 41.0 89.0 48

1567 379619 6313138 6.1 98.0 5.0 27.0 22

1599 380139 6294248 37.7 87.0 72.0 87.0 >15

1600 373039 6311548 16.4 37.9 2.0 22.9 21

1607 374839 6307348 24.2 62.2 2.4 50.0 48

1621 379939 6311398 14.5 211.8 75.0 92.0 17

1633 381658 6294932 38.9 222.5 109.7 178.6 69

1668 384889 6295304 79.8 998.0 305.0 360.0 48

7704632 373139 6216948 104.9 1605.1 22.0 122.0 100

7704666 382155 6216223 123.3 1682.0 232.0 261.0 29

8526285 381339 6294548 39.9 126.0 94.0 126.0 32

8526288 381839 6295048 37.0 177.0 112.0 177.0 65

8532330 354151 6202642 25.2 84.7 80.0 84.7 >60

11828238 382565 6291149 64.1 170.0 165.0 170.0 5

11828290 385527 6287272 55.4 300.0 291.0 300.0 >9

20004387 356015 6200531 27.3 138.0 60.0 83.0 23

20004392 352418 6206205 21.7 190.4 91.0 104.0 13

20005213 357509 6267277 37.0 466.0 57.6 64.0 6

20009836 400607 6173128 24.2 24.7 14.9 24.7 >10

20009838 395078 6171020 45.9 96.0 86.0 96.0 >10

20010006 367323 6226642 51.0 26.0 24.0 26.0 >2

20010691 376655 6259984 132.0 76.2 71.8 76.2 4.42

20010692 376487 6259674 129.0 75.7 64.9 75.7 10.79

20010875 374158 6282447 41.0 18.3 9.1 13.7 >5

20010937 375735 6281021 64.3 207.3 46.0 104.9 58.83

20010938 375197 6280545 58.0 211.8 31.7 109.7 78.03

20010939 376234 6281659 66.1 244.0 40.0 124.0 84

20011008 380505 6287489 77.7 83.2 83.2 83.2 >0

20011381 366664 6277982 37.7 22.3 17.4 22.3 4.88

20011490 371065 6275645 55.1 278.9 48.8 78.0 29

20011491 370845 6275585 54.0 110.0 38.4 79.3 41  
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Object ID Easting Northing GL EOH Top Base Thick.
20012231 383981 6310342 16.1 31.1 7.3 8.2 1

20012428 372950 6312529 17.0 34.1 3.7 33.2 >30

20012432 373203 6311978 7.0 29.4 4.4 23.8 19

20012433 373032 6311800 11.0 44.8 7.3 29.9 23

20012435 373373 6311738 8.0 9.1 3.1 9.1

20012446 374379 6312384 2.6 18.3 8.8 15.9 >7

20012447 374429 6312391 1.9 18.3 8.8 15.9 >7

20012448 374746 6312296 9.9 26.1 12.5 17.7 5

20012449 374959 6312249 5.0 27.4 18.0 27.4 >9

20012450 374888 6312319 8.7 37.6 19.8 37.6 >18

20012451 375087 6312404 0.0 61.6 19.8 61.6 >42

20012452 375378 6312893 2.9 61.3 14.0 61.3 >47

20012453 375847 6312709 7.0 21.1 16.5 21.1 >5

20012506 375914 6310931 4.0 15.2 15.2 15.2 >0

20012508 375922 6310528 5.3 39.6 15.2 18.3 3

20012512 375417 6310051 6.2 15.2 12.2 15.2 >3

20012513 375741 6310347 5.2 34.8 17.4 34.4 >17

20012514 375392 6310295 4.5 12.2 12.2 12.2 >0

20012519 375392 6310350 5.1 12.2 9.1 12.2 >3

20012549 376264 6310580 6.7 38.5 37.8 38.5 >1

20012628 374333 6308711 5.4 38.1 11.6 12.2 1

20012651 381935 6317459 0.3 229.8 103.6 139.6 36

20012655 379484 6314665 2.8 213.4 120.1 131.7 12

20012656 379663 6313096 6.7 228.6 172.2 186.8 14.63

20012665 375323 6309987 8.9 36.0 14.0 33.5 >20

20012721 379625 6313128 6.7 213.4 177.4 189.0 12

20012722 374480 6312416 2.5 39.9 10.6 22.0 11

20012726 372670 6311570 31.0 57.6 20.7 44.2 23

20012888 374953 6308748 14.0 8.2 4.3 8.2 3.96

20012957 379593 6314896 -0.2 161.5 64.0 133.5 69

20012968 375086 6312247 5.0 21.3 18.3 21.3 >3

20012969 375450 6311784 9.0 21.3 15.9 21.3 >5

20012970 375747 6312353 7.0 16.5 15.5 16.5 >1

20012971 375559 6312106 0.0 17.4 15.2 17.4 >2

20012972 375880 6312167 5.0 18.6 15.9 18.6 >3

20012973 375507 6311931 0.0 14.2 12.2 14.2 >2

20012975 375207 6312137 6.0 16.3 14.9 16.3 >1

20012976 375544 6311991 0.0 13.4 11.9 13.4 >2

20012977 375453 6311876 5.0 14.3 13.1 14.3 >1

20012978 374389 6312755 0.0 13.0 12.6 13.0 >0

20012979 374350 6312679 0.0 13.1 12.2 13.1 >1

20012980 374436 6312612 0.0 12.9 12.2 12.9 >1  
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Object ID Easting Northing GL EOH Top Base Thick.
20012981 374400 6312669 0.0 16.2 13.7 16.2 >2

20012982 374091 6312820 0.0 17.1 14.6 15.2 >1

20012983 374518 6312692 0.0 15.2 10.7 15.2 >5

20012984 374208 6312702 0.0 14.3 11.3 14.3 >3

20013013 375453 6312705 5.9 79.7 17.4 62.5 45

20013014 375504 6312814 7.0 81.4 16.8 65.8 49

20013018 374165 6306670 6.6 79.9 75.0 75.6

20013021 379663 6313094 6.7 518.0 54.0 61.3 7

20013029 374461 6312358 4.0 38.7 15.2 26.8 12

20013034 374425 6312348 3.4 44.2 9.6 19.8 10

20013049 373816 6307655 4.6 56.4 9.1 12.2 3

20013050 374770 6307405 27.5 66.5 9.1 51.5 42

20013051 374559 6307407 19.3 52.7 6.1 39.6 34

20013073 375412 6308490 13.0 55.5 7.6 44.8 37

20013077 375022 6307397 20.8 89.3 9.8 51.5 42

20013087 380515 6318416 8.4 158.0 74.0 74.2 0.2

20013124 374611 6308005 7.3 13.2 13.2 13.2 >0

20013260 375055 6312196 5.0 55.7 10.6 21.7

20013279 374954 6307300 22.7 96.0 17.6 67.0 49

20013287 376819 6314365 5.0 95.0 48.9 60.8 11.93

20013289 379894 6315716 1.8 58.0 58.0 58.0 >0

20013294 374455 6312327 4.4 45.5 14.0 25.5 12

20013298 380527 6307955 14.0 8.2 7.3 8.2 1

20013302 380698 6307793 19.0 31.1 7.3 8.2 0.9

20013310 380389 6308548 18.3 56.3 8.6 10.9 2

20013311 374808 6308392 11.0 55.0 2.5 43.0 40.5

20013335 375968 6309638 10.9 59.0 3.9 46.5 43

20013737 382007 6294334 40.0 264.9 126.2 211.5 85

20013742 376110 6305365 16.6 73.2 18.0 61.0 43

20013866 376373 6305320 25.0 87.7 24.5 77.2 52.7

20013960 373295 6300910 32.8 29.0 9.0 18.0 9

20013973 375246 6303119 24.0 92.0 4.4 74.0 69.6

20014184 381437 6339869 8.1 118.9 118.3 118.4 0.15

23017608 382297 6245995 157.4 196.0 185.0 193.0 >8

23017635 371253 6216840 101.4 184.0 51.0 67.0 16

23017648 369683 6238576 103.1 207.0 66.0 78.0 12

23033304 374283 6307368 6.8 90.5 13.8 14.0 >0

23039120 367871 6275924 42.0 150.2 42.3 67.8 26

49741294 393216 6178606 96.9 11.5 11.0 11.5 -

49741295 393323 6178741 93.7 11.5 11.0 11.5 -

49741296 393340 6178754 89.8 13.5 13.0 13.5 -

49741297 393363 6178936 97.5 12.0 11.0 12.0 -  
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Object ID Easting Northing GL EOH Top Base Thick.
497412501 393205 6179294 92.9 11.5 11.0 11.5 -

510402415 360504 6199296 24.4 17.5 16.0 17.5 -

510403687 355440 6201420 22.0 43.5 42.0 43.5 -

510403695 356018 6201044 27.0 39.0 38.0 39.0 -

510403734 354910 6200396 24.7 45.0 44.0 45.0 -

510404617 356239 6201212 24.5 39.5 39.0 39.5 -

510404619 356324 6201102 29.5 41.7 41.0 41.7 -

52647RS0189 375133 6301601 23.0 13.5 9.0 13.5 >4.5

52647RS0190 375318 6301604 24.0 6.0 4.5 6.0 -

52647RS0191 375419 6301608 25.0 6.0 4.5 6.0 -

52647RS0192 375528 6301604 25.0 9.0 7.5 9.0 -

52647RS0193 375629 6301604 24.0 10.5 7.5 10.5 -

52647RS0194 375730 6301605 24.0 15.0 9.0 15.0 >6

52647RS0195 375837 6301605 24.0 12.0 10.5 12.0 -

52647RS0196 375938 6301608 27.0 16.5 15.0 16.5 -

52647RS0197 376058 6301612 30.0 13.5 12.0 13.5 -

52647RS0198 376159 6301612 28.0 22.5 21.0 22.5 -

52647RS0199 376260 6301614 27.0 16.5 15.0 16.5 -

52647RS0200 376359 6301616 28.0 18.0 15.0 18.0 -

52647RS0211 375317 6303282 22.0 9.0 4.5 9.0 >4.5

52647RS0212 375706 6303290 21.0 10.5 4.5 10.5 >6

52647RS0213 375909 6303290 21.0 10.5 9.0 10.5 -

52647RS0214 376131 6303302 21.0 15.0 12.0 15.0 -

52647RS0215 376378 6303302 20.0 18.0 16.5 18.0 -

52647RS0220 375691 6304957 20.0 18.0 16.5 18.0 -

52647RS0221 375787 6304986 20.0 19.5 16.5 19.5 -

52647RS0222 375887 6304989 22.0 22.5 21.0 22.5 -

52647RS0223 376090 6304977 22.0 18.0 16.5 18.0 -

52647RS0224 376287 6304957 22.0 16.5 13.5 16.5 -

5322091357584 375840 6191350 42.2 15.0 13.0 15.0 -

5322091407580 375800 6191400 42.1 9.0 6.0 9.0 -

5322091457588 375880 6191450 42.0 10.0 9.0 10.0 -

5322091507584 375840 6191500 42.5 9.0 8.0 9.0 -

5322091507588 375880 6191500 42.3 10.0 8.0 9.0 -

5322091607564 375640 6191600 42.5 9.0 8.0 9.0 -

5322091707552 375520 6191700 42.3 17.0 16.0 17.0 -

5322091707556 375565 6191700 42.6 18.0 17.0 18.0 -

5322091707568 375680 6191700 43.3 24.0 21.0 24.0 -

5322091807544 375440 6191800 42.3 17.3 16.0 17.0 -

56365KB-100 375396 6301504 10.0 10.0 8.0 10.0 -

56365KB-200 375390 6301403 10.0 15.0 13.0 15.0 -

61971TS0407 361207 6267465 53.0 15.0 14.0 15.0 -  
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Object ID Easting Northing GL EOH Top Base Thick.
6243210637 359826 6267438 38.0 30.0 29.0 30.0 -

6243213607 361453 6267243 61.0 15.0 14.0 15.0 -

6256111061 357911 6197989 29.0 37.0 36.0 37.0 -

6256111063 357763 6197800 30.0 34.0 33.0 34.0 -

6256111067 357695 6197323 32.0 46.0 43.0 44.0 -

6256111069 357412 6198453 26.9 31.0 30.0 31.0 -

6256111073 356727 6198428 24.4 27.0 26.0 27.0 -

6256111074 356486 6198351 19.7 22.0 20.0 22.0 -

6256111075 356395 6198249 21.4 27.0 25.0 27.0 -

6256111076 356362 6198228 21.7 26.0 25.0 26.0 -

6256111504 349871 6201637 20.0 21.0 18.0 19.0 -

6256111513 348483 6202249 19.0 14.0 13.0 14.0 -

6256111514 348439 6202060 13.0 21.0 11.0 12.0 -

6256111521 347503 6202701 30.0 23.0 20.0 21.0 -

6256111522 347640 6202482 25.0 20.0 19.0 20.0 -

68753CV060 366891 6278140 22.0 9.0 6.0 9.0 -

68753CV061 366948 6278078 22.0 3.0 1.5 3.0 -

68753CV063 366430 6278362 22.0 24.0 22.5 24.0 -

68753CV064 366315 6278362 22.0 24.0 22.5 24.0 -

68753CV066 366144 6278999 22.0 19.0 18.0 19.0 -

68753CV067 366144 6278888 22.0 22.5 18.0 22.5 >4.5

68753CV068 366144 6278777 22.0 21.0 19.5 21.0 -

68753CV069 366144 6278665 22.0 24.0 21.0 24.0 -

68753CV070 366144 6278554 22.0 24.0 22.5 24.0 -

68753CV071 366157 6278443 22.0 24.0 22.5 24.0 -

68753CV072 366081 6279057 22.0 21.0 18.0 21.0 -

68753CV073 366025 6279114 22.0 19.5 18.0 19.5 -

68753CV074 365969 6279172 22.0 18.0 16.5 18.0 -

68753YX7326 374072 6282333 39.7 9.0 7.0 8.0 -

68753YX7330 374035 6282366 39.4 21.0 20.0 21.0 -

68753YX7339 374016 6282249 41.4 7.0 6.0 7.0 -

68753YX7341 373951 6282174 40.6 6.0 5.0 6.0 -

70912AP313 350483 6260527 79.5 9.0 4.0 5.0 -

70912AP315 350489 6260604 77.5 9.0 6.0 7.0 -

70912CS1159 361217 6278653 19.3 12.0 0.0 1.0 -

70912TW1212 368181 6278280 34.2 17.0 16.0 17.0 -

70912TW1255 367713 6278043 35.9 21.0 20.0 21.0 -

70912TW1260 367691 6277994 36.1 18.0 15.0 18.0 -

70912TW1261 367677 6278008 36.0 17.0 15.0 17.0 -

70912TW1262 367663 6278022 35.4 17.0 15.0 17.0 -

70912TW1263 367649 6278036 34.9 16.0 15.0 16.0 -

70912TW1265 367642 6277973 35.6 10.0 9.0 10.0 -  
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Object ID Easting Northing GL EOH Top Base Thick.
70912TW1682 367375 6278243 33.2 7.0 6.0 7.0 -

70912TW1683 367319 6278300 32.9 9.0 6.0 9.0 -

70912YX7583 375508 6282148 43.4 12.0 11.0 12.0 -

70912YX7584 375485 6282168 43.0 12.0 10.0 12.0 -

70912YX7585 375570 6282196 43.2 12.0 10.0 12.0 -

70912YX7587 375592 6282176 43.6 12.0 11.0 12.0 -

70912YX7589 375615 6282157 44.3 14.0 13.0 14.0 -

70912YX7591 375596 6282272 42.7 12.0 11.0 12.0 -

70912YX7592 375608 6282263 42.9 12.0 11.0 12.0 -

70912YX7593 375649 6282127 44.4 14.0 13.0 14.0 -

70912YX7595 375694 6282088 46.4 17.0 16.0 17.0 -

70912YX7598 375106 6282142 41.9 8.0 7.0 8.0 -

71681GB024 352859 6212040 31.2 25.0 24.0 25.0 -

71681GB098 353161 6209998 27.2 10.0 9.0 10.0 -

71681GB110 352801 6209520 24.8 9.0 8.0 9.0 -

75398TS1049 366521 6271383 56.1 13.0 11.0 15.0 -

75398TS1157 360540 6266838 40.0 6.0 23.0 24.0 -

79307TS1163 360088 6267247 40.3 18.0 17.0 18.0 -

79307TS1164 360110 6267316 43.1 15.0 10.0 15.0 5

79307TS1165 360056 6267368 41.2 15.0 14.0 15.0 -

87174CV056 366661 6278362 22.0 24.0 21.0 22.5 -

87174CV063 366430 6278362 22.0 24.0 22.5 24.0 -

87174CV064 366315 6278362 22.0 24.0 22.5 24.0 -

87174CV066 366144 6278999 22.0 19.0 18.0 19.0 -

87174CV067 366144 6278888 22.0 22.5 18.0 22.5 >4.5

87174CV068 366144 6278777 22.0 21.0 19.5 21.0 -

87174CV069 366144 6278665 22.0 24.0 19.5 24.0 >4.5

87174CV070 366144 6278554 22.0 24.0 21.0 24.0 -

87174CV071 366157 6278443 22.0 24.0 21.0 24.0 -

87174CV072 366081 6279057 22.0 21.0 18.0 21.0 -

87174CV073 366025 6279114 22.0 19.5 18.0 19.5 -

87174CV074 365969 6279172 22.0 18.0 15.0 18.0 -

87174CV226 366622 6279280 22.0 27.0 21.0 24.0 -

87174CV228 366705 6279144 22.0 27.0 21.0 22.5 -

87174CV232 367085 6279350 22.0 21.0 16.5 19.5 -

87174TR044 369499 6276332 35.0 12.0 9.0 12.0 -

87174TR091 369436 6276382 35.0 12.0 10.0 12.0 -

87174TR157 369686 6276182 35.0 5.3 5.0 6.0 -

87174TR158 369747 6276133 35.0 9.0 2.0 9.0 >7

87174TW2036 365644 6277436 32.4 18.0 12.0 13.0 -

87174TW2038 365560 6277522 31.5 18.0 13.0 14.0 -

87174WY1285 367516 6276490 38.1 12.0 11.0 12.0 -  
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Object ID Easting Northing GL EOH Top Base Thick.
87174WY1286 367497 6276525 37.8 11.0 10.0 11.0 -

87174WY1287 367477 6276560 37.9 11.0 10.0 11.0 -

87174WY1289 367438 6276630 37.7 11.0 10.0 11.0 -

87174WY1290 367419 6276665 37.6 10.0 9.0 10.0 -

87174WY1291 367399 6276700 37.4 10.0 9.0 10.0 -

87174WY1292 367380 6276735 37.2 9.0 8.0 9.0 -

BHP Minerals Pty Ltd SR25 350320 6203084 10.1 84.5 84.0 84.5 -

BHP Minerals Pty Ltd SR26 354368 6205860 21.0 77.5 77.0 77.5 -

BHP Minerals Pty Ltd SR27 357788 6209764 32.9 93.5 93.0 93.5 -

BHP Minerals Pty Ltd SR28 355011 6208951 28.0 74.5 74.0 74.5 -

BHP Minerals Pty Ltd SR29 353370 6209172 25.5 92.5 92.0 92.5 -

BHP Minerals Pty Ltd SR30 353340 6211082 31.0 86.5 86.0 86.5 -

BHP Minerals Pty Ltd SR31 353283 6213084 38.8 101.0 91.0 101.0 >10

BHP Minerals Pty Ltd SR38 354048 6201818 49.9 88.5 88.0 88.5 -

BHP Minerals Pty Ltd SR5 352230 6208476 21.8 115.5 115.0 115.5 -

BHP Minerals Pty Ltd SR6 354394 6205860 21.0 85.5 85.0 85.5 -

BHP Minerals Pty Ltd SR7 356911 6208549 28.0 102.5 102.0 102.5 -

BHP Minerals Pty Ltd SR8 357569 6207296 23.0 89.5 89.0 89.5 -

BHP Minerals Pty Ltd SR9 355431 6206647 21.2 83.5 83.0 83.5 -

Bunbury City No. 2 374188 6306694 8.2 93.5 75.0 75.6 >1

Bunbury Port Authority PB1 375358 6312829 5.8 86.5 10.6 21.7 11

Bunbury Regional Prison No 2 376178 6305414 14.4 88.5 24.5 77.2 53

Bunbury trotting club U1 374799 6308368 14.0 222.5 2.5 43.0 41

Cable Sands gwin GPB1 379181 6286509 48.0 92.0 50.0 92.0 42

Calm 376742 6314450 10.0 81.4 48.9 60.8 12

Canebreak 1 359150 6205447 27.9 1000.0 45.0 150.0 105

Capel Farms JASPB1 356740 6266150 41.2 92.0 84.0 92.0 8

CSR Ready Mix PB1 377056 6308184 11.3 52.7 22.0 22.5 1

Dixon PB1 374293 6303631 19.7 38.1 12.8 36.6 24

Donnybrook DDB7 390159 6282343 126.4 607.5 143.0 193.0 50

Donnybrook DDB8 390005 6262347 254.6 556.0 174.0 230.3 56.3

Glen Iris Pilot AQWEST 377780 6309600 9.2 80.8 230.0 295.0 65

Johnson PB1 362771 6267003 65.7 1447.5 29.0 36.4 >7

PM, JA & RE Johnson Deep 361800 6267400 61.8 76.9 37.0 76.9 40

PM, JA & RE Johnson PJPB1 361803 6267348 67.0 295.0 25.7 41.5 16

SW Health Campus No.1 374100 6306863 4.7 14.4 13.8 14.4 1

Tech 1 (West) AQWEST 374577 6307431 23.5 41.0 5.0 41.0 36

Tucker Tuck-PB2 367800 6275900 43.0 60.0 49.0 60.0 11

UKNWN1 380505 6277982 106.7 22.3 17.4 22.3 >5

UKNWN2 373199 6300898 40.8 18.0 9.0 18.0 9

UKNWN3 375224 6303131 24.0 7.4 4.4 7.4 3
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Appendix E 

 

SUPPLEMENTARY MATERIAL FOR THE PERTH BASIN 3D MODEL 

The 3D stratigraphic and structural model of the Perth Basin has been exported to X-Y-Z 

grid nodes at 250 x 250 m spacing for each formation top (isohypse) and formation thickness 

(isopach). Given their size, these may be found as zipped text files on the provided CD-

ROM, or may be found as part of the online supplementary material in the published paper. 

The 3D model may also be visualized in a 3D PDF, which is supplied as a separate file with 

model instructions on the provided CD-ROM, or may be found as part of the online 

supplementary material in the published paper. The coordinate reference system is WGS 84, 

50S. 

Petroleum and hydrogeological wells that were used to constrain the stratigraphy of the Perth 

Basin are similarly contained on the provided CD-ROM as an excel spreadsheet, may be 

requested from the Geological Survey of Western Australia (via WAMEX for mineral drill 

holes and WAPIMS for petroleum wells) and the Department of Water for groundwater 

bores, or may be found online as part of the supplementary material in the published paper. 

Each well has a unique ID, easting and northing (coordinate reference system WGS 84 50 S 

in m), height above mean sea level (m) and total depth (m). The stratigraphic data have a 

unique ID that links to the well IDs, a formation top name, top depth (m) and, where 

available, a base depth (m). Note that the time-equivalent Dongara Sandstone, Wagina 

Sandstone and Beekeeper Formation are combined into a single formation. 
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Appendix F 

 

SUPPLEMENTARY MATERIAL FOR SONIC TRANSIT TIME ANALYSIS 

OF THE SOUTHERN AND CENTRAL PERTH BASIN 

The following appendix contains information pertaining to paper 4. The appendix comprises 

raw data relating to overpressure data compilation. 

 

Overpressure Data 

As overpressure has significant impact on the quality of sonic transit time analysis, it was 

important to compile all available pore pressure data to assess if this was the case. Depth (in 

meters – m), pore pressure (in pounds per square inch – psi) and mud weight (pounds per 

gallon – ppg) were collected. Pore pressure data were adjusted for mud weight, which 

required dividing mud weight by 8.3454, the density of water in ppg. A pore pressure 

gradient was then calculated (pore pressure versus depth) and converted into megapascals 

per kilometre (MPa km-1), which, if hydrostatically pressured, is approximately 10 MPa km-

1. DST = Drill Stem Test; RCI = Reservoir Characterization Instrument; RFT = Repeat 

Formation Test; PP = pore pressure; P = pressure. 
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Well name Type Depth Weight Actual Mud-corr. P gradient 
(m) Mud (ppg) PP (psi) PP (psi) (Mpa km-1)

Bootine 1 DST 4053.0 10.0 7142 5960 10.14
Gage Roads 1 DST 1737.5 9.4 2747 2439 9.68
Gingin 1 DST 4042.9 11.6 7890 5676 9.68
Gingin 1 DST 3867.6 11.6 7456 5364 9.56
GSWA Harvey 1 DST 891.5 11.3 1771 1304 10.08
GSWA Harvey 1 DST 956.4 11.4 1900 1397 10.07
GSWA Harvey 1 DST 1044.4 11.4 2073 1521 10.04
GSWA Harvey 1 DST 1136.9 11.4 2256 1653 10.02
GSWA Harvey 1 DST 1196.9 11.4 2375 1738 10.01
GSWA Harvey 1 DST 1381.4 11.4 2741 2001 9.99
GSWA Harvey 1 DST 1673.3 11.5 3323 2418 9.96
GSWA Harvey 1 DST 1888.6 11.5 3754 2722 9.94
GSWA Harvey 1 DST 2478.8 11.6 4938 3556 9.89
GSWA Harvey 1 DST 2478.8 11.6 4938 3565 9.92
GSWA Harvey 1 DST 840.5 11.9 1747 1228 10.08
GSWA Harvey 1 DST 831.5 11.9 1731 1219 10.11
GSWA Harvey 1 RCI 856.0 n/a 1205 1205 9.71
Marri 1 RFT 1995.9 9.4 3308 2937 10.15
Marri 1 RFT 1996.3 9.4 3309 2938 10.15
Marri 1 RFT 1997.1 9.4 3311 2939 10.15
Marri 1 RFT 1997.5 9.4 3311 2940 10.15
Marri 1 RFT 1998.3 9.4 3313 2941 10.15
Marri 1 RFT 1999.8 9.4 3315 2943 10.15
Marri 1 RFT 1999.4 9.4 3314 2942 10.15
Marri 1 RFT 2004.9 9.4 3325 2952 10.15
Marri 1 RFT 2004.5 9.4 3323 2950 10.15
Marri 1 RFT 2008.8 9.4 3330 2956 10.15
Marri 1 RFT 2010.0 9.4 3332 2958 10.15
Marri 1 RFT 2009.6 9.4 3331 2957 10.15
Marri 1 RFT 2011.5 9.4 3336 2961 10.15
Marri 1 RFT 2012.7 9.4 3336 2961 10.14
Marri 1 RFT 2015.0 9.4 3340 2965 10.14
Scott River 1 DST 2073.0 9.9 3512 2961 9.85
Whicher Range 2 DST 3789.3 9.0 5767 5348 9.73
Whicher Range 2 DST 3832.6 9.0 5795 5374 9.67
Whicher Range 3 DST 4380.0 8.8 6555 6216 9.79
Blackwood 1 DST 3030.3 9.6 4940 4294 9.77
Blackwood 1 DST 3005.6 9.6 4863 4227 9.70
Blackwood 1 DST 2797.5 9.4 4513 4007 9.88  
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Appendix G 

 

SUPPLEMENTARY MATERIAL TO THE AGE OF THE BUNBURY 

BASALT 

The following appendix contains information pertaining to chapter 6. Supplementary tables 

pertaining to previous K–Ar geochronology and 40Ar/39Ar geochronology and major and 

trace element geochemistry may be found in Table S1 and S2, respectively. 

Raw data tables relating to the 40Ar/39Ar geochronology of the Bunbury Basalt may be found 

as part of the paper’s online supplementary material. Each table is labelled with its same 

number in the form BNx. Their locations are documented in chapter 6. 

Geochemistry data tables of Kerguelen plume-attributed volcanic samples are to be compiled 

online with the paper’s supplementary material, as a separate excel spreadsheet on the 

supplied CD-ROM or may be found using GEOROC (Geochemistry of Rocks of the Oceans 

and Continents) at the following URL: 

http://georoc.mpch-mainz.gwdg.de/georoc/ 

 

Figure and Table Captions 

Table S1: Summary of previous K–Ar and 40Ar/39Ar ages of the Bunbury Basalt. 

Table S2: Major and trace element geochemistry for Bunbury Basalt samples. LOI = Loss 

on Ignition; Casua. = Casuarina; Wo. = Wonnerup; V. Hy. = Vasse Highway. 
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Appendix H 

 

SUPPLEMENTARY MATERIAL TO THE AGE OF THE WALLABY 

PLATEAU 

The following appendix contains information pertaining to paper 6. These comprise detailed 

methods, and data tables pertaining to the U–Pb SHRIMP, 40Ar/39Ar dating and 

geochemistry as published in GEOLOGY.  

 

Appendix H.1 – U–Pb zircon geochronology detailed analytical techniques 

Three volcaniclastic rocks were selected to date the contained detrital zircon on the Wallaby 

Plateau via SHRIMP U–Pb geochronology, samples 53-1, 53-2 and 61 (abbreviations – for 

full samples names as stored in the Geoscience Repository, see Table DR1). Mineral 

separates were prepared at Geoscience Australia by conventional crushing, following by 

density separation and grain picking. The zircons were mounted and polished. Zircon grains 

were typically sub-euhedral to well-rounded, predominantly colorless with occasional brown 

discoloration. Visible inclusions and cracks were occasionally observed and were avoided, 

where possible, in spot analyses. Zircon grains typically exhibited a mixture of concentric 

and sector zoning with occasional complex embayment patterns. No obvious core–rim cross-

cutting relationships were observed. 

Zircon analyses were performed on a SHRIMP IIa at Geoscience Australia. U–Th–Pb ratios 

and absolute abundances were determined relative to the Temora-2 reference zircon 

(206Pb/238U = 0.06676; 416.78 ± 0.33; 130 ppm 238U) (Black et al., 2003; Black et al., 2004) 

using operating procedures similar to those described by Compston et al. (1984), Claoué-

Long et al. (1995) and Nelson (2003). Data reduction and visualization employed SQUID 

(Ludwig, 2001a) and ISOPLOT (Ludwig, 2001b). Analyses were conducted in two different 

analytical sessions. Samples 53-1 and 53-2 were analyzed in the same session, in which 2σ 

error of the mean of twelve TEMORA-2 analyses was 0.52%, and sample 061 was analyzed 

in a separate session in which the 2σ error of the mean of sixteen TEMORA-2 analyses was 

0.58%. Measured compositions were corrected for common Pb using 207Pb instead of 204Pb 
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due to the imprecise measurements of the latter. Consequently, any analyses that had a 

discordance >2% were considered unreliable. 

Forty-nine analyses were performed, each on a different zircon grain. As well as the 

tabulated results, analyses on four grains were started, but abandoned when low U-content 

became apparent which would have lead to unreliable results. The tabulated results may be 

found in Table DR1 (this document). 

 

Appendix H.2 – 40Ar/39Ar plagioclase geochronology detailed analytical techniques 

Four basaltic samples were selected to date the volcanic rocks on the Wallaby Plateau via 
40Ar/39Ar geochronology. Mineral separates were prepared at Geoscience Australia by 

conventional crushing, followed by density and electromagnetic separation. The plagioclase 

grains were strongly sericitized. Plagioclase separates were then sent to the University of 

Queensland AGES Laboratory where they were packaged for irradiation.  Aliquots of 

mineral separate were loaded into pits in an aluminium disk together with the standard 

material Fish Canyon sanidine (FCs, age = 28.02 ± 0.28 Ma, Renne et al. (1998b) and 

Jourdan and Renne (2007)). All ages presented in the text were calculated using the 40K 

decay constants of Renne et al. (2011). The pits in the irradiation disk were enclosed with an 

aluminium cover, and wrapped in aluminium foil before being vacuum heat-sealed into 

quartz vials and irradiated for 42 hours in the Cadmium-lined B-1 CLICIT facility at Oregon 

State University.  Following irradiation, samples were baked under vacuum at ~200°C for 12 

hours.  Step heating was conducted on multi-grain aliquots via a continuous-wave Ar-ion 

laser with a 2 mm wide defocused beam, before isotopic analyses in a MAP215-50 mass 

spectrometer at the University of Queensland.  Analytical procedures followed those 

described by Deino and Potts (1990) and Vasconcelos et al. (2002). Data processing, 

including correction for mass discrimination, nucleogenic interferences and atmospheric 

contamination, used the software “MassSpec”, written by Alan Deino. 

The neutron fluence parameter, J, was determined for each Al-irradiation disk via laser total 

fusion and isotopic analysis of multiple individual aliquots of Fish Canyon sanidine.  

Plotting of data, and calculation of plateau ages, was via the Isoplot software of Ludwig 

(2003). Two aliquots of each sample were step-heated. The mean J-value computed from 

standard grains was 0.003761 ± 0.000008 (0.20%), determined as the average and standard 

deviation (1σ) of J-values for each irradiation disc. Mass discrimination was monitored using 
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an automated air pipette and provided a mean value of 0.999 ± 0.0017 per dalton (atomic 

mass unit). The correction factors for interfering isotopes were (39Ar/37Ar)Ca = 7.04x10-4 (± 

1%), (36Ar/37Ar)Ca = 2.64x10-4 (± 1%) and (40Ar/39Ar)K = 8x10-4 (± 38%). 

Our criteria for the determination of reliable 40Ar/39Ar plateaux are as follows: plateaux must 

include at least 70% of 39Ar. The plateaux should be distributed over a minimum of 3 

consecutive steps agreeing at 95% confidence level and satisfying a probability of fit (P) of 

at least 0.05. Plateaux ages are given at the 2σ level and are calculated using the mean of all 

the plateau steps, each weighted by the inverse variance of their individual analytical error. 

Mini-plateaux are defined similarly except that they include between 50% and 70% of 39Ar.  

All sources of uncertainties are included in the calculation, including uncertainties on the 

ages of the Fish Canyon sanidines and decay constant. 

 

Appendix H.3 – Major and trace element geochemistry detailed analytical 

techniques 

Samples for geochemical analysis were selected on the basis of size (i.e. a sufficient amount 

of rock was available for milling a representative sample) and alteration level, which was 

assessed by appearance and relative density. Selected samples were sawn to remove visibly 

weathered edges, ultrasonically cleaned, and dried in an oven before being crushed and 

pulverised in a tungsten carbide mill. Results for Ta may be higher than actual values due to 

contamination from the mill (Iwansson and Landström, 2000; Johnson et al., 1999) although 

this is probably low as all rocks are relatively soft (Iwansson and Landström, 2000). 

Whole rock samples were analysed by X-ray fluorescence (XRF) Spectrometer for major 

elements. Samples were prepared following the method of Norrish and Chappell (1977). 

Major element analyses were performed at the School of Earth and Environmental Science at 

the University of Wollongong, Australia using a Spectro XEPOS energy dispersive XRF 

Spectrometer. Trace element analyses were performed in the Geochemical Analysis Unit 

(GAU), in the Department of Earth and Planetary Sciences, Macquarie University, Sydney, 

Australia using a Spectro XLAB2000 Energy Dispersive Spectrometer. Solution laser 

ablation-ICP-MS analyses for trace elements were performed in the GAU at Macquarie 

University using an Agilent 7500 ICPMS.  
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Appendix H.4 – Figures and Tables 

Optical and cathodoluminescence photomicrographs of epoxy grain mounts are provided for 

reference to zircon U–Pb geochronology (Figure DR1). Tabulated results used to calculate 

ages for zircon U–Pb (Table DR1) and plagioclase 40Ar/39Ar (DR2) are also provided. 
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Figure and Table Captions 

Figure DR1: Transmitted, plane-polarized (A, C, E) and cathodoluminescence (B, D, E) 

images of mounted zircons grains for U–Pb geochronology: (A–B) 053-1; (C–D) 053-2; (E–

F) 061. 

Table DR1: Summary of U–Pb SHRIMP results. 

Table DR2: Summary of 40Ar/39Ar results. 

Table DR3: Summary of geochemistry results. 

 



A

B

C

D

E

F

Figure DR1: Transmitted, plane-polarized (A, C, E) and cathodoluminescence (B, D, E)  
images of mounted zircons grains for U–Pb geochronology: (A–B) 053-1; (C–D) 053-2; (E–F) 061.
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