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Abstract 

Earth’s geological history is punctuated by Large Igneous Provinces (LIP) which play an 

important role in global tectonics, crustal generation, minerals endowment and 

environmental change. Ancient LIP can be studied at the mid-lower crust and uppermost 

mantle depths using geophysical methods. However, in the absence of the thermal system 

associated with younger LIPs, such imaging is often limited to resolving the residual 

signature from magmatic suites, which can be ambiguous. I seek to apply combined-

gravity-seismic methods to the Warakurna LIP in central-western Australia, so as to 

resolve the lower-crustal signature of magmatic LIP processes in an ancient LIP.  

Using two-dimensional modelling focused in relatively well known regions with seismic 

reflection lines, the density structure and composition of the deep crust and uppermost 

mantle were characterise within the Warakurna LIP area. Regions targeted include the 

Capricorn Orogen, Yilgarn-Officer-Musgrave (YOM), Gawler-Officer-Musgrave-

Amadeus (GOMA) and NW Yilgarn Craton. The results for the Capricorn Orogen 

indicate two distinct high-density blocks, the MacAdam and Bandee Seismic Provinces 

which are likely containing high-grade intermediate to mafic gneiss materials. The results 

here suggest no clear link to the Warakurna LIP, rather to earlier tectonic events. The 

crustal density models over the North-Western Yilgarn craton demonstrate normal crustal 

density values which indicate no deep-crustal Warakurna LIP signature in this region, 

despite extensive sills in the upper crust. In contrast, the YOM density model indicates 

very high-density materials in the lower crust beneath the western Musgrave Province 

associated with the Tikelmungulda Seismic Province (TSP), whose characteristics 

indicate a high-grade Mafic Garnet Granulite composition. This seismic province is 

considered be due to the magmatic underplating of the Warakurna LIP. The results of the 

GOMA density model indicate large variations in density for the Gawler craton and 

eastern Musgrave province, but neither region contains features clearly related to the 

Warakurna LIP.  A seismically-constrained 3D gravity inversion was applied focusing on 

imaging the Warakurna LIP magmatic underplate, of which the TSP is part. The results 

of 3D gravity inversion demonstrate an extensive area, with very thick crust (> 45 km) 

and high-density materials (> 2.85 g/cm3) in the lower crust. This underplate is thickest 

beneath the west Musgrave Province, and extends to the north-west and north-east. It 

closely follows the likely lithospheric architecture of the region at 1.1 Ga, suggesting 
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either that upwelling magma has been diverted around the West Australian Craton, or that 

melting was focused in the Proterozoic regions.  

Despite some substantial uncertainties in the results, this research shows that integrated-

gravity-seismic approaches have the ability to image the deep crustal structure of the 

Warakurna LIP. The results in this region show that high density materials at the base of 

the lower crust and thick crust are an indication of magmatic underplating. The Archean 

West Australia Craton is not underplated, even with occurring extensive dykes and sills, 

whereas the Proterozoic regions are extensively underplated.  This example illustrates 

how lithospheric ages and thickness has influenced the LIP process. These differences in 

process which driven by lithospheric architecture have led to significant differences in 

crustal thickening, tectonic deformation and mineral systems associated with the 

Warakurna LIP.  
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Chapter 1 General Introduction 

1.1 Ancient LIPs  

Large Igneous Provinces (LIP) are very important events in Earth’s history due to their 

effects on crustal generation, global tectonics, minerals resources and environmental 

change (Parsiegla et al., 2008). These LIPs are emplaced over a large area (1×105 km2) 

within a few million years, and can include continental flood basalts, oceanic plateaux, 

ocean basin flood basalts, mafic–ultramafic intrusions, sill-complexes and dyke-swarms 

(Bryan and Ernst, 2008). LIPs are associated with mineral deposits (Naldrett, 1997, 

Schissel and Smail, 2001, Borisenko et al., 2006) because their magmas transport 

significant thermal energy and metal from the mantle into the accessible crust (e.g. Maier 

et al., 2009, Begg et al., 2010). Mineral systems associated with Australian LIPs include 

Ni-Cu-PGE and Fe-Ti-V in layered intrusions (Pirajno and Hoatson, 2012).  

Modern LIPs (Mesozoic and Cenozoic age) can be imaged well using geophysical 

methods (Bryan and Ernst, 2008) because they are typically well preserved and their 

thermal effect on the lithosphere is still active or remnant (Campbell, 2007). Ancient LIPs 

(older than circa 200–300 Ma) are typically more deeply eroded, exposing at the surface 

their plumbing systems of dykes, sills and layered intrusions which can be much smaller 

than overall event (Ernst et al., 2005). Imaging these ancient LIPs is hindered by the 

absence of a remnant thermal system (Campbell, 2007) which is thermally equilibrated 

with the surrounding lithosphere. However, there are some geophysically detectable 

changes in the lower crust and uppermost mantle that could be related to LIP activity 

(Campbell, 2007). These include a high density and high seismic velocity layer at the 

base of the lower crust that has been commonly interpreted as large area of underplating 

magma (Thomas, 1994, Allen et al., 1997, Aitken, 2010, Aitken et al., 2013).  

The upper crust in such region can be relatively well characterised through a variety of 

methods such as geological field constraint with drilling holes, integrated gravity and 

magnetic methods, high-resolution reflection seismic and Audio-frequency 

Magnetotellurics (AMT). The deep mantle can also be characterised at large-scale, but 

spatial averaging is an issue. Body and surface wave tomography cannot image the crust 

unless the array is very dense. Magnetotellurics (MT) is a good technique to identify 
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resistivity change, but its interpretability is a major issue. Global gravity is difficult to 

model the region with heterogeneous gravity fields. In short, the deep-crust and 

uppermost mantle are hard to identify in one geophysical technique. Deep seismic 

reflection methods are good for providing geometries in time domain, but necessarily 

limited due to cost. Deep seismic refractions and Wide-Angle Refraction (WAR) are good 

for identification of seismic waves in geological layers, but low resolutions and big 

energy sources needed. Receiver function estimates S-wave seismic velocity and 

boundaries, but is only local method. Local Earthquake Tomography (LET) is not useful 

here due to low seismicity. Gravity method does not provide geological structure without 

additional geological and geophysical constraints, and may confuse the interpretation 

because of overlapping the anomalies. MT and magnetic methods are hard to interpret 

signature of the lower crust. 

1.1.1 The Warakurna LIP 

Remnants of the 1080-1050 Ma Warakurna LIP (Wingate et al., 2004a) extends over a 

large area (~1.2 ×106 km2) in western and central Australia (Figure 1.1). The upper crustal 

part of the Warakurna LIP has been relatively well defined by geological and geophysical 

data, which define not only broad extents but also a complex multi-stage history of 

magmatism (Wingate et al., 2004a, Evins et al., 2010, Aitken et al., 2013, Howard et al., 

2013). The deeper crustal characteristics of the Warakurna LIP are still poorly understood 

due to the difficulties in interpreting geophysical characteristics in the deep lithosphere. 

Deep lithospheric processes such as mantle melting events and sub-crustal ponding are 

critical for driving the evolution of LIPs. This includes the generation of Ni-Cu-PGE and 

other mineral deposits. The Warakurna LIP has several significant prospects and deposits 

most notably Nebo-Babel (Ni-Cu-PGE).  

This project aims to understand the geophysical characteristics of the deep crust and 

mantle in the area of the Warakurna LIP that will lead to a better understanding of 

geophysical responses related to ancient LIPs and improve understanding of Ni-Cu-PGE 

mineral systems. Although I focus on the Warakurna LIP, the methods used are applicable 

to other ancient LIPs with typical regional datasets.  
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Figure 1.1. Simplified geology of west Australia, showing the distribution of the 

Warakurna LIP and isotopic age determinations for rocks of Warakurna LIP (Wingate et 

al., 2004b). 

 

1.2 Aims and Objectives  

This project aimed to apply a range of geophysical methods to better understand the deep 

crustal structure and character in the Warakurna LIP, including characteristics that relate 

to the magmatic Ni-Cu-PGE mineral system. This project aimed to (i) identify a suitable 

geophysical approach for understanding deep crustal structure in ancient LIPs, (ii) 

provide generic insights into the structure and lithospheric processes operating in such 

regions, (iii) understand the geophysical responses of key components of the magmatic 

Ni-Cu-PGE mineral systems in the Warakurna LIP. The main objectives of the present 

research project were to: 

1. Re-image crustal structure along deep seismic lines over the region utilising 

receiver function and gravity data. This includes studies in the Capricorn Orogen, 
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NW Yilgarn craton, Yilgarn-Officer-Musgrave (YOM) and Gawler-Officer-

Musgrave-Amadeus (GOMA).  

2. Generate a 3D understanding of the crustal to lithospheric scale structure of the 

Warakurna LIP by integrated interpretation and modelling of seismic and gravity 

geophysical datasets. 

3. Use this model to understand the lithospheric processes that have contributed to 

the Warakurna LIP. 

4. Develop and discuss generic insights into the influence of lithospheric architecture 

and processes on Ni-Cu-PGE mineral systems, focusing on the Warakurna LIP. 

5. Develop and discuss generic insights into integrated geophysical methods for 

imaging and understanding the character of the lower-crust and uppermost mantle. 

1.3 Thesis Structure  

My findings are presented in seven chapters: this general introduction, a literature review, 

four research papers and a general discussion. 

Chapter Two, the literature review, provides a brief background on the significance of 

LIPs and their geophysical characteristics in different geological ages as well as some 

important background information on Warakurna LIP. 

Chapter Three addresses the crustal structure of the Capricorn Orogen. Composition 

models of the crust were derived from gravity, seismic and heat flow data. An 

extraordinary density material (~2.97 g/cm³) in the mid-crust of parts of the orogen is 

detected, and associated with the previously defined Bandee Seismic Province 

(BSP)(Johnson et al., 2013). The BSP is re-interpreted to comprise high-grade gneisses 

of mafic to intermediate composition, but is not likely associated with the Warakurna LIP. 

Chapter Four presents crustal models beneath the North-western Yilgarn Craton. The 

results of crustal lithological models indicate the upper-mid-crustal layers are composed 

of a combination of medium-grade metamorphic rocks, potentially with high 
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metamorphic grade felsic rocks and/or low metamorphic grade mafic rocks. The lower 

crust is interpreted to consist of high-grade gneisses of intermediate to mafic composition. 

This lower crust is also not thought to relate to the Warakurna LIP.  

Chapter Five describes the contrasts in deep crustal composition along the YOM and 

GOMA transects crossing the Musgrave Province. High-density materials (3.12, 3.09 

g/cm³) are determined for the previously defined Tikelmungulda Seismic Province (TSP) 

(Howard et al., 2013), which forms the lower crust beneath the area of the western 

Musgrave Province. Its density and velocity characteristics indicated a high-grade mafic 

rock with high garnet content (Mafic Garnet Granulite). The TSP is likely to represent an 

underplate formed during the Warakurna LIP. The GOMA model results indicate that this 

underplate is not exist in the eastern part of the Musgrave province. 

Chapter six address the deep crustal structure of the Warakurna LIP resulting from a 3D 

gravity inversion. The results demonstrate an extensive area with very thick crust (> 45 

km) and high-density materials (2.85 g/cm3) that are associated with the magmatic 

underplate, of which the TSP is part. This underplate is thickest beneath the west 

Musgrave Province, and is absent beneath the western Capricorn Orogen, Yilgarn Craton 

and East Musgrave Province. It closely follows the likely lithospheric architecture of the 

Australian continent at the time of emplacement.  

Chapter seven discusses with respect to the answer is in the issues including geophysical 

imaging of ancient LIPs and Lithosphere process and Ni-Cu-PGE potential in the 

Warakurna LIP. 
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Chapter 2 Geophysical Characteristics of Large Igneous 

Provinces, Including Ancient and Modern Examples  

Large Igneous Provinces (LIPs) play an important roles in geological records because 

they represent anomalous conditions when large amount of mafic/ultramafic and felsic 

magmas producing in a short time period. Imaging ancient LIPs at lower crust and upper 

mantle are more complicated due to absence of thermal system related to younger LIPs. 

Understanding geophysical characteristics of the deep crust and uppermost mantle 

beneath the Warakurna LIP region may assist to understand geophysical response related 

to ancient LIPs.    

2.1 Large Igneous Provinces (LIPs) 

Large-scale, buoyancy-driven upwelling of the Earth’s mantle is one of the fundamental 

drivers of plate tectonics and play a role in crustal creation and global tectonic cycles 

(Parsiegla et al., 2008). For example, the African superswell has driven the breakup of 

Africa and Arabia and caused the formation of the Gulf of Aden, the Red Sea and the East 

African Rift system (Pasyanos and Nyblade, 2007). LIPs are the record of these very 

important mantle upwelling events throughout Earth’s history. Coffin and Eldholm 

(1994) originally defined LIPs as ‘massive crustal emplacements of predominantly mafic 

(Mg and Fe-rich) extrusive and intrusive rock which originate via processes other than 

“normal” seafloor spreading … [these] include continental flood basalts, volcanic passive 

margins, oceanic plateaus, submarine ridges, seamount groups and ocean basin flood 

basalts’.  They are emplaced over a large area (1×105 km2) within a few million years 

(Bryan and Ernst, 2008). 

The causes and results of LIP formation are still poorly understood (Parsiegla et al., 2008) 

as a result of their large-scale and often sparse exposure (Bryan and Ernst, 2008). Many 

LIPs have been associated with the mantle plume hypothesis (Campbell, 1989, Ernst and 

Buchan, 2001, Courtillot et al., 2003, Ernst et al., 2005) that supposes an upwelling of 

abnormal hot rock within the mantle, sourced from the core-mantle boundary (Wu and 

Zhang, 2012). However, mantle plumes are not necessary to produce LIPs and non-plume 

origins have been proposed, such as delamination of the lithosphere, bolide impact and 

rift-related decompression (Ernst and Bleeker, 2010, Smithies et al., 2015). LIPs can be 
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related to dynamic uplift, continental rifting and breakup events, metallogenic events—

especially magmatic Ni-Cu-PGE—and climatic change, including the potential for 

extinction events (Ernst et al., 2005). 

LIPs are often associated with mineral deposits (Naldrett, 1997, Schissel and Smail, 2001, 

Borisenko et al., 2006). This is because the magmas of LIPs transport significant thermal 

energy and metal from the mantle into the accessible crust (e.g. Maier et al., 2009, Begg 

et al., 2010). Deep lithospheric processes such as mantle melting events are critical for 

generating several types of mineral deposits (Begg et al., 2010). For Ni-Cu-PGE systems 

it is well known that metal-bearing magmas originate in the mantle (e.g. Naldrett, 2004). 

Mineral systems associated with Australian LIPs include Ni-Cu-PGE and Fe-Ti-V 

(Pirajno and Hoatson, 2012b). 

LIPs of Mesozoic and Cenozoic age are the best preserved (Bryan and Ernst, 2008). 

Therefore, they are relatively well understood and their deeper parts have been often 

imaged using geophysical methods because of the existence of active or remnant thermal 

perturbations to the lithosphere (Campbell, 2007). Ancient LIPs (older than circa 200–

300 Ma) are typically more deeply eroded, exposing at the surface only their plumbing 

systems of dykes, sills and layered intrusions (Ernst et al., 2005). For the Warakurna LIP 

these are not all connected, and so significant uncertainty remains regarding the true 

extents of this event. Imaging ancient LIPs at the mid-lower crust and uppermost mantle 

is hindered by the absence of the thermal system associated with younger LIPs (Campbell, 

2007). The thermal system effects lead to have low seismic velocity compared with 

similar materials at low temperature, a buoyant low-density below the lithosphere and a 

high electrical conductivity in the crust (e.g. Evans et al., 2011, Campbell, 2007, Kennett 

and Widiyantoro, 1999, Naganjaneyulu and Santosh, 2011). Without these obvious strong 

signals, we are required to seek the more subtle compositional and structural changes 

remaining.  

In this thesis, I seek to use gravity, seismological data and geological constraints to 

improve methods for imaging ancient LIPs at depth, focusing on the Warakurna LIP 

example. We also seek to use this insight to understand the roles of deep lithospheric 

processes in LIP evolution and the influence on mineral systems. 
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2.1.1 Geophysical characteristics of LIPs 

LIPs of Cenozoic to late Cretaceous age are young enough that their thermal effects on 

lithosphere have not yet disappeared (VanDecar et al., 1995, Kennett and Widiyantoro, 

1999, Richardson et al., 2000, Klosko et al., 2001, Gomer and Okal, 2003). This means 

that the lithosphere signatures of these events can readily be imaged by geophysical 

means; for example, seismology, gravity and magnetotellurics (MT). Seismic 

tomography is able to image the zone of anomalously hot mantle associated with the 

mantle plume (Zhao, 2009). The plume head should be detectable using seismic 

tomography for at least circa 100 Ma (Campbell, 2007). For instance, fossil plume heads 

have been recognised as exhibiting a low P-wave seismic velocity beneath the 65 Ma 

Deccan LIP (Kennett and Widiyantoro, 1999) and the 17 Ma Columbia River LIP 

(Catchings and Mooney, 1988). In addition, these LIPs appear to be underline by a high 

Vp velocity (6.9–7.5 km/s) in lowermost crust, with thick ranging from about 5-15 km, 

indicative of an ultramafic composition (Ridley and Richards, 2010). A buoyant, low-

density plume head below the lithosphere produces a domal uplift at the surface 

(Campbell, 2007) and also a corresponding gravity anomaly. This domal uplift has been 

identified in the young LIPs (Cox, 1989). For instance, a mantle plume head of the circa 

20 Ma East African Plateau may produce a domal uplift on Lake Victoria (Griffiths and 

Campbell, 1991). The thermal anomaly of early Cretaceous to Permian LIPs is either 

waning or absent depending on several parameters, including the thickness of the 

lithosphere, the magnitude of the thermal perturbation, the thermal diffusion rate and the 

ambient ‘coolness’ of the lithosphere (Campbell, 2007). The plume head can remain 

hotter than the adjacent mantle for 300 Ma or more (Campbell, 2007). For example, 

assume that when a plume head flattens at the base of the lithosphere, it is approximately 

200 km thick, has a diameter of 2000 km and a temperature excess of 100 °C to 300 °C. 

The calculation of cooling time for this plume head’s thermal anomaly would be 200 Ma 

(Campbell, 2007). 

Despite the absence of an active thermal anomaly, older LIPs may still cause 

geophysically detectable changes to the lithosphere. For example, the lithosphere can be 

thinner near the middle of the plume and thicker near its margins (Wu and Zhang, 2012). 

A second characteristic associated with pre-Mesozoic plumes is a high seismic velocity 

and high density at the base of the crust and in the uppermost mantle (e.g. Chen et al., 
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2010). This highly seismic velocity layer is commonly interpreted as a magmatic 

underplate at the base of the crust (Furumoto et al., 1976, Kelemen and Holbrook, 1995, 

Farnetani et al., 1996, Trumbull, 2002, Chen et al., 2010). For example, seismic evidence 

suggests that a high seismic velocity layer underlies the 258 Ma Emeishan LIP (Chen et 

al., 2010). 

According to Campbell (2007), for LIPs of Palaeozoic and Proterozoic age, the thermal 

lithospheric signature has completely disappeared. However, there are geophysically 

recognisable features of the crust and mantle that could indicate anomalous lithospheres 

related to LIPs. For example, models of the 1.1 Ga Midcontinent Rift (MCR) and the 

Warakurna LIP (Figure 2.1A) have suggested a high density uppermost 

mantle/lowermost crust that has been interpreted as large area of underplating magma 

(Thomas, 1994, Allen et al., 1997, Fishwick and Reading, 2008, Aitken, 2010, Aitken et 

al., 2013a). For the Warakurna LIP, at least, this is coincident with (see Figure 2.1B) a 

region of slow shear-wave velocity in the uppermost mantle (Fishwick and Reading, 

2008). This has been interpreted to represent large amounts of amphibole within the 

lithosphere (Fishwick and Reading, 2008). Another example is low shear-wave velocities 

that were detected using seismic tomography beneath the 2.05 Ga Bushveld Complex. 

These have been interpreted as either an enrichment of basaltic components or 

metasomatising fluids (James, 2001, Shirey, 2002).  

Archean LIPs are preserved as greenstone belts that consist of thick tholeiite sequences 

with minor komatiites (Campbell, 1989, Nelson, 1998, Ernst et al., 2005). LIPs of this 

age have different lithospheric processes and thermal systems and, hence, their 

geophysical signatures do not necessarily resemble either modern or Proterozoic 

examples. Therefore, identification of these LIPs is more complicated (Ernst et al., 2005). 

In this project we will consider only LIPs of Proterozoic age. 

2.2 Warakurna LIP 

The 1080–1050 Ma Warakurna LIP extends from the west coast of Australia to the centre 

of the continent—a distance of about 1500 km—and covers an area of at least 1.2×106 

km2 (Wingate et al., 2004). The boundaries of the Warakurna LIP were initially defined 

on the basis of the extent of mafic igneous rocks of similar age exposed at the surface, or 

in drillcore (Wingate et al., 2004). Although the upper-crustal character of this event has 
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been relatively well defined by geological and geophysical data (Jackson et al., 1981, 

Williams, 1986, Glikson, 1995, Glikson et al., 1996, Evins et al., 2010, Aitken et al., 

2013a), the characteristics of the deeper Warakurna LIP are still poorly understood 

because of the difficulties in interpreting geophysical characteristics in the deep 

lithosphere. Understanding the geophysical characteristics of the deep crust and the 

mantle in the region of the Warakurna LIP will lead to an improved understanding of Ni-

Cu-PGE mineral systems for which there is well demonstrated potential, but of which 

there are few actual deposits (Abbott and Isley, 2002, Seat, 2007). 

The deep crustal structure of the Warakurna LIP remains poorly understood for several 

reasons: 

1. Complex geology involving numerous events including several major orogenies 

since 1080 Ma (Goleby, 1989, Raimondo et al., 2010, Kennett and Iaffaldano, 

2013). 

2. Sparse seismological control (Kennett et al., 2011). 

3. Seismically constrained gravity modelling indicates a thickened dense crust 

(Aitken et al., 2013a), a situation not conductive to unconstrained gravity 

modelling. 

4. Huge areal extent has been estimated at about 1.2 Mkm2 (Wingate et al., 2004). 

5. Multiple overlapping LIPs in the region which are circa 1780 Ma Hart, circa 825 

Ma Gairdner and circa 510 Ma Kalkarindji (Claoué-Long and Hoatson, 2009). 

2.2.1 Geological setting of the Warakurna LIP 

The exposed Warakurna LIP comprises mafic rocks throughout central and western 

Australia. These include sill complexes and dykes in the Palaeoproterozoic Earaheedy 

Basin—to the north of the Yilgarn Craton—and the Mesoproterozoic Edmund and 

Neoproterozoic Collier Basins (Bangemall Supergroup) in the Capricorn Orogen 

(Cawood and Tyler, 2004). Magmatic rocks from this event intruded into basement 

domains including the Musgrave Province (Glikson, 1995, Glikson et al., 1996, Evins et 

al., 2010) and Arunta Province. In addition, the sedimentary rocks of the Officer Basin 

cover the Warakurna LIP to a depth of 1600 m in the Empress 1A drill hole (Stevens and 

Apak, 1999, Wingate et al., 2004). The extent of the Warakurna LIP beneath the Officer, 

Canning and Amadeus basins is highly uncertain. 
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Mafic to felsic magmas during the Mesoproterozoic Giles Event were emplaced into and 

on to the Musgrave Province over a period that probably between at least ca. 1090 and 

ca. 1040 Ma (Edgoose et al., 2004, Smithies et al., 2015) but possibly extended to 1010 

Ma. The Giles Event magmas comprise of a suite of layered mafic–ultramafic intrusions 

‘Giles intrusions’ (G1), younger suite of massive gabbros (G2), various dykes including 

the Alcurra Dolerite suite, granite plutons and mafic and felsic lavas, volcaniclastic and 

sedimentary rocks that form the Bentley Supergroup (e.g. Glikson et al., 1995, Glikson et 

al., 1996, Maier et al., 2014, Howard et al., 2015). All these component of magmas are 

grouped into the Warakurna Supersuite that has been interpreted to have accumulated in 

the long-lived intracontinental Ngaanyatjarra Rift (Evins et al., 2010, Aitken et al., 

2013b). The Ngaanyatjarra Rift is the structural expression of the Giles Event, and 

considers being an exceptional example of a Proterozoic magmatism-dominated rift 

(Evins et al., 2010, Aitken et al., 2013b). This rift system also includes significant 

deformation and felsic magmatism (Evins et al., 2009) and perhaps periods of uplift and 

erosion (Aitken et al., 2013b). Early models associated the Warakurna LIP with the 

effects of a mantle plume (Morris and Pirajno, 2005, Glikson, 1996) although this 

interpretation has recently been challenged by a plate-tectonic model (Smithies et al., 

2015). 

The Arunta Province is one of the more geologically complex areas in Australia (Claoué-

Long and Hoatson, 2005).The Stuart dyke swarm intrudes on the Arunta Province and 

has a Sm-Nd isotopic age of 1076 ± 33 Ma. Geochemistry data suggest lithospheric 

involvement in melting and so a direct plume source is not likely (Zhao and McCulloch, 

1993). 

The sedimentary siliciclastic rocks of the 1200–1075 Ma Collier Group and the 1620–

1465 Ma Edmund Basin have been intruded  by voluminous dolerite sills of the ca. 1070 

Ma Kulkatharra Dolerite, which forms part of the Warakurna LIP (Cutten et al., 2011). 

The thickness of these sills can be up to 340 m thick (Pirajno and Hoatson, 2012a). Quartz 

dolerite sills of the Glenayle Dolerite, with ages of 1068 ± 20 Ma and 1063 ± 21 Ma 

(Wingate et al., 2004), have intruded on a sequence of sedimentary rocks of the Salvation 

Basin, north of the Earaheedy Basin, as well as parts of the Earaheedy Basin (Pirajno et 

al., 2009). The thickness of Glenayle sills may reach 100 m and some sills consist of 

several thin layers of approximately one to two meters each that are stacked one sheet 
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above the other and segregated by sedimentary rocks (Pirajno and Hoatson, 2012a). The 

total thickness of the Glenayle Dolerite sill complex is not known (Pirajno and Hoatson, 

2012b), but previous gravity modelling suggests that it may extend to depths of 3–4 km 

(Morris et al., 2003). 

Beneath the Officer Basin, a K–Ar age of 1058 ± 13 Ma was determined for basaltic rocks 

at 1600 m depth in the Empress 1A drill hole (Stevens and Apak, 1999). These basaltic 

rocks have been associated with the Warakurna LIP (Wingate et al., 2004). The Amadeus 

Basin comprises a thickness of up to 14 km of sedimentary rocks that range in age from 

Neoproterozoic to Late Palaeozoic (Young and Ambrose, 2007). The Canning Basin 

contains a thickness of over 10 km of Palaeozoic sedimentary rocks (Quintavalle and 

Playford, 2008). The existence and extent of the Warakurna LIP beneath the Amadeus 

and Canning basins have not been observed. In fact, the basement generally remains 

unknown. 

2.2.2 The deep geophysical characteristics of the Warakurna LIP 

 The lithospheric structure beneath the western part of the Warakurna LIP has fast shear 

wavespeeds that continue to great depths (Fishwick et al., 2005). In contrast, the eastern 

part of the Warakurna LIP has a lower seismic velocity (Vs) at between 75 and 100 km 

depths, but a faster seismic velocity at between 100 and 200 km depths (Fishwick and 

Reading, 2008) (see Figure 2.2). Hence, it is unlikely to be a thermal anomaly, but it 

might represent some compositional differences (Kennett and Iaffaldano, 2013). This 

region is radially anisotropic (Fichtner et al., 2010), indicating faster seismic wavespeeds 

along horizontal layering and it has low attenuation (Kennett and Abdullah, 2011). 

The deep crust of the Warakurna LIP is related to significant structures that include crust-

penetrating shear zones and a large region of dense and thick crust that has been 

interpreted as a magmatic underplate (Aitken et al., 2013c, Aitken, 2010). Five things that 

are known about the deep Warakurna LIP are (i) gravity modelling indicates a dense crust 

at depth that has been interpreted as magnetic underplate (see Figure 2.1A); (ii) the crust 

is thick in the east part of the Warakurna LIP, reaching depths of over 50 km (see 

Figure 2.2B) (Kennett et al., 2011); (iii) the uppermost mantle is seismically slow and 

radially and perhaps E–W azimuthally anisotropic (Debayle et al., 2005, Kennett and 

Abdullah, 2011, Fichtner et al., 2010) (see Figure 2.2A); (iv) the lithosphere is thick (> 
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150 km) (see Figure 2.2B), so slowness is not simply temperature related; (v) MT data 

suggests extremely high electrical resistivity in the deep crust and the uppermost mantle 

that may relate to extensive melting (Selway et al., 2009).  

 

Figure 2.1: The extent of the Warakurna LIP at a surface that is inferred at depth. A) 

Crustal density variations. B) Mean Moho elevation (Aitken et al., 2013c).  

White line indicates interpreted surface extents; black line and opaque polygon indicates 

interpreted crustal underplate. 

 

 

Figure 2.2 Images of the isotropic shear wavespeed models from tomographic inversion 

at: A) 75-100 km; B) 100-200 km. The dashed lines indicate the outline of the three main 

cratonic blocks (Fishwick and Reading, 2008). The solid line indicates the extent of the 

slow wavespeeds at 75 km depth that might relate to the Warakurna LIP. The fast 

lithosphere at 100 km depth, and also the absence of slow wavespeeds under the WAC.  

NAC= North Australian Craton; WAC= West Australian Craton; SAC= South Australian 

Craton. 
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The remnant of the Warakurna LIP in the Capricorn Orogen is defined by voluminous 

sills of the ca. 1070 Ma Kulkatharra Dolerite and ca. 1066 Ma Glenayle Dolerite (Wingate 

et al., 2004). The Kulkatharra dolerite sills in the western part of the orogen (Figure 3.1) 

intrude rocks of both Collier and Edmund basins (Cutten et al., 2011), and can be up to 

340 m thick (Pirajno and Hoatson, 2012). The Glenayle dolerite sills in the east of the 

Capricorn Orogen intrude on a sequence of sedimentary rocks of the Salvation Basin, as 

well as parts of the Earaheedy Basin (Pirajno et al., 2009). The following paper presents 

two-dimensional density and lithological models beneath the eastern part of the Capricorn 

Orogen. 

Two-dimensional density modelling indicates two distinct high-density blocks, the 

Bandee and MacAdam Seismic Provinces, which likely contain high-grade intermediate 

to mafic gneiss materials. These results suggest no clear link to the Warakurna LIP and 

are probably related to earlier tectonic events. The results of 3D gravity inversion (see 

Chapter Six) suggest that the Glenayle dolerite sills are associated with the magmatic 

underplating of the Warakurna LIP. Lack of underplating in the western Capricorn 

Orogen is probably the result of divergent upwelling magma around the West Australian 

Craton, or melting focused only on the Proterozoic region. 
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Abstract 

The upper crust of the Capricorn orogen is relatively well known from geological and 

geophysical studies, but the deep crust in term of its nature and composition is still poor 

understood.  The combination of different geophysical datasets including gravity and 

seismic data with surface geological information has the ability to image crustal structures 

in the region of the Capricorn Orogen. Crustal structure interpreted from deep seismic 

reflection profiles was re-imaged by depth-scaling with P-wave velocities inferred from 

receiver function data. For gravity modelling, initial density models were constructed by 

converting the seismic velocities to density and applying these densities to the modified 

seismic reflection geometry in large blocks. The best fit densities models indicate an 

extraordinary density material (~2.97 g/cm³) in the mid crust between Baring Down and 

Talga Faults which associate with the mid-crustal Bandee Seismic Province (BSP). 

Sensitivity testing suggests the adjacent regions to the BSP including, the upper and lower 

crust and mantle are less likely sources of the coincident high gravity anomaly.  2D 

pressure and thermal models were created along the seismic lines in order to reduce 

seismic velocity to a common baseline for comparison with laboratory data. Composition 

models were created by comparing seismic velocities and densities values conduction 

with published laboratories measurements of specific rock types. The crustal composition 

models indicates that the BSP, north of the Talga Fault, contains high-grade gneisses of 

mafic to intermediate composition. These results suggest that the Talga Fault is a more 

significant structure than suggested by some previous interpretations, and the area around 

its surface outcrop may be more prospective than previously thought. 

 

Keywords: Capricorn Orogen; gravity; seismic; thermal model; composition model. 
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3.1 Introduction 

The Capricorn Orogen lies between the Archean Pilbara and Yilgarn Cratons in Western 

Australia (Cawood and Korsch, 2008; Tyler and Thorne, 1990) (Figure 3.1). Within the 

orogen are records of the collisions between several continental terranes and a long and 

complex history of intraplate deformation, metamorphism and magmatism (Johnson et 

al., 2013). The area contains some important gold and base metal deposits, e.g. De Grussa, 

Plutonic, Abra, Paulsens (Johnson et al., 2013).  

Current ideas regarding regional-scale mineral prospectivity consider that deeply 

penetrating fault systems, especially at crustal boundaries, play an important role in 

transporting mineral-rich fluids from the upper mantle or lower crust, directing fluid flow 

into the upper crust and forming major mineral deposits (e.g. Drummond et al., 2000, 

Barnicoat, 2007, Willman et al., 2010, McCuaig and Hronsky, 2014). The relationship 

between the tectonic setting of the deposits and crustal architecture in the area of the 

Capricorn Orogen are still to be adequately assessed (Johnson et al., 2013). Combining 

geophysical methods with geological knowledge can significantly increase our geological 

understanding of deep crustal structures, including those that cut through to the mantle 

and form pathways for fluid flow to mineral systems in the upper crustal layers.  

Study of crustal lithology play an important role for understanding the growth and the 

evolution of the continents (Brown et al., 2003, Holbrook et al., 1999, Rudnick, 1995, 

Rudnick and Fountain, 1995, Sengör et al., 1993, Zhao et al., 2013). In this paper, we aim 

to reconcile deep seismic reflection models over the Capricorn Orogen with receiver 

function studies, and with gravity measurements. To calculate density and crustal 

composition models.  These assist in the understanding of the nature of the crust, 

especially for the unexposed crustal blocks.  
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Figure 3.1 A) the location of seismic lines (10GA-CP1 and 10GA-CP2) over regional 

geology of the western Capricorn orogen. Inset map shows the location of the Capricorn 

orogen within Australia. B) Geological cross section through the Capricorn orogen 

combining deep seismic profiles (Johnson et al., 2013). Note: the vertical scale indicates 

to calculated depth from time domain (assuming an average crustal velocity of 6 km/s).  

 

3.2 Geological and Tectonic Setting in Brief 

The deep seismic reflection lines 10GA–CP1 and 10GA–CP2 (Johnson et al., 2013) 

extend from the Pilbara Craton across the western part of the Capricorn Orogen, to the 
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Carnarvon Basin (Figure 3.1). Geological mapping and upper-crust focused geophysical 

studies show that the western Capricorn Orogen can be subdivided into several major 

elements. 

3.2.1 Pilbara Craton  

The Pilbara craton can be divided into two tectonic components, the 3.5–2.8 Ga granite-

greenstone terrane and unconformably overlying 2.78–2.43 Ga volcano-sedimentary 

successions which include the Fortescue, Hamersley and Turee Creek basins, (Thorne, 

1990, Thorne and Seymour, 1991).  The Fortescue Basin overlies the granite-greenstone 

basement, and consists of siliciclastic sedimentary rocks, including a thick sequence of 

mafic and felsic volcanic rocks (Thorne and Trendall, 2001). The Hamersley basin 

unconformably overlies the Fortescue basin, and is dominated mainly by chemical banded 

iron formations (BIF) with subsidiary siliciclastic sedimentary and volcaniclastic rocks 

(Blake and Barley, 1992, Morris and Horwitz, 1983, Trendall et al., 2004). The overlying 

Turee Creek Basin comprises turbidites, shallow marine carbonates, and fluvial to marine 

siliciclastic rocks of the Turee Creek Group (Johnson et al., 2011c). 

3.2.2 Capricorn Orogen 

The Capricorn Orogen in central Western Australia records the amalgamation of the 

Archean Pilbara Craton in the north and Yilgarn Craton in the south (Cawood and Korsch, 

2008, Tyler and Thorne, 1990). This orogen is a major zone of Palaeoproterozoic to 

Mesoproterozoic tectonic activity, including collision and suturing (Myers, 1989, Myers, 

1990, Myers, 1993, Myers et al., 1996, Tyler and Thorne, 1990, Tyler et al., 1998), as 

well as several intraplate tectonic events (Aitken et al., 2014, Johnson et al., 2013, 

Sheppard et al., 2005). The Pilbara and Glenburgh Terranes amalgamated during the 

2.21–2.14 Ga Ophthalmian Orogeny (Johnson et al., 2010, Johnson et al., 2011b, Martin 

and Morris, 2010, Occhipinti et al., 2004).  The suture zones resulting from this orogeny 

are hidden beneath Proterozoic basins. This suture suggest by magnetotelluric survey 

(Selway, 2008, Selway et al., 2009a) coincides with location of  the Talga Fault. However, 

interpreted deep seismic line by Johnson et al. (2013) proposed the Lyons River Fault as 

the main suture zone; other significant faults of the north-western Capricorn Orogen 

which may be potential sutures are the Talga, Baring Downs and Nanjilgardy Faults. The 

Capricorn Orogen is bounded to the south by the Errabiddy Shear Zone which separated 
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the Gascoyne Province from the Yilgarn craton (Cawood & Tyler, 2004) when the 

combined Pilbara Craton–Glenburgh Terrane collided with the Yilgarn Craton during the 

2.00–1.95 Ga Glenburgh Orogeny along the Cardilya Fault (Johnson et al., 2010, 

Occhipinti et al., 2004, Sheppard et al., 2010b).  

The Gascoyne Province has been divided into several distinctive tectono-metamorphic 

zones (Sheppard et al., 2010c). The Boora Boora Zone, not exposed in the area of the 

seismic line due to an extensive cover of sedimentary rock from the Edmund Basin, is 

characterised by abundant medium-grade metasedimentary rocks of the Leake Spring 

Metamorphics (Sheppard et al., 2010b). The Mangaroon zone, bounded by the Lyons 

River Fault in the south and the Godfrey Fault in the north, contains mostly granitic rocks 

of the 1.68–1.62 Ga Durlacher Supersuite and metasedimentary rocks of the 1.76–1.68 

Ga Pooranoo Metamorphics (Johnson et al., 2011b). The Limejuice zone is located 

between the Lyons River Fault at the north and the Ti Tree Shear Zone at the south, and 

is dominated by voluminous granites of the Moorarie Supersuite that comprise the Minnie 

Creek Batholith (Sheppard et al., 2010b). The upper crustal rocks of both the Mangaroon 

and Limejuice Zones are unconformably overlain by sediments from the Edmund Basin 

(Johnson et al., 2011b). The Mutherbukin Zone is characterised by voluminous felsic 

batholithic granites and has been multiply deformed and metamorphosed during several 

tectonic events (Sheppard et al., 2010b). This zone is bounded to the south by a series of 

faults including the Chalba Shear Zone (Sheppard et al., 2010b), which was thought to be 

the boundary between the northern Gascoyne Province and the Glenburgh terrane 

(Selway et al., 2009b). The Mooloo zone is characterised by the gneissic and siliciclastic 

lithologies of the Glenburgh Terrane, and is bounded between by the Deadman Fault and 

the Chalba Shear Zone (Sheppard et al., 2010b). The Paradise Zone is dominated by 

voluminous intermediate to felsic arc-related batholiths of the 2–1.97 Ga Dalgaringa 

Supersuite. 

3.2.3 Sedimentary Basins 

The Ashburton Basin comprises the Palaeoproterozoic lower and upper Wyloo groups, a 

~12 km thick succession of sedimentary and volcanic rocks (Thorne, 1990, Thorne and 

Seymour, 1991). The upper Wyloo group is ~7.5 km thick extensive siliciclastic and 

carbonate sedimentary rocks and volcanic rocks. The lower Wyloo group contains basalt 
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sills, volcanic rocks, shallow marine conglomerates and quartzites (Martin and Morris, 

2010, Thorne and Seymour, 1991).  

The Mesoproterozoic Edmund and Collier Basins comprise 4–10 km of fine-grained 

siliciclastic and carbonate sedimentary rocks (Martin et al., 2008, Martin and Thorne, 

2004). The Edmund basin was deposited between 1.68 Ga and 1.465 Ga and 

unconformably overlies the Gascoyne Province basement (Sheppard et al., 2010b). The 

Edmund basin was mainly controlled by extensional movements on the Talga Fault 

(Martin and Thorne, 2004). Large areas of the Edmund Basin were intruded by 

voluminous dolerite sills of the ca. 1.465 Ga Narimbunna Dolerite (Martin and Thorne, 

2004). The 1.17–1.07 Ga Collier Basin has an estimated thickness of about 2–2.5 km 

(Rasmussen et al., 2010). Both the Edmund and Collier Basins have been intruded by 

dolerite sills of the ca. 1.07 Ga Kulkatharra dolerite, part of the Warakurna Large Igneous 

Province (Wingate, 2002).  

3.2.4 Previous geophysical investigations  

Deep seismic reflection profiles 10GA-CP1 and 10GA-CP2 over the western Capricorn 

Orogen capture the overall structure in the orogen Figure 3.3. Several crustal domains are 

defined, each separated by crust-penetrating fault zones. From north to south, seismic 

provinces cannot be traced their rocks on the surface and therefore direct determinations 

of their age and composition are not possible (Johnson et al., 2013).These are: (1) the 

Carlathunda Seismic Province (CSP) in north of the Baring Downs Fault, which has a 

high- reflective seismic package in the middle to lower crust (~15 km thick); (2) the 

Bandee Seismic Province (BSP) in the south of the Baring Downs Fault, a zone of highly 

reflective material in the middle crust (18-21 km thick) with a lower crust that is weakly 

reflective seismically; and (3) the MacAdam Seismic Province (MSP)in the south part of 

Lyons River Fault, forms the lower crust of Glenburgh Terrane and is dominated by 

weakly reflective material located immediately above the Moho with a thickness of about 

12 km.  

Receiver function models across the western part of the Capricorn orogen described by 

Reading et al. (2012), and  also map out the depth of major crustal boundaries i.e. major 

velocity discontinuities, such as at the top of the lower crust and the Moho. Whether these 

boundaries are distinct or gradational can also be determined, as can the S-wave velocity 
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of the crust and upper mantle. The locations of receiver function stations are shown in 

Figure 3.2.  

Reading et al. (2012) determined S-wavespeed profile of the crust and uppermost mantle 

using recorded 70 earthquakes at each station during approximately one year (mid 2006-

2007) with a suitable signal to noise ratio for receiver function analysis. These authors 

suggest significant differences in crustal structure between Pilbara and Yilgarn cratons 

and the central part of the orogen. These differences imply that the Capricorn Orogen is 

characterised by a thicker crust (~40 km) with a lesser S-wavespeed contrast at the Moho, 

as compared with the very sharp discontinuity observed beneath the adjacent Pilbara and 

Yilgarn Cratons (~34 km). Also, the shear wavespeed (Vs) in the mid-crust is lower in 

the craton than in the Capricorn Orogen.  

Based on the refraction data, Drummond (1979) presented three possible crustal velocity 

models which extended from the Pilbara Craton through  the eastern Capricorn Orogen 

and into the north Yilgarn Craton. These models have a velocity range between 6.0 km/s 

and 6.2 km/s for the upper crust, and a velocity of around 6.4 km/s for the lower crust. 

The lower crust includes two regions in the south part of Capricorn Orogen with vertical 

velocity gradients. A velocity of about 8.3 km/s for the upper mantle. The seismic 

refraction data suggest that the Moho under the Pilbara Craton and Capricorn Orogen dips 

from about 30 km in the north to about 45 km in the south (Drummond, 1979).  

Drummond and Shelley (1981) derived a gravity model from the refraction profile of 

Drummond (1979), but did not model the sedimentary basins. The work identified a 

feature in the lower crust with a high density (3.08 g/cm³) at the southern margin of the 

Capricorn Orogen. This feature has been interpreted as a crustal root of dense rocks 

resulting from Proterozoic underplating (Drummond, 1981), and probably corresponds 

with the MacAdam Seismic Province identified from deep seismic reflection lines 10GA–

CP2. 

Previous Magnetotelluric surveys (Heinson et al., 2011, Selway, 2007, Selway et al., 

2009b) have produced inconsistent and differing results. The results reported by Selway 

(2007) and Selway et al. (2009b) imply that the contact between Gascoyne Province and 

Pilbara craton is roughly coincident with the Talga Fault, whereas the survey described 

by Heinson et al. (2011)showed changes in the crustal resistivity between the Glenburgh 



Chapter 3    

29 

Terrane and the BSP which coincided with the Lyons River Fault, and presented thin 

zones of higher conductivity which correlated with the Errabiddy Shear Zone.  

3.3 Geophysical Modelling 

3.3.1 Seismic data and re-interpreted crustal geometries with receiver function 

constraints 

To provide more correct scaling, Moho geometry was modified based on the receiver 

function results of (Reading et al., 2012). From receiver function models (Reading et al., 

2012), we extracted seismic velocity discontinuities in the crust and uppermost mantle 

for each station, then calculated the average S-wave velocities of upper crust, mid crust, 

lower crust and mantle (Figure 3.2). These averages were converted to Vp values, using 

the expressions delineated in Brocher (2005). The crustal structures along the seismic 

lines were divided into zones, based on the crustal seismic wavespeed discontinuous. 

Zone boundaries were correlated with the major faults (Figure 3.3). Thus for each zone 

we seek to revise the structural geometry of the section, transforming the time-migrated 

seismic interpretations into depth-sections.   

The crustal structure and converted P-wave velocities along the seismic lines are 

illustrated in Figure 3.3. In the Pilbara Craton, the upper crustal layers beneath the station 

of CP05 and CP06 have relatively high seismic velocity (Vs = 4 - 4.05 km/s; Vp = 6.93 

– 6.94 km/s) compared to the velocity of the mid-lower crust. The station CP08, between 

the Baring Dawns and Talga Faults, has a distinctly high seismic velocity in the mid-

crustal layer (Vs = 4.05 km/s; Vp = 7.13 km/s) between 10 and 25 km depth compared 

with relatively low seismic velocity for the upper and lower crust. The CP09 and CP10 

stations, between the Talga Fault and Chalba Shear Zone, show lower seismic velocity in 

the upper crust gradually increasing with depth to the Moho. From the CP11 station in 

the south part of Chalba Shear Zone, the upper crust and mid crust  have P-seismic 

velocity of 5.96 km/s (Vs = 3.5 km/s) and 6.17 km/s (Vs = 3.6 km/s), respectively, while 

the lower crust has a distinctly high seismic velocity (Vs = 4 km/s; Vp = 6.94 km/s). The 

CP06, CP08, CP10 and CP11 stations have the same value of seismic velocity for the 

uppermost mantle, whilst the CP05 and CP09 stations have upper mantle P-wave seismic 

velocity of 7.62 km/s (Vs = 4.35 km/s) and 7.52 km/s (Vs = 4.20 km/s), respectively.  
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Figure 3.2 Flowchart representing the workflow of used information from the different 

geophysical data used to create gravity models. 

 

Initial geometries of crustal architecture beneath the Capricorn Orogen region were 

digitised in the time domain from the interpreted deep seismic reflection lines (10GA-
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CP1 and 10GA-CP2) by Johnson et al. (2013). The digitised time-domain geometries 

were transformed to depth values using these recalculated Vp values from receiver 

function models (Reading et al., 2012). The crustal geometries were modified within a 40 

km radius of each station, and the geometries outside this range were correlated (linear 

interpolation) from nearby stations.  

The modified geometries show variations in depths compared with those derived from 

interpreted deep seismic lines. On 10GA–CP1 ,the granite greenstone–CSP boundary 

appears to be about 3 km deeper, while the base of BSP1 appears about 5 km deeper 

(Figure 3.5). For 10GA–CP2, the base of BSP2 is about 6 km deeper. The variances in 

depth of the rest of the modified geometries for both seismic lines are not extreme (±1 

km), and are probably within overall error limits, given the combined accuracies of both 

methods and the uncertainties of velocity conversion.   

The modified Moho geometry from the seismic profile 10GA-CP1 was based on CP05 

and CP06 stations (Figure 3.5A), and indicates a 2 km shallower depth than that proposed 

in interpreted deep seismic lines (Johnson et al., 2013). The Moho geometries from the 

seismic line 10GA–CP2, north of the Talga Fault, were modified based on CP08 and 

CP09 stations, and have about 3 km deeper than suggested in the interpreted deep seismic 

lines (Johnson et al., 2013). The rest of Moho geometries correspond with the interpreted 

depths from receiver function stations.  
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Figure 3.3 Terrain-corrected Bouguer gravity anomaly image covering seismic lines 

(10GA–CP1 and 10GA–CP2) of Johnson et al. (2013) and receiver function stations  of 

Reading et al. (2012) (solid stars). Thick white lines delimit the northern and southern 

boundaries of the Capricorn Orogen. 
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Figure 3.4 Summary of receiver function data along seismic lines including the values of 

the converted P-wave velocity and density from receiver function. A) Seismic line 10GA–

CP1. B) Seismic line 10GA–CP2. Note: receiver function stations and the major 

geological boundaries are shown at the surface. The solid black line indicates the depth 

and boundaries of the crustal layers, thick grey lines indicate to the Moho depths from 

receiver function results, UC=upper crust, LC = lower crust, GT = Glenburgh Terrane, 

NR = Narryer Terrane.  
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Figure 3.5 Digitised geometries from deep seismic reflection lines along the Capricorn Orogen. A) Seismic line 10GA–CP1. B) Seismic line 

10GA–CP2. Note: coloured lines indicate the original geometries of the seismic lines; solid black lines indicate the unmodified geometries; 

dashed lines indicate the conversion to depth using the new Vp and modified Moho geometry based on the receiver function results. White 

areas show the modified geometries. Transparent grey regions indicate the correlated geometries (linear interpolation) from the adjacent 

section due to a lack of nearby receiver functions. 
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3.3.2 Gravity modelling  

Two-dimensional density models of the crust and upper mantle along the deep seismic 

reflection profiles 10GA–CP1 and 10GA–CP2 were constructed by converting the 

converting seismic velocities to density and applying these densities to the modified deep 

seismic reflection geometries.  

The Gravity Anomaly Grid of the Australian Region (Bacchin et al., 2008) has a grid cell 

size of 0.5 minutes of arc, equivalent to about 800 metres (Figure 3.3). This grid was 

smoothed by an upward continuation of 10 km to attenuate short-wavelength features and 

highlights long-wavelength gravity anomalies, which suppresses short wavelength 

content from the upper crust (although broad upper crustal features are retained). Gravity 

data was extracted from this grid along all deep seismic reflection lines over the Capricorn 

Orogen and Yilgarn Craton, extending 100 km on both ends of the seismic lines to remove 

edge effects from the area of interest. 2D modelling used GM-SYS software, based on 

the methods of Talwani et al. (1959) which assumes infinite extents in the third 

dimensional.  

An initial model was created using densities for the crust that were estimated from Vp. 

The Vp–density expression is based on the Nafe–Drake curve published by Ludwig et al. 

(1970), which can be used in the P-wave velocity range of 1.5 to 8.5 km/s. The density of 

the mantle was calculated from the estimated Vp using Birch’s Law for rocks with 

constituents of mean atomic weight of 21 (Birch, 1964). Although these estimation 

methods are far from certain, they are adequate as first estimates to be later modified 

during modelling. 

The densities for the upper crustal layers were estimated from the surface geological 

information, modified using the rock property data from Guo and Howard (2000) as 

guides to assign density values. The densities of blocks within the model were modified, 

but not their geometry, which is constrained by the interpretation of the seismic reflection 

data, until the calculated gravity response of the model best matched the observed 

variations. The main criterion used to modify densities was the comparability of the 

amplitude and wavelength content of the observed and calculated Bouguer anomalies. 

After making a best-fit model, sensitivity testing on key features was undertaken by 
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changing the density in key areas and their surrounding blocks, including the mantle and 

upper-lower crust, to assess the degree of fit for alternative models. 

3.3.2.1 10GA–CP1 density model 

The converted densities along seismic line 10GA–CP1 are shown in Figure 3.4A. the 

upper crust (Granite-Greenstone) beneath the CP05 and CP06 stations have a high density 

values (2.96 g/cm3 and 2.97 g/cm3, respectively) compared with moderate density values 

for the underlying mid-lower crust of The CSP. The CP08 station has a distinctly high 

mid-crustal density value (2.98 g/cm3) associated with the BSP, while the upper and lower 

crust have relatively moderate density values. The mantle has density values of 3.17 g/cm3 

under the stations CP06 and CP08 and 3.27 g/cm3 under the CP05 station.  

The initial model along the seismic line 10GA–CP1 was created using the calculated 

densities from stations CP05, CP06 and CP08. The gravity variations predicted by this 

initial model are inconsistent with observed variations (Figure 3.6). These variations were 

significantly higher than those observed in the northward part of the section, and very 

much lower in the south. The differences between calculated and observed gravity are 

about 60 mGal in the north part of the section, and about -50 mGal in the south. To match 

the observed data, it was necessary to reduce the values of densities in the northern parts 

of the section and increase them in the south. 

In best fit model A Figure 3.6A, the Pilbara is dominated by low–moderately high density; 

however, there is nothing like BSP. the GG(2) block, between the Soda and Moona Faults 

was modelled with a high density (2.76 g/cm³) compared with the densities of the adjacent 

blocks GG(1) and GG(2) (2.65 g/cm³ and 2.67 g/cm³) respectively. In contrast, the GG(4) 

and CSP blocks were modelled with a relatively high density of material (2.85 g/cm³). 

The BSP(1) block has a very high density (2.97 g/cm³) compared with that of the upper 

and lower crusts, which were modelled with densities of 2.81 g/cm3 and 3 g/cm3 

respectively. In this study, the mantle is modelled with a density of 3.20 g/cm3. 

The alternative model B is shown in Figure 3.6B, where the lower crustal block is of high-

density materials (3 g/cm3) compared with the overlying mid-crustal block BSP(1) (2.90 

g/cm3). In this model we found a poor fit between observed and calculated gravity in the 

southern parts of the section, at about 10 mGal. It is clear from the alternative model that 
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there was a lack of increased density material for the BSP(1) block in order to achieve a 

fit with the Bouguer anomaly. The effect of changing the upper and lower crustal density 

is discussed later in section 3.3.2.3.  

 

Figure 3.6 Forward model for seismic line 10GA-CP1: A) best fit model shows a high 

density in the middle crust, south of the Baring Downs Fault. B) An alternative model 

reveals a lower density in the middle crust produced an anomalous wavelength. Note: for 

the initial densities see Figure 3.4A. 
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3.3.2.2 10GA–CP2 density model  

The calculated densities along the seismic profile are illustrated in Figure 3.4 B. The CP09 

and CP10 stations have relatively moderate density values for the upper crust, gradually 

increasing with depth to the Moho. The CP11 station shows a high density value in for 

the lower crust (2.95 g/cm3) compared with the relatively moderate density values for the 

upper-mid crustal layers. The upper mantle has a density of 3.17 g/cm3 under the CP10 

and C11 station and 3.24 g/cm3 under the CP09 station. 

The initial model along this seismic profile was created using the calculated density from 

receiver function stations CPO8, CP09, CP10 and CP11. The gravity variations predicted 

by the initial model are inconsistent with observed variations (Figure 3.7). These 

variations were significantly higher in the northern part of the Ti Tree Shear Zone but 

very low in the southern part. The differences between calculated and observed gravity 

reach about 15 mGal in the north part of the shear zone, and are -15 mGal in the south. 

To match the observed data, Opposite to the 10GA-CP1, it was necessary to reduce the 

values of densities in the northern part of the section, and increase them in the south. 

In our preferred model A (Figure 3.7A), the BSP (2), north of the Talga Fault, has a 

significantly high density (2.96 g/cm³) compared with that of the upper and lower crust 

blocks. In contrast the BSP(3) block, south of the Talga Fault, has a relatively moderate 

density material (2.805 g/cm) compared with the density of the BSP(2) block. These 

differences in density indicate that the Talga Fault must be an important structure. The 

block between the Lyon River Fault and Ti Tree Shear Zone, which has been interpreted 

as a contact separating the Pilbara Craton and Glenburgh Terrane (Johnson et al., 2013), 

was modelled with  a relatively high density (2.92 g/cm³) compared to adjacent blocks. 

The MSP block in the south part of the Lyon River Fault was modelled with a high-

density value (2.98 g/cm³), while the overlying upper-mid crust block (Glenburgh 

Terrane) was modelled with a relatively moderate density value (2.81 g/cm³). 

An alternative model B, is shown in Figure 3.7B, where the blocks BSP (2) and BSP(3) 

have the same density material (2.86 g/cm³), present on both sides of the Talga Fault. This 

model is consistent with the seismic interpretation that the BSP extends southwards to the 

Talga Fault, but as shown in Fig. 3.7B does not fit the gravity data. The differences 

between the observed and calculated gravity in the northern parts of the fault reach to 20 
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mGal, while the differences in to the south are up to -12 mGal. It is clear from the 

alternative model that decreasing the density of material of the BSP(3) and increasing the 

density of material for the BSP(2) are needed to get achieve a fit with the Bouguer 

anomaly. Effect of varying density values for the upper and lower crust are discussed in 

section 3.3.2.3. 

 

Figure 3.7 Forward model for the seismic line 10GA–CP2: A) A high density for the BSP 

and MSP provided the best fit. B) A lower density in for the middle crust produced a poor 

fit. Note: see Figure 3.4B for the initial densities. 
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3.3.2.3 Sensitivity testing  

From the best fit models in Capricorn Orogen (Figure 3.6A, 7A), we found that the high-

density material of BSP1 and BSP2 derived from with the existing crustal geometry is 

required to achieve a match with the observed anomaly, and that it is higher than the 

densities of the upper-lower crust and mantle blocks. These results differ from those of 

Goodwin (2011), who modelled gravity data mostly using sources in the upper crust. 

A sensitivity testing model is shown in Figure 3.8, where the blocks of upper, mid and 

lower crust were modelled with variation density values. The low density value for the 

upper crust with dense mid-lower crust generate anomaly nearly fit with observed data 

excepted for the area in the north part of the Baring Downs Fault. The high density value 

for the upper and lower crust with moderate high density for mid crust cannot generate 

anomaly fitting with Bouguer gravity anomaly. Thus, dense mid crust is required to get 

fit with the observed data. 

From sensitivity testing (Figure 3.9), the upper, mid and lower crust blocks were modelled 

with different density values.  High density materials for the upper crust with moderate 

high density for mid and lower crust generate anomaly which is not fit with the observed 

data, with a maximum difference of about -26 mGal. The Moderate density values for the 

upper crust with dense materials for mid and lower crust produce anomaly nearly fit with 

the Bouguer gravity anomaly excepted the aria in the south part of Talga Fault. Calculated 

anomaly from the high density value of lower crust with moderate high density of upper 

and mid crust cannot also fit with the observed data. It is obvious from this sensitivity 

testing model that the upper and lower crust are less likely for the source of the high 

density materials.  
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Figure 3.8 Sensitivity testing for the best fit model of the seismic line 10GA–CP1. Grey 

blocks indicate tested blocks. Coloured blocks refer to untested blocks which have the 

same density values as the best fit model (Figure 3.6A). Dashed curves show the 

calculated gravity anomaly from the densities of the tested blocks. Note: the density 

values of the tested blocks are in the same colour as the dashed curves, and are given in 

g/cm³.  

 

Figure 3.9 Sensitivity testing for the best fit model of the seismic line 10GA–CP2. Grey 

blocks indicate tested blocks. Coloured blocks refer to untested blocks with the same 

density values as the best fit model (Figure 3.7A). Dashed curves show the calculated 

gravity anomaly from the densities of the tested blocks. Note: the density values of the 

tested blocks are in the same colour as in Fig 2.8. 



Chapter 3 

42 

3.3.3 Pressure models 

Notwithstanding compositional and thermal variations, the seismic velocity in the crust 

tends to increase with depth as a result of the effects of pressure. To understand these 

effects, pressure models of the crust along the Capricorn Orogen were calculated using 

the densities obtained from the best fit models (Figure 3.6A, Figure 3.7A). These models 

were calculated using the relation between depth and pressure from rocks (Eq. 1), and are 

representing 1D lithological pressures: 

P(𝑧) = g × 𝜌 × 𝑧   (1) 

Where g is the acceleration of gravity (9.8 m/s2), z is the depth, and 𝜌 is the density. 

The calculated pressure models are shown in Figure 3.10. The values of the calculated 

pressure vary along the models because of variations in crustal density. 

 

Figure 3.10 Two-dimensional pressure model for the crust of the Capricorn Orogen. A) 

The pressure distribution along the seismic line 10GA–CP1 is based on the density model 

from the best fit model (Figure 3.6A). B) The pressure model along the seismic line 

10GA–CP1 is estimated from the best fit model (Figure 3.7A). The solid black lines 

indicate the active faults, labelled above. Dashed black lines show the modified Moho.  

 

3.3.4 Heat production and temperature models 

Increasing temperature values in the crust leads to decreased seismic velocities. 

Temperature values in the interior of the crust are affected by variation in heat production 
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caused by variations in crustal composition and mantle heat input. Granites are 

particularly important because they can provide a long-lived anomalous source of crustal 

heating due to high uranium, thorium and potassium contents.  

For the upper crust of the Capricorn orogen, heat production values are derived from on 

rock K2O, Th and U concentrations measured in both granite and sedimentary rocks 

(Figure 3.11). The values for elemental concentrations were obtained from the 

WACHEM database of the Geological Survey of Western Australia (2013). 

 

Figure 3.11 Distribution of the geochemical samples obtained from granite and sandstone 

rocks. The Capricorn Orogen lies between the thick grey lines. All geochemistry data are 

available from the Geological Survey of Western Australia’s WACHEM database 

(http://geochem.dmp.wa.gov.au/geochem/).  

 

Average rock U, Th and K2O concentrations and heat production are illustrated in 

Table 4.1. The radiogenic heat production values for the upper crust were calculated from 
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average rock K2O, Th and U concentrations for granite and sedimentary rocks, using the 

formula published by Rybach (1988). The heat productions values for mid-lower crust 

(Figure 3.12A, Figure 3.11A) were calculated from densities in the best fit models, using 

the empirical relationship between heat production and density (Eq. 2) reported by 

Rybach and Buntebarth (1982), where A stands for heat production and ρ stands for 

density: 

ln 𝐴 = 22.5 − 8.15𝜌   (2) 
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Table 3.1 Rock parameters of the upper crust used in the thermal modelling 

Geological units  

Samples No 

 

U (ppm) 

 

Th (ppm) 

 

K2O (wt%) 

 

K (wt%) 

 

A (µWm3) 
 C

A
P

R
IC

O
R

N
 O

R
O

G
E

N
 

 S
ed

im
en

ta
ry

 R
o

ck
s 

 

Edmund Group 

 

10 

 

0.81 

 

6.20 

 

1.26 

 

1.05 

 

0.66 

 

Collier Group 

 

5 

 

1.90 

 

1.33 

 

0.99 

 

0.82 

 

0.6 

 

Ashburton basin 

 

4 

 

1.63 

 

5.73 

 

0.73 

 

0.6 

 

0.84 

 G
ra

n
it

e 
S

u
it

e 

 

Durlacher 

Supersuite 

 

7 

 

3.94 

 

36.59 

 

5.05 

 

4.19 

 

3.66 

 

Moorarie 

Supersuite 

 

3 

 

8.57 

 

19.29 

 

4.68 

 

3.89 

 

3.65 

 

Dalgaringa 

Supersuite 

 

2 

 

6.74 

 

9.3 

 

3.715 

 

3.08 

 

2.45 

PILBARA CRATON  

Granite Rocks 

 

3 

 

6.22 

 

28.35 

 

3.67 

 

3.04 

 

1.28 
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To get more reliable thermal models, the calculated heat production values were applied 

to geometries obtained from the best fit models. The thermal conductivity for each crustal 

block was taken from Korhonen and Johnson (2015). Two-dimensional geothermal 

models along the Capricorn Orogen were calculated using the two-dimensional numerical 

solution of the steady-state heat conduction equation, solved using the finite difference 

method by the simulation code SHEMAT (Clauser, 2012). The upper and lower 

boundaries of the model were fixed at 18˚ C at the surface and 900˚ C at the base of the 

model (70 km) which are predicted from published modern day-values of 40–60 mWm-2 

(Beardsmore, 2005, Cull, 1982). A fix temperature is applied at the base of the model. 

With a maximum length of the model (~230km), significant changes in lithospheric 

thickness or mantle heat flux are not expected along individual profiles. Differences 

between models may exist, however, robust information on mantle heat flux and 

lithospheric thickness is lacking, and so these differences are hard to quantify. Rock 

parameters and numerical settings used in the models are summarised in Table 4.1 and  

Table 4.2.  

Table 3.2 Settings and boundary conditions of the numerical simulation 

Parameter Value 

Mesh size Along seismic lines 10GA–CP1 and 10GA–CP2 

by 70 km deep; each cell 1 km × 1 km 

Advection scheme Il’in * 

Thermal conductivity ƒ (T ) 

Heat – convergence limit 0.001 K 

Thermal boundary conditions Surface: fixed at 18 ˚C  

Bottom (70 km): fixed at 900 ˚C 

* Flux Blending Scheme (Clauser, 2012). 

The geothermal model in Figure 3.12A illustrates that temperature values gradually 

increase between 100˚ C and 800˚ C from the upper crust to the upper mantle. The 

temperature values for this model vary slightly at in the upper 8 km of the crust and 

significantly increase in the deep crust. The temperature values near the Moho 

discontinuity in this model vary laterally on both sides of the Nanjilgardy Fault from 600˚ 
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C in the north to 850˚ C in the south. The thermal model (in  Figure 3.13B) shows high 

temperature values in the southern part of the Ti Tree Shear Zone compared with the 

temperature in the northern part. The temperature value near to the Moho discontinuities 

is 800 ˚C in the northern Talga Fault, 700 ˚C between the Talga Fault and Ti Tree Shear 

Zone and 900 ˚C in the southern Ti Tree Shear Zone. 

 

Figure 3.12. A) Heat production (A) and thermal conductivity (K) parameters used to 

generate thermal model along seismic model 10GA–CP1. B) Geothermal model for the 

10GA–CP1 transect. The tectonic settings in the study area are marked above of the 

parameters model for a better understanding. The solid black lines and labels are the same 

as those given in Figure 3.10 
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Figure 3.13. A) Heat production (A) and thermal conductivity (K) parameters used to 

produce the temperature model along seismic model 10GA–CP2. B) Temperature model 

for the seismic 10GA–CP1. The tectonic settings in the study area are marked above of 

the parameters model for a better understanding. The solid black lines and labels are the 

same as those given in Figure 3.8. 

 

3.4 Compositional Models of the Crust  

The composition of the Capricorn Orogen profiles was derived by comparing velocities 

and densities for different rocks from laboratory measurements by Christensen and 

Mooney (1995) (Figure 3.14). The relations between velocities and pressure-temperatures 

are non-linear in the upper 5 km of the crust as a result of cracks and fluid (Brown et al., 

2003, Zhang et al., 2008), but near to linear under 5 km deep (Zhang et al., 2014). It is 

possible, therefore, to estimate the composition of rocks below 5 km from these data. In 

order to determine the composition of the crust, we converted the velocities and densities 

obtained for different temperature and pressure environments into data that could be 

compared with the data measured in the laboratory. 
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Generally, velocities increase with pressure and decrease with temperature. Velocity 

values were therefore corrected to correspond to a pressure of 600 MPa and  a temperature 

of 20° C using published linear temperature and pressure equations (Eqs. 3 and 4) 

(Christensen, 1979).  

𝜕𝑉𝑝 

𝜕𝑇
= 4.5 × 10−4  (𝐾𝑚/𝑠) °𝐶⁄       (3)  

𝜕𝑉𝑝 

𝜕𝑃
= 2.2 × 10−4  (𝐾𝑚/𝑠) 𝑀𝑃𝑎⁄      (4)  

The composition of the rocks in the upper 5 km of the crust are excluded because of the 

low velocity and density values, the result of cracks and fluids, that cannot be considered 

reliable for estimating composition (Brown et al., 2003). To investigate composition of 

the remaining crust, we compared the corrected velocity and density values with data 

measured in laboratories by Christensen and Mooney (1995) (Figure 3.14). Based on the 

samples analysed in Christensen and Mooney (1995) we define four main compositional 

clusters, each of which comprises several rock types. Cluster 1 includes diorite (DIO); 

slate (SLT); phyllite (PHY); prehnite-pumpellyite facies basalt (BPP); biotite (Tonalite) 

genesis (BGN); quartz-mica schist (QSC); Paragranulite (PGR) and felsic granulite 

(FGR); Cluster2 includes diabase (DIA); greenschist facies basalt (BGR); amphibolite 

(AMP) mafic granulite (MGR) and anorthositic Granulite (AGR); Cluster 3 includes 

granite-granodiorite (GRA); granite gneiss (GGN); quartzite (QTZ); Cluster 4 includes 

gabbro-norite-troctolite (GAB); anorthositic granulite (AGR) and paragranulite (PGR). 
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Figure 3.14 Compressional seismic wave velocity versus density for different types of 

rocks under the pressure of 600 MPa and room temperature of 20° C. The red dots refer 

to the correlation between corrected Vp and densities for our model domains. The 

coloured circles indicate the correlation between Vp and density, including using standard 

divisions and abbreviations from Christensen and Mooney (1995).  

 

3.5 Discussion 

3.5.1 Accuracy of results 

The lateral and vertical resolutions obtained for the lithology of the crust are highly 

dependent on the geophysical datasets and laboratory measurements for different rocks 

samples; therefore, understanding the uncertainties in all steps of the geophysical datasets 
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described in Section 3 may assist in determining the rock types and providing crustal 

composition models along the Capricorn Orogen. 

The receiver stations used in this study have quality appraisals of ‘fair’ for CP11 and 

‘good’ for all the others (Reading et al., 2012). Uncertainties from these stations were 

reduced by having averaged S-wave velocities for each crustal layer. The empirical 

regression equation used to convert from Vs to Vp is a good  fit for Vs between 0 and 4.5 

km/sec with R2 = 0.962 (Brocher, 2005). The uncertainties from the conversion to density 

were mitigated by modifying the estimated densities until achieving a fit with the Bouguer 

anomaly.  

3.5.2 Crustal composition beneath the Capricorn Orogen region 

The crustal composition models of the Capricorn Orogen, discussed below, were 

constructed by comparing the corrected P-wave velocities and density values with the 

published Vp versus density data set (Christensen and Mooney, 1995). In this study, the 

composition models indicate clear differences in composition of the crust along various 

deep seismic lines on the Capricorn Orogen. Although the rocks of the seismic provinces 

including CSP, BSP and MSP cannot be tracked at the surface (Johnson et al., 2013), we 

can determine their possible composition, as seen in Figure 3.15 and Figure 3.16.  

All the results correspond to clusters of the rock types except for blocks of GG (1, 3, 4) 

because they are Archean tonalite–trondhjemite–granodiorite (TTG) suites which are not 

one of the suites sampled by Christensen and Mooney (1995). The composition models 

(Figure 3.15 and Figure 3.16) show that the blocks between the Baring Downs and Talga 

Faults have the same rock types in each model. The BSP (1,2) blocks  are composed of 

mafic and high-grade intermediate  gneisses contents. Figure 3.16 shows that the block 

DS(1) , DS(2),MS and DAS blocks consist of low grad felsic rocks. The MSP in the south 

of the Lyons River Fault has similar rocks contents to the BSP(1,2) blocks. The rest of 

the blocks in both models are composed of medium-grade metamorphics, felsic high-

grade metamorphics and/or mafic low-grade metamorphics. From composition models, 

it is clear that the Talga Fault separates the BSP into two blocks with different 

composition.  
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Figure 3.15 Crustal compositional model for the line 10GA–CP1. The model is based on 

a comparison of the corrected seismic velocities Vp and densities obtained from the best 

fit model with the data measured in the laboratory. Note: for typical compositions 

associated with clusters, see Figure 3.14   

 

 

Figure 3.16 Crustal compositional model for the line 10GA–CP2. The model is based on 

a comparison of the corrected seismic velocities Vp and densities obtained from the best 

fit model with the data measured in the laboratory. Note: for typical compositions 

associated with clusters, see Figure 3.14   

 

3.6 Conclusions 

Integration of geophysical data including gravity and seismic data allowed us to image 

the deep crustal structure of the Capricorn Orogen. By comparing the corrected P-wave 

and densities obtained from best fit models with data measured in the laboratory, we 

derived compositional models along the seismic lines 10GA–CP1 and 10GA–CP2. This 

method is a useful way to partly reduce the non-uniqueness in solutions for the lithology 
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of the deep crust. From the compositional models, we detected deduced rock types for the 

seismic provinces which were previously unsuspected because they do not occur at the 

surface. My interpretation of the lithology in this paper can only reveal a first-order 

variation in crustal properties. My results show that BSP (1,2) is a distinct mid-crustal 

domain with high Vs and high density. Sensitivity testing shows that BSP(1), and BSP(2) 

have fundamentally different physical properties from those of adjacent crustal domains. 

The compositional models (Figure 3.15 and Figure 3.16) show that the lithology of the 

middle crust BSP(1) and BSP(2) are mainly characterised by rocks containing mafic 

gneiss and high-grade intermediate  gneisses. The BSP(3) differs, being medium grade 

metamorphic felsic high-grad, mafic low-grade contents. The variation in seismic 

character and lithology of BSB implies that it is different from adjacent terrains and may 

be indicative of the location of major structures in the deep crust that control the 

movement of mineralising fluids. This difference may be due to a different evolution prior 

to terrane amalgamation on the Talga Fault (Selway, 2007, Selway et al., 2009b), or, 

alternatively, a significant difference in magmatic or metamorphic processes post-

amalgamation. My results suggest that the Talga Fault is a more important structure than 

some previous interpretations have suggested, and as such the area around its surface 

outcrop may have increased prospectivity. 
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The following paper focuses on imaging the deep crust beneath the northwestern Yilgarn 

Craton whose upper crust contains extensive sills associated with Warakurna LIP. This 

study is based on 2D gravity modelling, constrained by the information obtained from 

seismic data. The crustal density models indicate normal density values beneath the 

region of the study. The results of crustal lithological models indicate the upper-mid 

crustal layers are composed of a combination of medium-grade metamorphic rocks, 

potentially with high metamorphic grade felsic rocks and/or low metamorphic grade 

mafic rocks. The lower crust is interpreted to consist of high-grade gneisses of 

intermediate to mafic composition. This study suggests there are no deep-crustal features 

associated with the magmatic underplate of the Warakurna LIP.   
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Abstract 

In this paper, we integrate geophysical datasets with surface geological information to 

image the deep crust of the Youanmi Terrane of the northwestern Yilgarn Craton. Crustal 

structures previously interpreted from deep seismic lines were re-imaged with depth 

scaling consistent with P-wave velocity models derived from receiver function data. 

Crustal density models were constructed using corrected geometries of the deep seismic 

lines then forward modelled to fit gravity measurements. The best fit densities models 

indicate normal crustal density values beneath the region of study. Composition models 

were generated along the deep seismic lines by comparing pressure- and temperature- 

adjusted P-wave velocity and density values with published laboratory measurement data. 

The crustal lithological models indicate the upper-mid-crustal layers are composed of 

medium-grade metamorphics, felsic high-grade metamorphics and/or mafic low-grade 

metamorphics, while the lower crust consists of mafic and intermediate gneiss. These 

results suggest no clear link to magmatic underplate of Warakurna LIP beneath, despite 

extensive sills in the upper crust. 

 

Keywords: Youanmi Terrane; Yilgarn Craton; gravity; seismic; thermal model; 

composition model. 
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4.1 Introduction 

The Youanmi Terrane forms the central tectonic unit of the Yilgarn Craton in Western 

Australia (see Figure 4.1) and comprises a Neoarchean granite-greenstone terrane 

containing numerous mines (e.g., gold, nickel and iron). The Youanmi Terrane is also 

transected by numerous Proterozoic mafic dykes and sills associated with the circa 2410 

Ma Widgiemooltha, circa 1210 Ma Marnda Moorn and circa 1070 Ma Warakurna LIPs 

(Wyche et al., 2013). The Youanmi seismic lines (10GA-YU1 and 10GAYU2) have been 

collected to image crustal structure with focusing of the gold mineralisation beneath the 

north-western part of the Yilgarn Craton (Wyche et al., 2013). These seismic lines 

indicate an extensive network of interconnected mafic sills in the upper crust that are 

interpreted to be related to the Warakurna LIP (Wyche et al., 2013); however, the deep 

crustal characters associated with this event in the Youanmi Terrane region remain poorly 

understood. 

This paper aims to generate crustal density models along the YU1 and YU2 deep seismic 

lines and to calculate compositions models that can assist in the understanding of the 

nature of the crust, especially in areas unexposed to the surface. In the first part of this 

paper, geometries obtained from deep seismic lines were reimaged using available 

receiver function data for velocity control and then crustal density models were calculated 

by forward modelling to correspond with the Bouguer gravity anomaly. In the second 

part, thermal and pressure models were calculated so as to correct in-situ P-wave 

velocities to baseline P-T conditions of 600 MPa and 20˚C. The velocity-density 

relationships were correlated with published laboratory data to constrain crustal 

compositions ((Brown et al., 2003, Christensen and Mooney, 1995, Rudnick, 1995, 

Bacchin et al., 2008, Zhang et al., 2014, Zhao et al., 2013). 
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Figure 4.1. A) The location of seismic lines (10GA-YU1 and 10GA-YU2) over Regional 

geology of the north-western part of the Yilgarn Craton. Inset map shows the location of 

the study area within Australia. B) Interpreted geological cross section of the YU1 and 

YU2 deep seismic lines (Wyche et al., 2013). Note: the depth (km) in the vertical scale 

assuming from an average crustal velocity of 6 km/s. 

 

4.2 Geological and Geophysical Background 

The Archean Yilgarn Craton is an extensive region of continental crust that has been 

divided into several terranes and domains Figure 4.1 (Cassidy et al., 2006). The Narryer 

Terrane is the oldest crust and the most distinct terrane, it is aged between 4.4 Ga and 
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3.73 Ga (Compston and Pidgeon, 1986, Froude et al., 1983, Wilde et al., 2001). It contains 

early-to-middle Archean granitic gneisses and metasedimentary and mafic-to-

anorthositic meta-igneous rocks. The Murchison Domain comprises granite and 

greenstones aged ca. 3.0 Ga. Although the Southern Cross Domain is separated from the 

Murchison Domain by Youanmi Shear Zone, it has been suggested that there is similar 

geology across this domain boundary (Wyche et al., 2013). The Eastern Goldfield 

Superterrane is separated from Youanmi Terrane by the Ida Fault (Cassidy et al., 2006), 

interpreted to be a major crustal structure that extends to the base of the crust (Drummond 

et al., 2000). Granitic rocks aged between 2.80 and 2.60 Ga intrude all of the northern 

Yilgarn Craton terranes (Cassidy et al., 2006, Champion and Cassidy, 2010, Ivanic et al., 

2010, Van Kranendonk et al., 2013). 

The Yarraquin Seismic Province (YSP) lies below the Youanmi Terrane (see Figure 

4.1B) and is a highly reflective package in the mid-lower crust. This province extends 

from the Yalgar Fault in the west to the Ida Fault in the east (Wyche et al., 2013). The 

results of deep seismic data show that the YSP differs in thickness from line 10GA–YU1 

to line 10GA–YU2. The rocks of this province are limited to the mid-lower crust, for 

which an age or lithology cannot be directly detected. The Ida Fault forms the boundary 

between the Southern Cross Domain of the Youanmi Terrane; the Kalgoorlie Terrane of 

the Eastern Goldfields Superterrane and extends at least to the base of the crust 

(Drummond et al., 2000), 2000). An interconnecting mafic sill network (see Figure 4.1B) 

has been recognised comprising seismically strongly reflective materials beneath the 

surface that extend along most of the line 10GA-YU1. These have been interpreted to be 

related to the Warakurna LIP.  

4.3 Geophysical Datasets 

This study largely follows the methods described in Chapter 3 for converting seismic 

velocities and calculating density, pressure and temperature models—but with some 

modifications to the seismic data and heat production. The seismic data follows the same 

principle of using the receiver function to modify geometries; however, some important 

changes are included. Because the seismic lines in the study areas are not completely 

covered by the receiver function, Vp seismic velocity values obtained from the AuSREM 

model (Salmon et al., 2013) were used as a guide to modified geometries in the regions 
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with sparse receiver function. The heat production used the same dataset; however, heat 

production for the upper crust was calculated based on the rock K2O, Th and U 

concentrations measured in the Yilgarn Craton granite. 

4.3.1 Seismic data and the geometries 

The Youanmi deep seismic reflection lines (10GA-YU1 and 10GA-YU2) have been 

collected over the north-western part of the Yilgarn Craton (see Figure 4.1A). These lines 

provide high resolution geometries in the time domain for the crustal architecture; 

however, these geometries are usually converted to depth using an average crustal seismic 

velocity of 6 km/s. To enhance the depth accuracy of this study, the geometries were 

converted to depth using velocities obtained from the receiver function and the AuSREM 

model, which may increase the validity of our results. 

Followings the methods in Chapter 3, I convert Vs seismic velocity to Vp seismic velocity 

and then to density. The receiver function data for the area over the YU1 seismic line 

have been collected by Reading et al. (2012), while the YU2 seismic line has a sole 

receiver function station from Clitheroe et al. (2000). For the regions lacking receiver 

function data Vp was defined from the AuSREM model (Salmon et al., 2013). The crustal 

structures along the seismic lines were divided into zones based on vertical changes in 

the seismic velocities (see Figure 4.3). 

The seismic velocities along the YU1 seismic line (see Figure 4.2A) illustrate that the 

crustal layers beneath station CP12, north of the Yalgar Fault, have relatively moderate 

seismic velocity (Vs = 3.7–3.75 km/s; Vp = 6.34–6.44 km/s). To the south of the fault, 

the seismic velocity beneath station CP13 shows lower seismic velocity as the upper crust 

gradually increases in depth towards the Moho. The seismic velocity under station CP14 

is slow in the upper crust compared to the relatively moderate seismic velocity in the mid-

lower crust (Vs = 3.95 km/s; Vp = 6.84 km/s). The seismic velocity values from the 

AuSREM model are 6.05 km/s, 6.38 km/s and 6.96 km/s at depths of 10 km, 20 km and 

30 km respectively. 

The seismic velocities along the YU2 seismic line are shown in Figure 4.2B. The area 

beneath the SE04 station has relatively low seismic velocity in the upper crust (Vs = 3.5 

km/s; Vp = 5.96 km/s) compared to the relatively moderate seismic velocities in the mid-
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lower crustal layer (Vs = 3.85 km/s; Vp = 6.64 km/s). The seismic velocity values from 

the AuSREM model are 6 km/s, 6.44 km/s and 6.87 km/s at depths of 10 km, 20 km and 

30 km respectively. 

The modified geometries show variation in depth compared with those derived from 

interpreted deep seismic lines that used a constant Vp velocity of 6 km/s. The modified 

geometries from the YU1 seismic line (see Figure 4.3A) indicate that the base of the YSP 

is about 2.5 km/s deeper and the Moho geometry is about 3 km deeper than previously 

assumed. The modified geometries from the YU2 seismic profile (see Figure 4.3B) 

illustrate that the base of the YSP is about 3 km deeper. The variances in depth throughout 

the rest of the modified geometries for both seismic lines are not extreme (±1 km) and are 

probably within overall error limits. 

 

Figure 4.2 The values of seismic velocities and the densities along the deep seismic lines. 

A) Seismic line 10GA–YU1. B) Seismic line 10GA–YU2.Note: The receiver function 

stations and the major geological boundaries are shown at the surface; the solid black line 

indicates the depth and boundaries of the crustal layers; the thick grey lines indicate the 

Moho depths as per the receiver function results; YSP = Yarraquin Seismic Province. 
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Figure 4.3 Digitised geometries from the YU1 and YU2 deep seismic lines. A) Seismic 

line 10GA–YU1. B) Seismic line 10GA–YU2. Note: The coloured lines indicate the 

original geometries of the seismic lines; the solid black lines indicate the unmodified 

geometries; the dashed lines indicate conversion to depth using the new Vp and modified 

Moho geometries based on the receiver function results. White areas show the modified 

geometries. Transparent grey regions indicate the correlated geometries from the adjacent 

section. Transparent yellow colour regions indicate the modified geometries from the 

AuSREM model. 

 

4.3.2 Gravity data and the density model 

Two-dimensional density models of the crust and mantle beneath the northern Yilgarn 

Craton were calculated by integrating gravity and seismic data information. The 

geophysical information used in this study has allowed the generation of robust density 

models for the northern Yilgarn region. The Bouguer gravity anomaly was sampled at 

400 m intervals along the YU1 and YU2 seismic lines along the 10 km upward 

continuation gravity grid (see Figure 4.4), as described in Chapter 3. 

The densities of the blocks within the model were modified but not their geometry, which 

was entirely constrained by the interpretation of the seismic reflection data, until the 

calculated gravity response of the model best matched the observed variations. The main 

criterion used to modify the densities was comparison of the amplitude and wavelength 

of the observed and calculated Bouguer anomalies. To match the observed gravity data it 

was necessary to modify the density of materials. 
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Figure 4.4 Bouguer gravity image over the YU1 and YU2 seismic lines and receiver 

function stations (RFS).The dashed black lines indicate the shear zones and faults. 

 

4.3.3 YU1 density model 

The converted density values along the YU1 seismic line are shown in Figure 4.2A. The 

upper crustal layer along the seismic section comprises relatively moderate density 

materials (2.80). The mid-crustal layer is not clear beneath the CP14 station, but it is clear 

beneath the CP12 and CP13 stations at densities of 2.82 g/cm3 and 2.84 g/cm3 

respectively. The lower crustal layer beneath the RFS has relatively the same density 

materials (2.92 g/cm3–2.95 g/cm3). The calculated density material for the mantle is 

approximately 3.23 g/cm3 beneath the CP12 station and about 3.33 g/cm3 beneath the 

CP13 and CP14 stations. 

The initial model along the YU1 seismic line was created using the calculated densities 

from the stations CP12, CP13 and CP14. The gravity variations predicted by the initial 

model with modified geometries were inconsistent with the observed gravity. The 
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variations were significantly lower than those observed in the northern part of the section 

(with a difference of 8 mGal) and very much higher in the southern part of the section 

(with a difference of approximately -10 mGal). For a fit to the observed gravity data, it 

was necessary to reduce density values in the southern part of the section and increase 

them in the north. 

The preferred density model is shown in Figure 4.5A, where the mismatch between the 

calculated gravity anomaly of our final density model and the observed gravity anomaly 

is about 1.5 mGal RMS. The Yilgarn granite block was modelled at relatively low density 

(2.66 g/cm3) compared with the density of the Weld Range block (3 g/cm3). The 

Murchison Domain block is intruded upon by the interconnecting mafic sill of the 

Warakurna LIP (Wyche et al., 2013) and therefore it was modelled with relatively high 

density materials (2.80 g/cm3). The Narryer Terrane was modelled with densities of 2.732 

g/cm3 and 2.811 g/cm3 for the upper and lower blocks respectively. The YSP blocks in 

the north of the Wattle Creek Shear Zone were modelled with densities of approximately 

2.87 g/cm3, while the block to the south of the fault was modelled with a density of about 

2.83 g/cm3. The lower crustal layer was modelled with a density of around 2.94 g/cm3. 

The ultramafic and Windimurra complexes were modelled with densities of 3 g/cm3 and 

2.85 g/cm3 respectively. The mantle was modelled with a density 3.32 g/cm3 and was 

compatible with Archean density materials. 

The alternative model B is shown in Figure 4.5B, where the mismatch between the 

calculated and observed gravity anomalies is about 2.92 mGal. The YSP blocks in the 

western part of the Wattle Creek Shear Zone were modelled with densities of about 2.92 

g/cm3, while the eastern part of the fault was modelled with a density of 2.8 g/cm3. The 

lower crust was modelled with very high density (3.05 g/cm3). The rest of the blocks were 

modelled with density values obtained from the best-fit model ‘A’ (see Figure 4.6A). It 

is clear from the alternative model that the high density materials in the lower crust adhere 

poorly to the Bouguer gravity anomaly. 
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: 

 

Figure 4.5 Density model for the 10GA-YU1. A) The preferred model indicates normal 

crustal density values. B) An alternative possible density model shows that a high density 

model in the lower crust produces a gravity anomaly that does not accord with the 

observed data. Note: the initial densities obtained from Figure 4.2A. 
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4.3.4 YU2 density model 

The calculated densities along the seismic profile can be seen in Figure 4.2B. The SE04 

has relatively moderate density value for the upper crust (2.71 g/cm3) compared to the 

density of the mid-lower crust (2.87 g/cm3). The upper mantle has a density of 3.27 g/cm3 

under the station SE04.  

The initial model along the YU1 seismic line was created using the calculated density 

values from the SE04 station. The gravity variations predicted by the initial model are 

inconsistent with the observed data. Those variations were significantly lower in the 

western part of the Youanmi Shear Zone, but were very high in the eastern part. The 

differences between the calculated observed gravities reached about 11 mGal on both 

sides. To adhere to observed gravity data, it is necessary to modify the initial density 

values in the middle of the section. 

The preferred model can be seen in Figure 4.6A, where the root mean square (RMS) 

misfit of the calculated gravity anomaly and Bouguer gravity anomaly is about 1.8 mGal. 

The post-kinematic granite block was modelled at a density of 2.76 g/cm3. The Murchison 

Domain block in in the western part of the Windimurra Shear Zone was modelled at 

density of 2.80 g/cm3, while the block to the east of the fault was modelled at a density 

of 2.86 g/cm3. The Southern Cross Domain block was modelled at a density of 2.805 

g/cm3. The metamorphosed mafic rock block was modelled at a density of 2.93 g/cm3. 

The Windimurra complex was modelled at about 2.85 g/cm3; the Ultramafic block was 

modelled at about 3.06 g/cm3. The YSP was modelled with a density of 2.83 g/cm3: the 

same density of the materials in the YU1 density models. The upper Eastern Goldfield 

block was modelled using moderate density materials (2.81 g/cm3) compared to the 

density of the underlying block at 2.91 g/cm3. 

An alternative possible solution model can be found in Figure 4.6B, where the RMS misfit 

of the calculated gravity anomaly and the observed gravity is about 2.7 mGal. Between 

the Windimurra and Youanmi shear zones, the Murchison and YSP blocks were modelled 

with densities of 2.78 g/cm3 and 2.96 g/cm3 respectively. The South Cross Domain block 

was modelled with a relatively moderate density value (2.76 g/cm3). The rest of the blocks 

have the same density values as the preferred model (see Figure 4.6A). The alternative 
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model was rejected because the high density value for the YSP block aligned poorly with 

the Bouguer anomaly. 

 

Figure 4.6 Forward density model for the seismic line 10GA–YU2:A) Normalised crustal 

density provided the most apt model. B) An alternative possible density model shows 

relatively high density materials (2.96 g/cm3) for YSP providing a poorly aligned model. 
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4.3.5 Pressure models 

To understand the effects of pressure on the seismic velocity, lithology pressure models 

along the YU1 and YU2 seismic lines were calculated using the densities obtained from 

the preferred models (See Figure 4.5A and Figure 4.6A). The calculated pressure models 

are shown in Figure 4.7.  

 

Figure 4.7 2D pressure models for the crust of the northwest Yilgarn Craton. A) The 

pressure distribution along the seismic line 10GA–YU1 is based on the density model 

from the preferred model (see Figure 4.5A). B) The pressure model along the seismic line 

10GA–YU2 is estimated from the preferred model (see A). Note: The solid black lines 

indicate the active faults, labelled above. Dashed black lines show the modified Moho. 

 

4.3.6 Heat production and temperature models 

The average rock U, Th and K2O concentrations measured from Yilgarn Craton granite 

and heat production are illustrated in Table 4.1. The upper and lower boundaries of the 

temperature models were fixed at 18 ̊ C on the surface and 900 ̊ C at the base of the model 

(50 km beneath the surface); these figures were selected based on published values of 40–

50 mWm-2 (Cull, 1982). The rock parameters and numerical settings that were used in the 

models are summarised in Table 4.1 and Table 4.2. 
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Table 4.1 Rock parameters of the upper crust used in the thermal modelling 

Geological units Samples No U (ppm) Th (ppm) K2O (wt%) K (wt%) A (µWm3) 

 

Yilgarn  

Craton 

 

Granite  

Rocks 

 

18 

 

6.22 

 

28.35 

 

3.67 

 

3.04 

 

3.67 

 

Table 4.2 Settings and boundary conditions of the numerical simulation 

Parameter Value 

Mesh size Along seismic lines 10GA–YU1 and 10GA–YU2 

at 50 km deep; each cell = 1 km × 1 km 

Advection scheme Il’in *                                                                                                                                                                                                                                                                                                                                                                                                                                                                

Thermal conductivity ƒ (T ) 

Heat-convergence limit 0.001 K 

Thermal boundary conditions Surface: fixed at 18 ˚C  

Bottom (50 km): fixed at 900 ˚C 

 * Flux Blending Scheme (Clauser, 2012). 
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Figure 4.8 Distribution of geochemical samples obtained from exposed granite (brown colour) 

at the Yilgarn Craton. All geochemistry data are available from the Geological Survey of 

Western Australia’s WACHEM database (http://geochem.dmp.wa.gov.au/geochem/). 

 

The geothermal model along the YU1 seismic line is shown in Figure 4.9B. This model 

illustrates how the temperature values gradually increase between 100 ̊ C and 650 ̊ C from 

the upper crust to the Moho surface. The temperature values throughout this model are 

relatively steady. The thermal model (see Figure 4.10B) shows slight increases in 

temperature values in the southern part of the Youanmi Shear Zone compared with 

temperatures in the northern part. The temperature value nearest to the Moho 

discontinuities is about 650 ˚C in this model. 
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Figure 4.9 A) Heat production (A) and thermal conductivity (K) parameters used to 

generate the thermal model along the seismic model 10GA–YU1.B) Geothermal model 

for the 10GA–YU1 transect. The tectonic settings in the study area are marked above the 

model parameters for clarity. 

 

Figure 4.10 A) Heat production (A) and thermal conductivity (K) parameters used to 

generate the temperature model along the seismic model 10GA–YU2. B) Geothermal 

model for the seismic 10GA–YU1. The tectonic settings in the study area are marked 

above the model parameters for clarity. 
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4.4 Compositional Model of the Crust 

The compositions of the YU1 and YU2 seismic lines were derived using the methods 

described in Chapter 3. The compositions of the rocks in the upper 5 km of the crust were 

excluded because of low velocity and density values resulting from cracks and fluids that 

meant they could not be considered reliable for estimating composition (Brown et al., 

2003). To investigate the compositions of the remaining crust, we compared the corrected 

velocity and density values with data measured in laboratories by Christensen and 

Mooney (1995) (see Figure 4.11).  

The results of the comparisons were categorised into two clusters representing the 

possible rock types. The possible rock types for these two clusters are summarised as 

follows: Cluster 1 included diorite (DIO), slate (SLT), phyllite (PHY), prehnite-

pumpellyite facies basalt (BPP), biotite (Tonalite) gneiss (BGN), quartz-mica schist 

(QSC), Paragranulite (PGR) and felsic granulite (FGR); Cluster2 included diabase (DIA), 

greenschist facies basalt (BGR), amphibolite (AMP), mafic granulite (MGR) and 

anorthositic granulite (AGR). 
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Figure 4.11 Vp seismic velocities as opposed to density for different types of rocks under 

pressure of 600 MPa at a room temperature of 20 °C. The red dots refer to the correlation 

between corrected Vp and densities. The coloured circles indicate the correlation between 

Vp and density using standard divisions and abbreviations from Christensen and Mooney 

(1995). The dashed semi-circle is indicative of cluster types. 
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4.5 Discussion 

4.5.1 Limitations of results 

The lateral and vertical resolutions obtained for the lithology of the crust were highly 

dependent on the geophysical datasets and laboratory measurements for different rock 

samples; therefore, understanding the uncertainties in all steps of the geophysical datasets 

described in Section 4.3 may assist in determining the rock types and providing crustal 

composition models along the Capricorn Orogen. 

The receiver stations used in this study obtained quality appraisals of ‘good’ for CP12 

and ‘Excellent’ for CP13 and CP14 (Reading et al., 2012) and have provided good quality 

modelling results for the SE04 (Clitheroe et al., 2000). Averaging s-wave velocities for 

each crustal layer can reduce uncertainty in the receiver functions. The empirical 

regression equation used to convert from Vs to Vp adheres to Vs between 0 and 4.5 

km/sec when R2 = 0.962 (Brocher, 2005). Uncertainties regarding the conversions were 

reduced by modifying the estimated densities until cohesion with the Bouguer anomaly 

was achieved. The 0GA-YU1 seismic profile was collected along the edge of the 

significant boundary in gravity data, which has form a long-wavelength gradient 

(Figure 4.4). This feature may possible reflect a deep source located to the west of the 

profile. The west-east gradient in the data would generate errors in the 2D model, which 

cannot account for that source. Alternatively, the wavelength boundary may represent 

smoothly sloping sources existing beneath the profile (LC1-see Figure 4.4) which are a 

more accurate representation for the model. These sources were extended for about 50 

km beyond the end of the model. 

 

4.5.2 Crustal composition underneath the western Yilgarn Craton 

The crustal composition models of the northwest Yilgarn Craton discussed below were 

constructed using comparing the corrected P-wave velocities and density values with the 

published Vp opposed to density data set (Christensen and Mooney, 1995). The 

composition models in this study clearly indicate differences in the compositions of the 

crust along various YU1 and YU2 deep seismic lines. Although the lithology of the YSP 

cannot be determined because of the impossibility of tracking its rocks at the surface 
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(Wyche et al., 2013), we were able to determine their possible lithology (see Figure 4.12 

and Figure 4.13). 

The composition model for the YU1 deep seismic line can be seen in Figure 4.12. This 

model shows that the upper and middle crusts are completely different in composition to 

the lower crust. The upper-mid-crust is composed of medium-grade metamorphic, 

metamorphic felsic high-grade and mafic low-grade materials, while the lower crust 

consists of mafic and high-grade intermediate gneisses materials. The composition model 

for the YU2 deep seismic line (Figure 4.13) has the same crustal composition materials 

for the YU1, aside from the EG (2) block that consists of mafic and high-grade 

intermediate gneisses materials. This block is consistent with the boundary between the 

western Yilgarn Craton and Eastern Goldfield (Wyche et al., 2013). This boundary is 

marked by the Ida Fault, which has been interpreted as a major structure extending to the 

base of the crust (Drummond et al., 2000). 

 

 

Figure 4.12 Crustal compositional model for the YU1 deep seismic line. The model is 

based on a comparison of the corrected seismic velocities, Vps and densities obtained 

from the preferred model and the data measured in the laboratory. Note: for typical 

compositions associated with clusters, see Figure 4.11.   
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Figure 4.13 Crustal compositional model for the YU2 seismic profile. Note: The model 

is based on a comparison of the corrected seismic velocities, Vp and densities obtained 

from the preferred model and the data measured in the laboratory. Note: see Figure 4.11 

for typical compositions associated with clusters.   

 

4.5.3 The signature of the Warakurna LIP in the northern Yilgarn Craton 

The results of the density models indicate normal crustal density values beneath the 

North-western Yilgarn Craton. The composition models indicate the upper-mid-crustal 

layers are composed of a combination of medium-grade metamorphic rocks, potentially 

with high metamorphic grade felsic rocks and/or low metamorphic grade mafic rocks. 

The lower crust is interpreted to consist of high-grade gneisses of intermediate to mafic 

composition. These results of density and compositions indicate no deep-crustal 

Warakurna LIP signature in this area even extensive sills in the upper crust.  

4.6 Conclusions 

Gravity combined with deep seismic data has been used to image the deep crustal 

structure of the north-western part of the Yilgarn Craton. The composition models for the 

YU1 and YU2 deep seismic lines were derived by comparing the corrected P-wave 

velocity with the densities obtained from the most apt models and the data measured in 

the laboratory. The results indicate that the upper-mid-crustal layers in the northwest 

Yilgarn Craton contain material that tends to medium-grade metamorphic, metamorphic 

felsic high-grade and mafic low-grade, whereas the lower crust consists of mafic and 

high-grade intermediate gneisses materials. The different compositional material on both 

sides of the Ida Fault emphasises that this fault is the major structure separating the 
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western Yilgarn Craton and the eastern Goldfields Superterrane. The results here suggest 

no deep-crustal Warakurna LIP signature, despite the extensive sills in the upper crust.   
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The following paper presents the integrated gravity and seismic data to image the deep 

crustal structure and composition beneath the Musgrave Province and the adjacent part 

of the Yilgarn and Gawler Cratons. The crustal density models indicate that the 

Tikelmungulda Seismic Province (TSP), which forms the lower crust beneath the west 

Musgrave Province, has high-density materials (3.12, 3.09 g/cm³). Its density and seismic 

velocity indicate high-grade mafic rock with high garnet content (Mafic Garnet 

Granulite). The TSP is likely to represent the magmatic underplate of the Warakurna LIP, 

which does not reach to the eastern part of the Musgrave Province, nor beneath the 

Yilgarn Craton. 
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Abstract 

Integration of geophysical data, including gravity and seismic data, has the ability to 

image deep crustal structure and composition. We apply this to the Musgrave Province 

and the adjacent parts of the Yilgarn and Gawler Cratons. Digitised geometries from the 

YOM and GOMA seismic lines were transformed to depth using P-wave velocities 

obtained from local receiver function data. Crustal density models were created using 

corrected seismic geometries and then forward modelling of gravity data to get a match 

with observed gravity data. Two-dimensional pressure and thermal models were created 

along the seismic lines to correct seismic velocities. Composition models were created by 

comparing seismic velocity and density values with published laboratory measurements 

of specific rock types. The final density models indicate substantial differences in crustal 

densities between the Musgrave Province and the adjacent part of the Yilgarn and Gawler 

Cratons. High-density materials (3.12, 3.09 g/cm³) are determined for Tikelmungulda 

Seismic Province, which forms the lower crust beneath the area of the western Musgrave 

Province, and whose characteristics indicate a high garnet content (Mafic Garnet 

Granulite). This in interpreted to represent a thick mafic underplate related to the 

voluminous magmatism of the Giles Event. 

Keywords: Musgrave Province; Gawler Craton; Yilgarn Craton; Gravity; seismic; 

thermal model; composition model. 
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5.1 Introduction 

The Musgrave Province in central Australia is located between three major crustal 

elements, the South, West and North Australian Cratons (Myers et al., 1996). Within the 

province are records of several tectonic events, including two Mesoproterozoic orogenic 

events, a major late Mesoproterozoic intraplate rift event and two compressional 

intraplate orogens in the Neoproterozoic–Palaeozoic (Aitken et al., 2013a). The circa 

1090–1040 Ma Giles Event emplaced voluminous bimodal magmatic suites into the 

Musgrave Province (Aitken et al., 2013b, Evins et al., 2010, Smithies et al., 2015), and is 

overlapped in space and time by mafic rocks of the Warakurna Large Igneous Province 

(LIP), emplaced over a huge portion of central and western Australia (Wingate et al., 

2004). At circa 1.08 Ga the Giles-suite intrusions formed during the Giles Event; they are 

considered to include one of the largest mafic–ultramafic layered intrusions in the world, 

the >40,000 km3 Mantamaru Intrusion (Maier et al., 2014).  

The Warakurna LIP has been attributed to a deep mantle plume event, based on the size 

and extent of the magmatic rocks involved (Godel et al., 2011, Pirajno, 2007, Pirajno and 

Hoatson, 2012, Wingate et al., 2004, Zhao and McCulloch, 1993). This interpretation has 

recently been challenged by Evins et al. (2010) and Smithies et al. (2015), who suggest 

that the Giles Event and the associated Ngaanyatjarra Rift were more likely to be 

consequences of intraplate tectonics rather than of a deep mantle plume. A short-lived but 

widespread pulse of plume-related magmatism cannot be excluded for the broader 

Warakurna LIP, but is not necessary.  

Estimation of the crustal lithology plays an important role for understanding the growth 

and evolution of crust in such regions (Brown et al., 2003, Holbrook et al., 1999, Rudnick, 

1995, Rudnick and Fountain, 1995, Sengör et al., 1993, Zhao et al., 2013). Combining 

geophysical methods with geological knowledge can significantly increase our geological 

understanding for deep crustal structures and compositions. Here we reconcile deep 

seismic reflection models of the YOM and GOMA transect, and then calculate crustal 

density, pressure and temperature models. The crustal composition models along the 

seismic lines are constructed by comparing seismic velocity after pressure and 

temperature corrections and density values with published data of the physical properties 

of specific rock types measured in the laboratory. These composition models can assist 
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in explaining the nature and evolution of the crust in the region of the YOM and GOMA 

transects, especially for unexposed crustal blocks.  

5.2 Geological and Geophysical Background in Brief 

The deep seismic line 11GA-YO1 (Korsch et al., 2013) extends from the northeast part 

of the Yilgarn Craton across the western Officer Basin to the western part of the Musgrave 

Province, and is known as the Yilgarn Craton–Officer Basin–Musgrave Province (YOM) 

seismic line (Figure 5.1). The deep seismic line 09GA-GA (Korsch et al., 2010), known 

as the Gawler Craton–Officer Basin–Musgrave Province–Amadeus Basin (GOMA) 

seismic line (Figure 5.2) traverses the northern Gawler Craton, eastern Officer Basin, 

eastern Musgrave Province and southern Amadeus Basin. The results of geological 

mapping and potential-field data interpretations show that the upper crust in the area of 

the YOM and GOMA seismic lines can be subdivided into several major elements. 

5.2.1 Sedimentary basins 

The Musgrave province is surrounded by sedimentary rocks of the Officer and Amadeus 

Basins (Howard et al., 2011, Edgoose et al., 2004). The Officer Basin of Western 

Australia and South Australia covers a large area (about 5 250 000 km2) with a maximum 

thickness of about 10 km (Walter et al., 1995). In the area of the YOM seismic line, the 

Manunda Basin underlying the Officer Basin has also been interpreted to contain 

Mesoproterozoic metasedimentary rocks (Korsch et al., 2013). The Amadeus Basin is 

imaged in the northern end of the GOMA seismic line with a maximum thickness of about 

3.8 km on the profile (Korsch et al., 2013). 

5.2.2 Yilgarn Craton 

The Yamarna Terrane is the easternmost terrane in the Yilgarn Craton, crossed only in 

the non-exposed eastern part by the YOM seismic line (Korsch et al., 2013). The 

unexposed part of the Yamarna Terrane is entirely buried beneath the Officer Basin and 

the Manunda Basin (Figure 5.1b), and has very weakly reflective packages with varying 

thickness (3–13 km) (Korsch et al., 2013). The extent of the Yamarna Terrane beneath 

the Officer Basin is still unknown, but it is thought to extend to the Winduldarra Fault, 
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which has been inferred as the boundary between the Yilgarn Craton and the Musgrave 

Province (Korsch et al., 2013). 

The Babool Seismic Province underlying the Yamarna Terrane has a high seismic 

reflectivity in the middle to lower crust (Figure 5.1b) (Korsch et al., 2013). The seismic 

province varies in thickness from 35 km to 40 km, and can be tracked to northeast of the 

YOM seismic line (Korsch and Doublier, 2016). The Babool Seismic Province is 

separated from the Tikelmungulda Seismic Province by the Windularra Fault with 

different seismic characters (Korsch et al., 2013). 

5.2.3 Musgrave Province 

The Musgrave Province basement is composed of amphibolite–granulite facies gneisses 

formed during circa 1340–1290 Ma Mount West orogeny and the circa 1220–1160 Ma 

Musgrave Orogeny, intruded by voluminous granite of the circa 1220–1140 Ma 

Pitjantjatjara Supersuite, and magmatic rocks of the Warakurna Supersuite, which formed 

during the circa 1080–1040 Ma Giles Event. These rocks were subsequently reworked 

during the circa 600–530 Ma Petermann Orogeny and the ca. 450-350 Ma Alice Springs 

Orogeny (Camacho and Fanning, 1995, Edgoose et al., 2004, Glikson, 1996, Major and 

Conor, 1993). 

The west Musgrave Province extends from the northern end of the YOM seismic line to 

the Winduldarra Fault in the south (Figure 5.1). The Tikelmungulda Seismic Province 

forms the lower crust below the west Musgrave Province, and is defined as a seismically 

weakly reflective to non-reflective zone (Figure 5.1B). The rocks of this seismic province 

cannot be tracked to the surface; therefore, determination of its age and composition is 

not directly possible (Korsch et al., 2013). Northeast of the Woodroffe Thrust, the upper 

crust of the Musgrave Province has moderate to strong character and the middle crust is 

moderately reflective and relatively homogeneous (Korsch et al., 2013). 
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Figure 5.1 A) Regional geology of the western Musgrave Province. Inset map shows the 

location of the western Musgrave Province within Australia. B) Geological cross-section 

through the Yilgarn Craton, Officer Basin and Musgrave Province based on the results 

from the YOM seismic reflection profile (Korsch et al., 2013). Note: the depth (km) in 

the vertical scale calculated from the time domain (assuming an average crustal velocity 

of 6 km/s). 
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The eastern Musgrave Province in the GOMA seismic line is wedge-shaped, and is 

bounded between the north-dipping Sarda Bluff Fault in the south and the south-dipping 

Woodroffe Thrust in the north (Figure 5.2) (Korsch et al., 2010). The province consists 

of two crustal layers, including a moderately reflective upper crust and a weakly reflective 

lower crust (Korsch et al., 2010). The moderately reflective upper crust can be tracked on 

the seismic line and reflects Musgravian gneiss and Pitjantjatjara Supersuite, but the 

weakly reflective lower crust is not exposed at the surface; therefore, determination of its 

composition and age is not directly possible (Korsch et al., 2010). 

5.2.4 Amadeus Basin basement 

The crust underlying the Amadeus Basin on the GOMA transect has a strong seismic 

reflectivity, distinctively different from that found in the Musgrave Province (Korsch et 

al., 2010). Korsch and Goleby (2006) consider that the mid-crustal reflectivity zone 

beneath the Amadeus Basin is part of the Warumpi Province. 

5.2.5 Gawler Craton 

The Gawler Craton has been divided into several geological domains that are separated 

by major structural or stratigraphic breaks (Figure 5.2) (Ferris et al., 2002, Kositcin, 

2010). Here, we focus only on the Nawa Domain. The Nawa Domain extends northward 

under the younger Officer Basin, and has different seismic reflectivity to adjacent regions 

(Figure 5.2B) (Korsch et al., 2010). The southern edge of the Musgrave Province has 

historically been mapped at the Everard Thrust (Ferris et al., 2002). However, from the 

interpreted deep seismic line GOMA, the Sarda Bluff Fault has been inferred as the true 

boundary between the Nawa Domain of the Gawler Craton and the Musgrave Province 

(Korsch and Doublier, 2016). 
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Figure 5.2 A) Regional geology of the eastern Musgrave Province. Inset map shows the 

location of the eastern Musgrave Province within Australia. B) Geological interpretation 

of the GOMA seismic reflection profile with the major faults labelled above the section 

(Korsch et al., 2010). The coloured legend is for both regional geology and geological 

interpretation. Note: the depth in the vertical scale calculated from time domain (assuming 

an average crustal velocity of 6 km/s). 

 

5.3 Geophysical Datasets 

This research largely follows the method described in Chapter 3 for converting seismic 

velocities and calculating density, pressure and temperature models, but with some 

important modifications to the seismic data types and calculated heat production. The 

seismic data follow the same principle for using receiver function to modify seismic 

geometries; however, sparsity of the receiver function in some regions led to the use of 

different seismic data. Due to shortage in the receiver function data along the YOM 
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seismic profile, we used Vp seismic velocity values obtained from the AuSREM model 

(Salmon et al., 2012) as a guide to modify geometry. The Moho geometry along the 

GOMA seismic profile was reconstructed based on the Moho depth from the recently 

published receiver function stations gathered by Sippl (2016). The heat productions along 

the YOM seismic line used the same geochemical database; however, heat production 

along the GOMA seismic was calculated using density values alone.  

5.3.1 Seismic data and geometries 

The YOM and GOMA seismic lines provide an extraordinary view of crustal structure, 

with high resolution in the time domain for this component; however, these seismic 

reflection data provide little constraint on composition. The seismic geometries were 

migrated to depth using seismic velocities obtained from local to regional receiver 

function data. This procedure can enhance the depth accuracy of the seismic geometries, 

which may increase the resolution of our results (see section 3.1). 

The receiver function data over the seismic reflection lines were collected by Clitheroe et 

al. (2000). To understand the crustal architectures, the conversion results from these 

receiver functions were distributed along seismic lines with receiver function stations 

(Figure 5.1). Because of the absence of receiver function stations and lack of seismic 

information to estimate densities in some areas of the study, we used P-wave velocities 

obtained from the TASS 2A and Maralinga seismic refraction stations (Finlayson et al., 

1974). The locations of seismic stations are shown in Figure 5.5. 

The converted P-wave velocity along the YOM seismic line are illustrated in Figure 5.3A. 

The P-wave velocity beneath station SD03 increases gradually with depth from 5.77 km/s 

in the upper crust through 5.96 km/s in the middle crust to 6.54 km/s in the lower crust. 

The crustal seismic velocities in the area between the Winduldarra Fault and the 

Woodroffe Thrust are unknown. From station SD01 in the north part of the Woodroffe 

Thrust, there is a distinctly fast seismic velocity in the lower crustal layer (Vs = 4.1 km/s; 

Vp = 7.13 km/s) compared with low to moderate seismic velocity for the overlying upper 

and middle crusts (Figure 5.3). The SD01 and SD03 stations have Vp velocities of 7.81 

km/s and 7.72 km/s respectively for the upper mantle. 
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The converted P-wave seismic velocities along the GOMA seismic line are shown in 

Figure 5.3B. From the SD05 station in the area of the Gawler Craton, the mid-lower crust 

has a high seismic velocity (Vs = 4.05 km/s, Vp = 7.03 km/s) compared with the low 

seismic velocity for the overlying upper crust (Vs = 3.5 km/s, Vp = 5.96 km/s). In the 

northern part of the Woodroffe Thrust, the SD02 station shows a distinctive seismic 

velocity (Vs = 4.1 km/s, Vp = 7.13 km/s) for the lower crust, compared with the very low 

to moderate seismic velocities of the overlying upper and mid-crustal layers. The crustal 

layer in the north of the thrust is notable for the approximately identical velocity values 

in both YOM and GOMA seismic lines. The uppermost mantle under stations SD02 and 

SD05 has the same converted Vp velocity of 7.03 km/s. 

Initial geometries of the crustal architecture were digitised in the time domain from the 

interpreted YOM seismic line (Korsch et al., 2013) and the interpreted GOMA seismic 

line (Korsch et al., 2010). The digitised geometries were transformed to depth values 

using our calculated Vp values from receiver function models (Clitheroe et al., 2000). 

The crustal geometries were modified within a 40 km radius of each station, while the 

geometries outside this range were correlated with nearby stations. To provide more 

correct scaling, the Moho geometry was modified based on the receiver function results 

of Clitheroe et al. (2000) and Sippl (2016). 

The modified geometries are illustrated in Figure 5.4, which shows variations in depths 

compared with the depths of geometries from interpreted deep seismic lines. The 

modified geometries from the YOM seismic line can be seen in Figure 5.4A, where the 

base of the Warakurna Supersuite is shallower by about 5 km. From the modified 

geometries of the GOMA seismic line (Figure 5.4B), the base of the Musgrave Province 

and middle Warumpi is about 5 km deeper. The differences in depth for the rest of the 

modified geometries in both seismic lines are not extreme (±1 km), probably within 

overall error bounds. 

The modified Moho geometries from the YOM seismic line were modified based on the 

SD03 and SD01 stations (Figure 5.4A), and appear about 4 km shallower for both stations. 

The Moho geometries from the GOMA deep seismic reflection line were modified based 

on stations SD05 and SD02, which show about 4 km shallower in the north of the 

Woodroffe Thrust and in the southern part of the section. 
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Figure 5.3 Summary of the receiver function and seismic refraction data along seismic lines, including the values of the converted P-wave 

velocity and density. (A) YOM Seismic line. (B) GOMA seismic line. Note: receiver function stations and Maralinga and TASS 2A seismic 

refraction stations with the major geological boundaries are shown at the surface. The solid black line indicates the depth and boundaries of 

the crustal layers; thick grey lines indicate the Moho depths from receiver function results. 
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Figure 5.4 Digitised geometries from deep seismic reflection lines. (A) YOM seismic line. (B) GOMA seismic line. Note: coloured lines 

indicate the original geometries of the seismic lines; solid black lines indicate the unmodified geometries; dashed lines indicate the conversion 

to depth using the new Vp and modified Moho geometry based on the receiver function results. White areas show the modified geometries. 

Transparent grey regions indicate the correlated geometries.  
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5.3.2 Gravity data and density model 

Two-dimensional density models of the crust and upper mantle along the YOM and 

GOMA seismic reflection profiles were initiated by integrating calculated geometries 

from the deep seismic lines with densities converted from receiver function models. The 

seismic information used in this study helps us generate more robust density models for 

the Musgrave Province and Yilgarn and Gawler Cratons. The Bouguer gravity anomaly 

was sampled at 400 m intervals along the YOM and GOMA seismic lines along the 10 

km upward continuation gravity grid (see Figure 4.4), as described in Chapter 3. 

 

Figure 5.5 Upward continued Bouguer gravity image covering the YOM and GOMA 

seismic lines. Receiver function stations and Maralinga and TASS 2A seismic refraction 

stations are indicted by solid stars. The solid white lines indicate the major crustal 

boundaries. 

 

The published averaged densities values by Aitken et al. (2009) in the Musgrave province 

and Stewart and Betts (2010) in the Gawler craton were used as guide to estimate densities 

for the upper crustal layers. The densities of blocks within the model were modified, but 

not their geometry, which is constrained by the re-scaled interpretation of the seismic 

reflection data, until the calculated gravity response of the model best matched the 
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observed variations. Sensitivity testing on key features was undertaken by changing the 

density in the surrounding blocks. 

5.3.2.1 YOM density model 

The converted densities along the YOM seismic line are shown in Figure 5.3A. Station 

SD03 in the area of the Yilgarn Craton has density values of 2.67 g/cm3, 2.71 g/cm3 and 

2.8 g/cm3 for the upper, middle and lower crustal layers respectively. In the northern part 

of the Woodroffe Thrust, the lower crust has high density materials (3.01 g/cm3) 

compared with the low- to moderate-density materials of the overlying upper and mid 

crustal layers. The mantle has density values of 3.30 g/cm3 and 3.33 g/cm3 under stations 

SD03 and SD01, respectively. 

The gravity variations predicted by the initial model from stations SD03 and SD01 are 

inconsistent with the observed variations (Figure 5.6). The calculated gravity is 

significantly higher than the observed gravity in the northern part of the section, with a 

difference of about 40 mGal, and matches observed gravity in the middle of the section. 

The calculated gravity matches the observed gravity in the area of the Winduldarra Fault, 

and is significantly lower than that observed in the southern part of the section with a 

difference of about –40 mGal. 

The best-fit model ‘A’ is illustrated in Figure 5.6, where the RMS between the calculated 

gravity anomaly of our final density model and the observed gravity anomaly is less than 

2 mGal. The Officer Basin along this model was modelled with low density values (2.514 

g/cm³), considering the density of the intruded salt domes (Korsch et al., 2013). The 

Manunda basin block was modelled with notable high density due to the consistence of 

the metasedimentary rocks intruded by mafic igneous rocks (Korsch et al., 2013).  

To obtain a fit with the Bouguer anomaly, the Yamarna Terrane blocks were modelled 

with different density values for each block, namely 2.67 g/cm³ and 2.80 g/cm³, as they 

might have different structural fabrics. The Babool Seismic Province was modelled with 

a relatively high density (2.79 g/cm³) compared with the density of the underlying lower 

crust (2.91 g/cm³). The Bentley Supergroup was modelled by different density materials 

ranging between 2.64 g/cm³ and 2.79 g/cm³. The Warlawurra Supersuite has moderately 

dense materials (2.81 g/cm³) in the southern part of the Mitika Fault compared with a 

density of 2.77 g/cm³ in the north of the fault. Both blocks of the Tikelmungulda Seismic 
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Province underlying the Warlawurra Supersuite and Musgrave seismic province were 

modelled using high densities (3.12 g/cm³, 3.09 g/cm³). The Pitjantjatjara Supersuite was 

modelled with a density of 2.67 g/cm³. The underlying block of the Musgrave Province 

has a density of 2.8 g/cm³. The upper mantle block, at the depth shown in Figure 5.6, was 

modelled with a density of 3.30 g/cm³. 

An alternative model ‘B’ was generated as shown in Figure 5.6B, where the RMS 

mismatch between the calculated and observed gravity anomaly is about 3.75 mGal. The 

blocks of the Tikelmungulda Seismic Province were modelled with a density of 3.09 

g/cm³. To achieve the observed anomaly, it was necessary to model the Musgrave 

Province block (2) with a density of 2.77 g/cm³, which is not within the boundaries errors 

of the converted density from the SD01 station. The rest of the blocks were modelled with 

density values obtained from the best-fit model ‘A’ (Figure 5.6A). It is clear from the 

alternative model that a constant density value for the Tikelmungulda Seismic Province 

and Musgrave Province blocks provides a poor fit to the Bouguer gravity anomaly.  



Chapter 5 

100 

 

Figure 5.6 Forward model for the YOM seismic line. A) The best-fit model shows high-

density materials for the lower crust located between the Woodroffe Thrust and 

Windularra Fault. B) An alternative model illustrates that a high-density material (3.12 

g/cm³) for all TSP blocks produces an anomalous wavelength in the middle of the section. 

Note: for the initial densities see Figure 5.3A. 

 

5.3.2.2 GOMA density model 

The converted densities along the GOMA seismic line can be seen in Figure 5.7. In the 

area of the Gawler Craton, station SD05 has noticeably high-density material in the mid-

lower crust compared with the density of the overlying crust and the adjacent density of 

the Maralinga Southeast station (2.78 g/cm3 for the entire crust). 
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Station SD05 has a relatively moderate upper-mid crustal density value (2.71 g/cm3) and 

a high-density value in the lower crust (2.98 g/cm3). The TASS 2A station has a density 

of about 2.76 g/cm3 for the upper-mid crust, while the lower crust has a density of about 

2.88 g/cm3. Station SD02 has density values of 2.62, 2.84 and 3.01 g/cm3 for the upper, 

mid- and lower crust, respectively. The calculated densities for the uppermost mantle 

beneath the stations of the Maralinga Southeast, SD05, TASS 2 A and SD02, are about 

3.28 g/cm3. 

The gravity variation predicted by the initial model is inconsistent with the observed 

variations (Figure 5.7). In the south of the Box Hole Creek Fault, the gravity variations 

are lower than the Bouguer anomaly, with differences reaching about –40 mGal. Between 

the Box Hole Creek and Sarda Bluff Faults, the calculated gravity is significantly higher 

than the observed gravity, with the difference reaching about 35 mGal. The gravity 

variation is higher than the observed gravity by about 10 mGal and 40 mGal in the 

Musgrave and Warumpi Provinces respectively. 

The best-fit model ‘A’ can be seen in Figure 5.7A, where the RMS misfit between the 

calculated gravity anomaly of our final density model and the observed gravity anomaly 

is about 5 mGal. The Officer Basin along the seismic line was modelled with a density of 

2.55 g/cm3. The majority of blocks underlying this basin were modelled with relatively 

high density materials, but the Christie Domain and Nawa Terrane blocks were modelled 

with high density materials (2.93 g/cm3- 3 g/cm3). The densities of the Musgrave Province 

blocks ranged between 2.72 g/cm3 and 2.80 g/cm3. The Warumpi Crust blocks have 

density values of 2.67 g/cm3 and 2.76 g/cm3 for the upper and middle crust respectively. 

Both lower crust blocks were modelled with high-density values (3 g/cm3). The upper 

mantle block, at the depth shown in Figure 5.7, was modelled with a density of 3.30 g/cm3. 

An alternative model ‘B’ was created as shown in Figure 5.7B, where the mismatch 

between the calculated and observed gravity is about 6.8 mGal. Both blocks of the lower 

crust in this model were modelled with a very high density value (3.10 g/cm3). The blocks 

overlaying the lower crust were modelled with relatively moderate density values. It is 

clear from the alternative model that modelling lower crust blocks with very high density 

materials generates a poor fit between the calculated and observed gravity anomaly.  
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Figure 5.7 Forward model for the GOMA seismic line 10GA-CP1. A) the best-fit model 

shows high-density material for the lower crust. B) An alternative model reveals very 

high density materials for the lower crust producing an anomalous wavelength in the 

Musgrave region. Note: the initial densities obtained from Figure 5.3B. 

 

5.3.2.3 Sensitivity testing 

From the best-fit YOM density model, we found that very high density materials of 

TSP(1) and TSP(2) derived from the existing crustal geometries are required to achieve 

a match with the observed anomaly, and that they are higher than the densities of the 

upper-mid crust. The sensitivity testing model for the YOM density model can be seen in 

Figure 5.8, where the YT, WS(1), TSP(1) and TSP(2) blocks were modelled with different 

density values. The gravity variation predicted by different density values indicates that 

the blocks surrounding TSP(1,2) are less likely to be the sources of the coincident high 

gravity anomaly.  
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Figure 5.8 Sensitivity testing for the best-fit model of the YOM seismic line. Grey blocks 

indicate tested blocks. Coloured blocks refer to untested blocks that have the same density 

values as the best-fit model (Figure 5.6A). Dashed curves show the calculated gravity 

anomaly from the densities of the tested blocks. The density values of the tested blocks 

are in the same colour as the dashed curves, and are given in g/cm³. 

 

The best-fit model from the GOMA density model indicates that a high-density value 

(2.95 g/cm³) for the NT(4) block with the existing crustal geometries is required to obtain 

a fit with the Bouguer gravity anomaly. The NT(4) block was divided into two, upper-

middle crust and lower crust, to find another possible source of the high density. 

Sensitivity testing for the GOMA density model is shown in Figure 5.9, where the gravity 

response was calculated from different density values for the NT(4A), NT(4B) and MP(1) 

blocks. The sensitivity testing indicates that dividing the NT(4) block into different 

density values fails to provide fit model with the observed gravity, and may not identify 

the reason for the high density.  
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Figure 5.9 Sensitivity testing for the best-fit density model of the GOMA seismic line. 

Grey blocks indicate tested blocks. Coloured blocks refer to untested blocks with the same 

density values as the best-fit model (Figure 5.7A). Dashed curves show the calculated 

gravity anomaly from the densities of the tested blocks. The density values of the tested 

blocks are in the same colour as in the caption for Figure 5.8. 

 

Sensitivity testing was applied only on the key features for both density models. The 

different density values in surrounding blocks include those features unable to provide fit 

with the observed data. This result indicates that the density values of the tested features 

in the best fit models are the best solution to get a fit with the Bouguer gravity anomaly.  

5.3.3 Pressure models 

The lithological pressure models along YOM and GOMA seismic lines were devised to 

understand the effect of pressure on seismic velocity, and were created using the densities 

obtained from the best-fit models (Figure 5.10 A, B). The calculated lithological pressure 

models are shown in Figure 5.8. The values of the calculated pressure vary along the 

models because of variation in the crustal density.  
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Figure 5.10 Two-dimensional pressure model of the crust along the seismic lines. (A) The 

pressure distribution along the YOM seismic line is based on the density model from the 

best-fit model (Figure 5.6a). (B) The pressure model along the GOMA seismic line is 

estimated from the best-fit model (Figure 5.7a). The solid black lines indicate the active 

faults, labelled above. Dashed black lines show the modified Moho. 

 

5.3.4 Heat production and temperature model 

Heat production values for the upper crust of the YOM seismic lines were estimated based 

on rock U, Th and K2O concentrations measured in both granite and sedimentary rocks 

(Table 5.1). These values for elemental concentrations were obtained from the 

WACHEM database of the Geological Survey of Western Australia (2013). The 

geochemical database gathered by Champion et al. (2007) is not covered well in the 

GOMA seismic profile, so heat productions for this seismic line were calculated using 

the empirical relationship between heat production and density published by Rybach and 

Buntebarth (1982), as described in Chapter 3. This empirical relationship was also used 

to calculated heat production values for the deep crust of both seismic lines. 
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Table 5.1 Rock parameters of the upper crust used in the thermal modelling 

 

Geological units 

 

Sample No 

 

U (ppm) 

 

Th (ppm) 

 

K2O (wt%) 

 

K (wt%) 

 

A (µW m3) 

 

Sedimentary 

Rocks 

 

Officer Basin 

 

1 

 

1.26 

 

3.02 

 

3.38 

 

2.81 

 

0.549 

 G
ra

n
it

e 
S

u
it

e 

 

Warakurna 

Supersuite 

 

16 

 

4.09 

 

25.28 

 

4.61 

 

3.83 

 

2.88 

 

Pitjantjatjara 

Supersuite 

 

5 

 

3.91 

 

32.36 

 

5.19 

 

4.31 

 

3.34 

 

The upper and lower boundaries of the YOM and GOMA models were fixed at 20˚C at 

the surface and 1200˚C at the base of the model (70 km), both predicted from published 

modern-day values of 50–60 mW m–2 (Cull, 1982). Rock parameters and numerical 

settings used in the models are summarised in Tables 5.1 and 5.2. 

 

Table 5.2 Settings and boundary conditions of the numerical simulation 

Parameter Value 

Mesh size Along seismic lines YOM and GOMA  

at a depth of 70 km; each cell 1 km  1 km 

Advection scheme Il’in * 

Thermal conductivity ƒ (T) 

Heat-convergence limit 0.001 K 

Thermal boundary conditions Surface: fixed at 20 ˚C . 

Bottom (50 km): fixed at 1200 ˚C. 

 * Flux Blending Scheme (Clauser, 2012). 

The geothermal model in Figure 5.11B implies that the temperature values gradually 

increase between 100˚C and 950˚C from the upper crust to the upper mantle. The 

temperature value for this model varies slightly in the upper 10 km of the crust and 

significantly increases in the deep crust. As illustrated in Figure 5.11B, the temperature 
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model northeast of the Windularra Fault indicates a higher temperature in the lower part 

of the crust than on the south-western side, the difference being about 100˚C. The 

temperature values near the Moho discontinuity in this model vary laterally on both sides 

of the Windularra Fault, from about 950˚C in the north to about 800˚C in the south. The 

thermal model (Figure 5.12B) shows that the temperature values gradually increase along 

the model from about 100˚C (at 5 km deep) to about 700 ˚C (at 35 km deep). The 

temperature values near the Moho discontinuities are about 800˚C (south Sarda Bluff 

Fault), 700˚C (between the Sarda Bluff Fault and Woodroffe Thrust) and 950˚C (north 

Woodroffe Thrust). 

 

Figure 5.11 A) Heat production (A) and thermal conductivity (K) parameters used to 

generate the thermal model along the YOM seismic line. B) YOM geothermal model. 

The tectonic settings in the study area are marked above the parameters model for a better 

understanding. Note: The solid black lines and labels are the same as those given in Figure 

5.6. 
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Figure 5.12 A) Heat production (A) and thermal conductivity (K) parameters used to 

produce the temperature model along GOMA seismic line. B) GOMA temperature model. 

The tectonic settings in the study area are marked above the parameters model for a better 

understanding. Note: The solid black lines and labels are the same as those given in Figure 

5.7 

 

5.4 Composition Model of the Crust 

The composition models for the YOM and GOMA profiles were derived using the 

methods described in Chapter 3, but with some modifications to the seismic velocities. 

The P-wave seismic velocity in the middle of the YOM seismic line was obtained from 

AuSREM model (Salmon et al., 2012) due to the absence of receiver function stations. 

The composition models were created by comparing corrected P-wave seismic velocities 

and densities values with different rocks from laboratory measurements by Christensen 

and Mooney (1995) (Figure 5.13).  

All the comparison results were categorised into five clusters representing possible rock 

types, which can be summarised as follows: Cluster 1: diorite (DIO); slate (SLT); phyllite 

(PHY); prehnite-pumpellyite facies basalt (BPP); biotite (Tonalite) genesis (BGN); 

quartz-mica schist (QSC); Paragranulite (PGR) and felsic granulite (FGR). Cluster 2: 

diabase (DIA); greenschist facies basalt (BGR); amphibolite (AMP) mafic granulite 

(MGR) and anorthositic Granulite (AGR). Cluster 3: granite-granodiorite (GRA); granite 
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gneiss (GGN); quartzite (QTZ). Cluster 4: gabbro-norite-troctolite (GAB); anorthositic 

granulite (AGR) and paragranulite (PGR). Cluster 5 : mafic garnet granulite (GGR).  

 

 

Figure 5.13 Compressional seismic wave velocity v. density for different types of rock 

under a pressure of 600 MPa and temperature of 20°C. The red dots refer to the correlation 

between corrected Vp and densities. The coloured circles indicate the correlation between 

Vp and density, including using standard divisions and classified rocks with abbreviations 

from Christensen and Mooney (1995). Note: the abbreviations around the red dots in the 

plot are the same as those given in Figures 5.6C and 5.7C. 

 

5.5 Discussion 

5.5.1 Accuracy of the results 

The resolutions of the crustal composition models are highly dependent on the 

geophysical datasets and laboratory measurements of the different rock samples; 

therefore, understanding the uncertainties in all steps of the geophysical datasets 

described in Section 5.3 may assist in providing the most likely composition of the crust 
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along the YOM and GOMA seismic lines. Uncertainties from the receiver functions 

stations were reduced by using averaged S-wave velocities for each crustal layer. The 

empirical regression equation used to convert from Vs to Vp is a good fit for Vs between 

0 and 4.5 km/s with R2 = 0.962 (Brocher, 2005). The uncertainty will never eliminated, 

but its effect on the final results can be mitigated by the modelling.  

5.5.2 Crustal composition beneath the YOM and GOMA seismic lines 

The crustal composition models of the YOM and GOMA density models, discussed 

below, were constructed by comparing the corrected P-wave velocities and density values 

with a published Vp versus density data set (Christensen and Mooney, 1995). The 

composition models show clear variations in the composition of the crust along the YOM 

and GOMA seismic lines. Our results indicate that it is possible to define the possible 

composition of the crust, including those portions that cannot be tracked by its rocks at 

the surface.  

The YOM composition model is shown in Figure 5.14, where the Woodroffe Thrust 

separates the crust in both sides with different composition materials. To the north of this 

thrust, the upper crustal layer is composed of low grade felsic materials, while the 

underlying mid-crustal layer likely consists of feldspar-dominated (Anorthosite) 

materials. Beneath these layers, the Tikelmungulda Seismic Province (block 3) forming 

the lower crust tends to contain materials consisting of mafic and high-grade intermediate 

gneisses. To the south of the thrust, the upper-mid crustal layers along the section are 

composed of medium grade metamorphic, metamorphic felsic high grade and mafic low 

grade materials, except for the Yamarna Terrane (block 1), consisting of low 

metamorphic grade felsic materials. 

The composition model of the GOMA seismic profiles can be seen in Figure 5.15. The 

upper Warumpi crust, Musgrave province (block 6) and Wilgena Domain (block 1) have 

the same compositional materials, being low grade felsic. The block of the middle 

Warumpi is likely composed of feldspar-rich lithologies (Anorthosite). The lower crust, 

Christie Domain and Nawa Terrane (Blocks 3,4) are composed of mafic and high-grade 

intermediate gneisses. The rest of the blocks are composed of medium grade 

metamorphic, metamorphic felsic high grade and mafic low grade materials.  
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From the composition models, it is clear that the crust of the Gawler craton contains more 

mafic and high-grade intermediate gneisses materials than the crust of the Yilgarn craton 

which is dominated by medium grade metamorphic, metamorphic felsic high grade and 

mafic low grade materials. The eastern and western Musgrave provinces in the south part 

of the Woodroffe Thrust have similar crustal layers with the same composition materials 

for each layer. This similarity result is supported by the receiver function models for 

stations SD01 and SD02 (Clitheroe et al., 2000) which show similar seismic velocity 

value for each layer.  
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Figure 5.14 Crustal compositional model for the YOM seismic reflection profile. The model is based on a comparison of the corrected seismic 

velocities Vp and densities obtained from the best-fit model with the data measured in the laboratory. Note: for typical compositions 

associated with clusters, see Figure 5.13.
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Figure 5.15 Crustal compositional model for the GOMA seismic line. The model is based on a comparison of the corrected seismic velocities 

Vp and densities obtained from the best-fit model with the data measured in the laboratory. Note: typical compositions associated with 

clusters can be seen in Figure 5.13. 
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5.5.3 Deep crustal composition of the Musgrave Province 

The deep crustal lithology beneath the Musgrave Province is inferred from correlation 

between the YOM and GOMA composition models. We tracked the composition 

boundaries in the upward continued Bouguer gravity image based on the results from the 

best-fit forward models of the YOM and GOMA (Figure 5.16). The Tikelmungulda 

Seismic Province containing high grade mafic gneiss is bounded by the Woodroffe Thrust 

in the north and Winduldarra Fault in the south, and separated from the eastern Musgrave 

Province by the mantle uplift. This high mafic content is surrounded in the north and east 

directions by lower crust containing mafic and high-grade intermediate gneisses. 

 

Figure 5.16 Upward continued Bouguer gravity anomaly covering YOM and GOMA 

seismic lines. The thick dashed line indicates the inferred boundary of the mafic 

Tikelmungulda Seismic Province. The shaded area shows the inferred lower crust beneath 

the Musgrave Province. The thick white line is the surface boundary of the Musgrave 

Province. 

 

5.6 Conclusions 

Integration of geophysical data, including gravity and seismic data, allows us to image 

the deep crustal structure beneath the YOM and GOMA seismic lines. We derived 
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compositional models along these seismic lines by comparing the P-wave after pressure 

and temperature correction and densities obtained from the best-fit models with data 

measured in the laboratory. 

From the compositional models, we deduced rock types for the seismic provinces that 

were previously unknown because they do not occur at the surface. Our interpretation of 

the lithology presented in this paper can only reveal a first-order variation in crustal 

properties. 

Our results indicate that the Gawler craton is composed with rocks containing more mafic 

and high-grade intermediate gneisses than the crustal compositions of the Yilgarn craton. 

The eastern and western Musgrave provinces in the north of the Woodroffe Thrust have 

correlations in crustal composition. The Tikelmungulda Seismic Province is bounded 

between the Woodroffe Thrust in the north and Winduldarra Fault in the south, and has a 

distinct lower crustal domain with very high density. The composition of this seismic 

province is mainly characterised by high grade mafic contents. The variation in the 

lithology of the Tikelmungulda Seismic Province implies that it is different from adjacent 

terrains, and this may be indicative of intra-plate tectonic processes  associated with the 

Giles Event and Warakurna LIP (Smithies et al., 2015).  
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Chapter 6 Deep Crustal Structure of the Warakurna Large 

Igneous Province: Results of 3D Gravity Inversion 
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The following paper presents the deep crustal structure of the Warakurna Large Igneous 

Province region resulting from 3D gravity inversion. The results indicate an extensive 

area with very thick crust (> 45 km) and high density material (2.85 g/cm3) which is 

associated with the magmatic underplate of the Warakurna Large Igneous Province. The 

centre of this magmatic underplating coincides with the Tikelmungulda Seismic Province 

which was identified in the recent Yilgarn-Officer-Musgrave line. The underplate is 

thickest beneath the west Musgrave province, and is absent beneath the western Capricorn 

Orogen, Yilgarn Craton and East Musgrave Province. It closely follows the likely 

lithospheric architecture of the Western Australia craton at the time of emplacement, 

suggesting either that upwelling magma was diverted around the Archean cratons or that 

melting was focused in the Proterozoic lithosphere.  
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Abstract 

Seismic methods can provide a reliable way of identifying magmatic underplating that is 

characterised by a high velocity lower crust, a highly transitional Moho, and often by 

significant crustal thickness. However, the coverage provided by high-resolution seismic 

data is limited. Gravity data are an alternative means to constrain crustal thickness and 

density, and allied with seismic data can provide much better coverage. Here we apply a 

seismically-constrained gravity inversion method to the Warakurna LIP region in central-

western Australia, focusing on imaging an associated magmatic underplate. The results 

demonstrate an extensive area with very thick crust (> 45) and high-density materials (> 

2.85 g/cm3) associated with the underplate. This is thickest beneath the west Musgrave 

province, and closely follows the likely lithospheric architecture of the Australian 

continent at the time of emplacement, suggesting either that upwelling magma has been 

diverted around the Archean cratons or that melting was focused in the Proterozoic 

lithosphere. This arrangement is reflected in Ni-Cu-PGE prospectivity, with known west 

Musgrave Province deposits focused above the thickest underplate, and few economic 

deposits within the well explored West Australian Craton. Thick underplates extend to 

the NW and NE, towards the Rudall and Arunta regions, suggesting increased Ni-Cu-

PGE prospectivity for these little-explored regions. 

 

Keywords: 3D gravity inversion; magmatic underplating; Warakurna large igneous 

province; Moho depths, crustal density. 
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6.1 Introduction 

The ca. 1080–1060 Ma Warakurna LIP covers a large area, of at least 1.2 × 106 km2, 

extending from the west coast to the centre of Australia over a distance of about 1,500 

km (Wingate et al., 2004). It is defined by exposed mafic dykes and plutons (Figure 6.1) 

in Central and Western Australia (Wingate et al., 2004). The upper crustal character and 

extent of the Warakurna LIP have been relatively well defined by geological and 

geophysical studies (Jackson et al., 1981, Williams, 1986, Glikson, 1995, Glikson et al., 

1996, Evins et al., 2010, Aitken et al., 2013a), but the deep crustal structures remain 

poorly understood. Very thick crust, and the high density required to isostatically balance 

it, have previously been detected beneath parts of the Warakurna LIP. This was attributed 

to magmatic underplating from this LIP (Aitken, 2010, Aitken et al., 2013b, Howard et 

al., 2013b). 

Magmatic underplating occurs when basaltic magmatic is trapped at the Moho 

discontinuity or within the lowermost crust during its rise to the surface (Cox, 1993). 

Magmatic underplating is an important process for crustal formation and subsequent 

evolution because the additional magma provides a non-tectonic means for growing and 

thickening the crust (Thybo and Artemieva, 2013). Underplating also represents magma-

ponding, which is an important process in magmatic Ni-Cu-PGE ore genesis (Begg et al., 

2010). Thick crust, high density and high seismic velocity at the base of the lower crust 

are characteristics commonly interpreted to represent magmatic underplating (e.g. 

Kelemen and Holbrook, 1995, Farnetani et al., 1996, Trumbull et al., 2002, Xu and He, 

2007). Seismic data such as deep-crustal reflection, refraction/wide-angle refraction, 

receiver functions and ambient noise tomography provide the most robust imaging of 

these, but are often limited by difficulties and the cost of collecting these data. Gravity 

data typically have much higher resolution than seismic data (Aitken et al., 2013b), and 

are a complementary method for resolving crustal density and thickness variations. 



Chapter 6    

123 

 

Figure 6.1: Generalised map of tectonic provinces in the study region. The yellow shows 

the name distribution of recognised ca. 1075 Ma igneous rocks associated with the 

Warakurna LIP at the surface (Wingate et al., 2004). Inset map shows the location of the 

study area. 

 

This research sought to generate a high-resolution model of Moho depths and crustal 

density using 3D inversion of gravity data, constrained by seismic data. This model can 

assist in understanding the limitations of the method applied, and help to understand the 

deep crustal density, tectonic and mineralisation implications for the region of the 

Warakurna LIP.  

6.2 Model Setup 

The model covered the area of the Warakurna LIP and adjacent oceanic regions, and was 

discretised into 7.5 × 7.5 km square vertical prisms that extended from the earth’s surface 

to a depth of 99 km. The model extended 50 km from each side to avoid ‘edge effect’. 

6.2.1 Layers, boundaries and density used to construct initial 3D model 

The model contained 13 layers in each prism, representing air, sea water, sedimentary 

basins (three layers), crystalline crust (six layers) and mantle (two layers). A layered 
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initial model was made by slicing the model volume with surfaces pre-defined in existing 

works (Whiteway, 2009, Kennett et al., 2013b, Frogtech, 2005, Aitken et al., 2015, 

Frogtech, 2006). 

Topography and bathymetry (Figure 1.2A) represented the top boundary of the basins, 

and were sampled from the Australian bathymetry and topography grid (Whiteway, 

2009). This grid has a high-quality resolution of nine arc seconds (∼250 m), and was re-

gridded at 1 km resolution.  

The middle and bottom boundaries of the basins under the topographic surface were 

sampled at 1km resolution from the thickness of the Phanerozoic (Frogtech, 2005) and 

Proterozoic (Frogtech, 2006) sedimentary basins. The thickness of these basins have been 

assumed based on integrated seismic, gravity and magnetic data to generate a map of the 

depth to crystalline basement within Australia (Frogtech, 2005, Frogtech, 2006)  

The initial Moho surface (Figure 1.2B) was created using the interpolation tools from the 

Generic Mapping Tools package (Wessel and Smith, 1998). Moho depths from a wide 

range of seismic data (Clitheroe et al., 2000, Collins, 1991, Collins et al., 2003, Reading 

et al., 2012) were gridded at 50 km resolution using an adjustable tension continuous 

curvature gridding algorithm (Smith and Wessel, 1990). To allow steep Moho 

topography, the tension factor was set to 0.35.  

Between basins and Moho surfaces, the crust was subdivided into six layers (Table ) to 

represent the depth of the isosurface density values of 2.6, 2.7, 2.8, 2.9, 3 and 3.10 g/cm3 

(Supplementary Figure 6.9). These layers were sampled from the 3D model results for 

Australia’s lithospheric density (Aitken et al., 2015), and were re-gridded at 5 km 

resolution. The reasonably accurate details provided in the crust in terms of its geometries 

increase the degree of fit of the initial model, and therefore the robustness of the model 

results. 

The mantle below the initial Moho surface was subdivided into two layers by flat surfaces 

at 50 km and 75 km in order to be consistent with the density depth information obtained 

from AusMantle model (Kennett et al., 2013a). In the areas containing thicker crust (>50 

km), the mantle surface at 50 km was pushed down beneath the Moho surface as a zero 

thickness layer, which has no effect on the gravity data.  
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Figure 6.2: (A) Topography and bathymetry used in the model; (B) Initial Moho surface 

interpolated from different kinds of seismic data.  

Note: The grey lines in both maps indicate the boundaries of the tectonic provinces. The 

black dots in B show the locations of seismic estimates. 

 

Table 1 displays the initial density model values and the imposed bounds. The initial 

density for the basins was obtained, with some modification, from Aitken et al. (2013b) 

because the SEEBASE model does not include density information. The initial density 

values for the six crustal layers were assumed to be 0.05 g/cm3 higher than the isosurface 

density value, to represent the middle value of each layer. The mantle density below 50 

km and 75 km depth (Supplementary Figure 6.10 ) was obtained from the AusMantle 
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density model (Kennett et al., 2013a).  For maximum and minimum densities (Table 6.1), 

the basins were defined based on reasonable limits of the sedimentary rocks buried at 

such depths, while the crust and mantle (< 50 km) to allow some overlap (±0.1 g/cm3) 

with layer above and below but cannot exceed which maintain vertical layering. 

  

Table 6.1: Initial density and permitted density bounds for each layer of the model 

Layer Initial Density 

(g/cm3) 

Minimum Density 

(g/cm3) 

Maximum Density 

(g/cm3) 

Sea water 1.03 NA NA 

Sedimentary Basin 1 2.4 2.3 2.6 

Sedimentary Basin 2 2.5 2.45 2.6 

Sedimentary Basin 3 2.55 2.5 2.6 

Crust 1 2.65 2.55 2.75 

Crust 2 2.75 2.6 2.85 

Crust 3 2.85 2.75 2.95 

Crust 4 2.95 2.9 3.05 

Crust 5 3.05 3 3.10 

Crust 6 3.10 3.05 3.20 

Mantle < 50 km 3.25 3.15 3.35 

50km < Mantle < 75 km  From AusMantle Fixed Fixed 

Mantle > 75 km From AusMantle Fixed Fixed 

 

6.2.2 Gravity data and inversion procedure 

Free air gravity data were derived from separate onshore and offshore components. For 

the onshore region, the free air was calculated from observations held by the Australian 

National Gravity Database of Geoscience Australia (Wynne and Bacchin, 2009). For the 

offshore region, the grid was derived from the gravity anomaly grid of the Australian 

region (Bacchin et al., 2008) , which is derived from satellite altimetry in areas of poor 

marine coverage (Sandwell and Smith, 1997). The onshore and offshore grids were 

merged and smoothed through upward continuation by 3.75 km, then re-gridded at 7.5 

km cell size (Figure 6.3). 
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Figure 6.3: Free air gravity grid used in the inversion 

 

The 3D gravity inversion was undertaken using VPmg™ software (Fullagar et al., 2008) 

which has two main gravity inversion styles: density style, where the density distribution 

within the prisms can be varied; and geometry  style, where the geometry of the prisms 

can be varied. Each style works entirely independently, and the other parameters cannot 

change. This study largely followed the alternating inversion method published by Aitken 

et al. (2013b), Aitken (2010). This method allows the density within the prism to modify, 

then the geometry of the layer boundaries, then density again, and so on (Aitken, 2010). 

The degree of change in density and geometry is controlled during the inversion by 

‘permitted change per iteration’ constraints, which must be defined by the user. With no 

a priori knowledge of what these should be, this research used a range of values for each 

density and geometry constraints in order to generate models with different possible 

solutions. This allows not only the selection of a most representative model, but also helps 

understand experimental variability. The geometry of the surface defining topography, 

bathymetry and the base of the sedimentary basin were completely fixed during the 

inversion. 
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Figure 6.4: Misfit curves for each accepted model. This figure does not display the 

rejected models except for the density-only and geometry-only models. The orange line 

indicates the most representative model for the final inversion. The white circles indicate 

the last good iteration for each inversion before attaining stability. 

 

6.3 Modelling Results 

In this study, 36 inversions were run with a range of density and geometry constraints. 

The permitted density change per iteration ranged from 0 to 0.01 g/cm3, while the 

permitted geometry change per iteration ranged from 0 to 10%. Inversions were run for 

20 iterations; the analysis found that the misfit curves showed the onset of stability and 

became identical to each other by around iterations 8 to 13. The stability was identified 

in each model by the first iteration with only a small difference in the misfit reduction (< 

1 mGal RMS). The iteration prior to attaining stability was considered the final result of 

the inversion (last good iteration). Of the 36 inversion results, 21 were rejected, including 

a single model of density change only and geometry change only (Figure 6.4). Models 

with a permitted density change of 0.002 g/cm3 and permitted per iteration geometry 
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change range of from 0 to 10% were rejected because they did not generate a believable 

Moho geometry Models. With a permitted density change of 0.004 g/cm3 and permitted 

per iteration geometry change range from 0 to 10% were rejected because they did not 

generate an adequate fit to the data (RMS > 5 mGal). The remaining 15 inversion models 

were used to calculate the mean Moho surface and its standard deviation. 

The mean Moho surface (Figure 6.5) was calculated to estimate the crustal thickness and 

represent the most likely Moho geometry given the initial conditions. The results 

indicated a very thick crust (> 40 km) beneath the area of Capricorn Orogen, Officer 

Basin and Musgrave Province, compared to a thinner crust (35 to 40 km) beneath adjacent 

regions. Generally, the mean Moho depth was largely compatible with the depth 

estimated from the seismic data, but with a few changes in regions that were sparse with 

seismic data. 

 

Figure 6.5: Mean Moho elevation taken to represent crustal thickness in the study area. 

Note: The coloured circles indicate the seismic location, with the same colour code as the 

mean Moho surface. 

 

The standard deviation of these results (Figure 6.6) indicated that the Moho variability 

was generally low (± 1,300 m) and was very low in the central region, which indicates 

robustness under different model conditions. This region roughly corresponds with the 

boundary between the West Australian Craton and Proterozoic Central Australia, 

although it also is the middle of the model. The largest Moho variability was observed in 
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the central West Australian Craton and in Central Australia, and beneath the Carnarvon 

Basin. These regions have thick to very thick crust (> 43 km), with a moderately low to 

very high gravity anomaly, which indicates high density in the crust or mantle that may 

not be described well by the initial crustal density model. 

 

Figure 6.6: Standard deviation of the mean Moho results indicating the variability of 

gravity inversion results from the 15 accepted models. 

 

From the available models, a single model was chosen to represent the average crustal 

density. This model, with a permitted density change of 0.006 g/cm3 and geometry change 

of 4%, was selected because it attained the lowest misfit (5.33 mGal) before achieving 

stability (Figure 6.7), and its geometry was close to the mean Moho with an average 

discrepancy of 243 m. The residual gravity misfit of the chosen model was concentrated 

in the offshore region because it had a combination of thin and thick crust that did not 

permit a fit to the gravity data. However, the majority of the residual misfit in the onshore 

region was very small (< 10 mGal). 
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Figure 6.7: Residual gravity anomaly of the chosen model to represent averaged crustal 

density. Note: Positive anomalies indicate insufficient mass in the subsurface, while lows 

indicate excess mass. 

 

For this model, the crustal density was vertically averaged within the crust but excluding 

basins (Figure 6.8). This indicates that much of the relatively high to high densities occur 

beneath the western part of the Musgrave Province, but extending to adjacent areas of the 

basins, with most of it focused in areas of thick crust. Areas with a thin crust (such as the 

southern Pilbara Craton and the western part of Yilgarn Craton) are dominated by low-

moderate density material. In some cases, these averaged crustal densities reflect the local 

features of high-density anomaly like Bandee Seismic Province, MacAdam Seismic 

Province, Yerrida and Bryah-Padbury Basins, Earaheedy Basin and the Nawa Terrane. 
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Figure 6.8: Crustal density variations under the study region. The crustal density 

represents the vertically averaged density, excluding the basins. The thick black lines 

indicate the location of the modelled deep seismic lines (Chapters 2-5). The dashed line 

indicates the interpreted boundary of the Warakurna LIP magmatic underplating. BSP = 

Bandee Seismic Province, MSP = MacAdam Seismic Province, TSP = Tikelmungulda 

Seismic Province, BPY = Bryah, Padbury and Yerrida Basins, EB = Earaheedy Basin, 

NT = Nawa Terrane, and MPD = Mulga Park Domain, MSZ= Mundrabilla Shear Zone.  

 

6.4 Discussion 

6.4.1 Limitations of gravity inversion 

Despite the  

Gravity inversion can provide highly consistent and reasonably accurate models for Moho 

geometry and crustal density distributions, even when seismic constraints are relatively 

sparse. Averaging the process applied to the Moho geometries generated from 15 models 

can reduce any extreme values from individual results, but uncertainty will never be 

eliminated and may occur due to the assumed density values or especially due to 

deficiencies in the initial geometries. Alternating the density and geometry inversions can 

effectively reduce these uncertainties. Because the vertical sensitivity at this scale is very 

low, and the gravity data is not able to map features to the correct depths, the density 

averaged with excluding the basins was applied over the whole crust. 
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The results of this work indicate that the majority of the model shows a standard deviation 

for the Moho of less than 850 m, equivalent to an error (2σ) of 1.70 km. However, high-

variability areas have standard deviations upwards of 1.15 to 1.25 km, equivalent to an 

error of 2.3 to 2.5 km. These results are within an acceptable range of error, in that the 

gravity estimates are within 5 km of the seismic estimates, which themselves have errors 

of the order of kilometres. These high errors occur particularly in regions where the mafic 

underplate thickens the crust. 

6.4.2 Moho depth 

The gravity inversion generates few fundamental changes to the Moho depth generated 

in the work of Kennett et al. (2011), Salmon et al. (2013) and Aitken et al. (2013b). In 

brief, the Moho map in the region of study shows a moderately thin crust (~33 km) 

beneath the Archean Yilgarn and Pilbara Cratons, except in the north-western part of the 

Yilgarn Craton where the crust was thicker (40 to 46 km). The intervening Capricorn 

Orogen indicated a thicker crust (41 to 45 km); however, the north-western part of the 

Capricorn Orogen (Gascoyne Province) was dominated by a thin crust (~33 km). The 

western part of the Musgrave Province and adjacent parts of the basins was dominated by 

a very thick crust (> 45 km), which may reflect that the crust has thickened because of 

magmatic underplating of the Warakurna LIP. The eastern part of the Musgrave Province 

was dominated by a moderately thick crust (~36 km). The Gawler Craton had thick crust 

(40-45 km), except some local areas variety range of the crustal thickness. 

6.4.3 Crustal density and magmatic underplating 

The vertically averaged crustal density map, excluding basin density, shows high-density 

materials (> 2.83 g/cm3) beneath the western part of the Musgrave Province and adjacent 

parts of the Officer and Amadeus basins. This high-density feature occupied a large area 

with a Moho depth of greater than 45 km, and is interpreted to be the result of magmatic 

underplating of the Warakurna LIP (Figure 6.8).  

The centre of this magmatic underplating coincides with the Tikelmungulda Seismic 

Province, which was identified in the recent Yilgarn-Officer-Musgrave line (Howard et 

al., 2013a). This seismic province is an extensive weakly reflective to non-reflective 

seismic zone approximately 15 km thick, in the lower crust of the western Musgrave 
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Province (Howard et al., 2013a). The high-density materials required for magmatic 

underplating correspond with the density of the identified rock type (Mafic Garnet 

Granulite) for the Tikelmungulda Seismic Province (see Chapter 3). The inferred 

magmatic underplate extends towards the Arunta Province where Stuart Pass Dolerite is 

found at the surface, but does not reach the east Musgrave Province although the Kulgera 

Dyke Swarm is present. It extends south and north along the Mundrabilla Shear Zone; the 

large magnetic intrusions observed in the south are likely to be similar to the Giles 

Complex. It reaches as far as the Salvation Basin where Glenayle Dolerite is widely 

found, but does not reach the western Capricorn orogen; and it extends towards the Rudall 

Province, where Warakurna LIP rocks are not known but where late Mesoproterozoic 

basins occur. It does not extend into either the Gawler Craton or the Yilgarn Craton. 

Several other regions in the study area are dominated by a dense and thick crust, but these 

are not considered to be underplated as a result of the Warakurna LIP. In the western 

Capricorn Orogen, the crust is thick (> 40km) and dense (~2.80 g/cm3). This feature 

coincides with the unexposed Bandee Seismic Province, which may be a result of 

different evolution prior to terrane amalgamation on the Talga Fault (Selway, 2007, 

Selway et al., 2009) or, alternatively, of a significant difference in magmatic or 

metamorphic processes post-amalgamation, e.g. due to the 1680–1620 Ma Mangaroon 

orogenies (chapter 3). The Kulkatharra Dolerite lies dominantly to the south of this 

feature, and is not likely to be related. The crust beneath the south-western part of the 

Capricorn Orogen is also characterised by Moho depths of greater than 43 km and high-

density materials (~2.85 g/cm3). This feature corresponds with the MacAdam Seismic 

Province, which has similarly been interpreted as a pre-amalgamation feature of the 

Glenburgh Terrane (Aitken et al., 2014). Beneath the region of the Yerrida, Bryah-

Padbury and Earaheedy Basins, the crust is thick (>43 km) and dense (~2.84 g/cm3). 

These basins are not intruded by Warakurna LIP rocks, and the high density may indicate 

a smaller underplate related to the formation of these basins in the Paleoproterozoic. The 

Nawa Terrane in the Gawler Craton has very thick crust (~ 45 km) and very high density 

materials (~ 2.9 g/cm3), which coincides with the results of the GOMA density model in 

Chapter 5. This region likely represents older lower-crustal rocks of the Gawler Craton.   
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6.4.4 Tectonic and mineralisation implications 

The inferred magmatic underplate of the Warakurna LIP occupies a large triangular area 

between the West Australian, North Australian and South Australian Cratons. This 

underplate encompasses the major Warakurna LIP centres of the west Musgrave 

Province, Stuart Pass Dolerite and Glenayle Dolerite. Despite surface outcrops of 

Warakurna LIP rocks, the Warakurna LIP underplate has not affected the western 

Capricorn Orogen or the Yilgarn Craton, nor the east Musgrave Province. Conversely, 

the underplated Rudall Province does not possess known Warakurna LIP rocks, although 

it is overlain by the late Mesoproterozoic Yeneena Basin. The Gawler Craton and North 

Australian craton do not possess known Warakurna LIP rocks, and are not underplated. 

Finally, within the Musgrave Province, the Mulga Park Domain, north of the Woodroffe 

Thrust, does not seem to be underplated, perhaps reflecting thickened crust at the time of 

the Warakurna LIP. 

The distribution of this underplate strongly reflects the likely lithospheric architecture of 

the region at ca. 1080 Ma. Magmatic centres are focused in regions affected by late 

Mesoproterozoic orogenesis and basin formation, including extensive ultra-high-

temperature events (Smithies et al., 2015). Conversely, regions affected only by Archean 

to early Mesoproterozoic events are not underplated. These results suggest either that 

upwelling magma from depth has been diverted around the lithospheric keels of the major 

cratons, or that melting was focused in, or beneath, the Proterozoic regions (Begg et al., 

2009).  

High magma flux rates and subcrustal magma ponding are important elements in the 

formation of Ni-Cu-PGE deposits (Maier et al., 2015, Begg et al., 2010).  The magmatic 

underplate we have imaged provides an impression of where regions have, and have not, 

experienced these two elements. The western Musgrave Province is highly endowed with 

Ni-Cu-PGE deposits that are co-located with the thickest underplate. Regions with no 

underplate, but extensive Warakurna LIP surface rocks, such as the Capricorn Orogen, 

Yilgarn Craton and eastern Musgrave Province do not possess any known deposits. This 

suggests that the presence of this underplate may be a useful tool in focusing exploration 

towards the most prospective regions, including the WMP, but also the Salvation Basin 
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region, and extensions to the south, north, northwest and northeast beneath the Officer, 

Amadeus and Canning Basins (see Figure 6.1).  

6.5 Conclusion 

The study discussed here demonstrates that constrained gravity inversion has the ability 

to generate a high-resolution model of the Moho and crustal density. This model improves 

understandings of the deep crustal structure beneath the Warakurna LIP, particularly in 

regions with seismic constraints. The results show a very thick crust (> 45 km) and high-

density materials (> 2.85 g/cm3) beneath western and central Australia, which are 

interpreted to be a magmatic underplating of the Warakurna LIP. These results are 

consistent with the exposed mafic dykes and plutons (Wingate et al., 2004). The 

underplating occupies a large area 1,200 km wide and 600 km long. Its centre coincides 

with the Tikelmungulda Seismic Province, identified in the recent Yilgarn-Officer-

Musgrave line. The shape of the underplate is broadly triangular, and occupies the region 

where the lithosphere was probably thin during the late Mesoproterozoic. 

Ni-Cu-PGE deposits are abundant in the western Musgrave Province,  located above the 

thickest underplate, but are very few where the underplate is absent, despite extensive 

magmatic rocks of the Warakurna LIP. This suggests that the imaged underplate indicates 

magmatic processes in the lower crust that are essential for developing upper-crustal ore-

deposits. From this we suggest that highly prospective basement may exist beneath the 

Canning Basin, NW of the WMP, and beneath the eastern Amadeus Basin, NE of the 

WMP. 
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Supplementary Data 

The following are supplementary data related to this article. 

 

Supplementary Figure 6.9. (a) The depth of the isosurface density value of 2.6 g/cm3; (b) 

the depth of the isosurface density value of 2.7 g/cm3; (c) the depth of the isosurface 

density value of 2.8 g/cm3; (d) the depth of the isosurface density value of 2.9 g/cm3; (e) 

the depth of the isosurface density value of 3.0 g/cm3 and (f) the depth of the isosurface 

density value of 3.10 g/cm3. 
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Supplementary Figure 6.10. (a) The mantle density at 50 km and (b) The mantle density 

at 75 km depth. 
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Chapter 7 General Discussion and conclusion  

7.1 Geophysical Imaging of Ancient LIP Architecture 

7.1.1 Integrated geophysical methods for imaging and understanding the 

character of the lower-crust and uppermost mantle 

Combining different geophysical datasets including gravity and seismic data has the 

ability to image the deep crustal structure and composition for ancient LIPs. In this study, 

2D density models were calculated using interpreted crustal structure from deep seismic 

reflection lines after re-imaged by depth-scaling with P-wave velocities estimated from 

receiver function data. This procedure provided more correct geometries with which to 

model density variations. Therefore, these modelled density variations and the associated 

composition models are more likely to be correct than with unadjusted geometry. 

Conversions from seismic velocity to density are uncertain, although these are 

subsequently modified by modelling, and these have a small influence on model results 

in the end. 

Receiver function spacing and quality was a major factor in the ability to correct seismic 

geometries. The Capricorn Orogen and GOMA seismic lines are covered well by receiver 

function stations and therefore their forward gravity modeling provided robust geometries 

for density models. The Youanmi and YOM seismic lines are less well covered with 

receiver functions data. Although the low resolution AuSREM model can be used to 

define regional Vp velocity, better results require additional receiver function stations to 

enhance knowledge of crustal geometries. This work demonstrates the importance of 

receiver function data to correct the geometry for velocity variations. Hence, the receiver 

functions improve the usefulness of deep crustal seismic reflection lines in a cost-

effective way, and should be routinely recorded along major transects. 

In addition, although pressure is well defined, the crustal composition models are not well 

constrained by local heat flow data. Modelling needed to assume constant surface 

temperature; effect on density is small, but effect on velocity is larger, and this may have 

affected results.  Better constraints on heat might be achieved by collecting heat flow data 

along the seismic lines.  
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The gravity inversion provided highly consistent results, with a typical variability of ±1.7 

km, and also reasonably accurate results for the Moho geometry, which deviated from 

initial estimates by less than 5 km.  Uncertainties are relatively high in some regions 

without seismic data e.g. north and south Officer Basin, Arunta Region and east Capricorn 

Orogen).Additional seismic data in these regions with sparse seismic data (can improve 

the 3D model results.       

7.1.2 Crustal structure along deep seismic reflection lines 

Applying seismically-constrained gravity methods to the Warakurna LIP show the 

possibility to image deep crustal signature of ancient LIP, whose thermal system is absent. 

Two-dimensional gravity modelling along seismic reflection lines determined the density 

and composition of the deep crust and upper mantle were within the Warakurna LIP 

region, highlighting which areas were affected by Warakurna LIP processes. 3D gravity 

inversion allows comprehension of the deep crustal structure of the Warakurna LIP in 

areas with sparse seismic data. 

The regions targeted by the 2D gravity modelling are the Capricorn Orogen, Yilgarn-

Officer-Musgrave (YOM), Gawler-Officer-Musgrave-Amadeus (GOMA) and NW 

Yilgarn. Although the results from the region of the Capricorn orogen, Gawler-Officer-

Musgrave-Amadeus (GOMA) and NW Yilgarn indicate distinct density blocks, none of 

these regions contains features clearly associated with the magmatic underplating of the 

Warakurna LIP. In contrast, the results of the YOM density model indicates very high 

density materials in the lower crust beneath the west Musgrave province, and is coincident 

with the previously defined Tikelmungulda Seismic Province (TSP) (Howard et al., 

2013). This seismic province has a high-grade Mafic Garnet Granulite composition, and 

are considered be due to the magmatic underplating of the Warakurna LIP. None of the 

seismic lines are perfectly straight, however our modelling projects the data onto a linear 

section.  This results in the compression of data points in bendy sections. The effects are 

most marked in the upper crust, and much less significant in the mid-lower crust, due to 

the long wavelength signals.  These bends have a minimal effect on the modelling results. 
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7.1.3 Crustal structure in 3D 

The results of the 3D gravity inversion show a broad area with very thick crust (> 45 km) 

and high-density materials (> 2.85 g/cm3) at the base of the lower crust. This area is 

interpreted to represent the magmatic underplate of the Warakurna LIP which was partly 

recognised in the 2D YOM density model.  The inferred magmatic underplate extends 

toward the Arunta Province, south and north along the Mundrabilla Shear Zone, the 

Salvation Basin and the Rudall Province which contain Warakurna LIP rocks at the 

surface. This underplate does not reach to the east Musgrave Province, western Capricorn 

Orogen and Yilgarn Cratons, although extensive sills in the upper crust. Neither magmatic 

underplate nor sills in the upper crust associated with Warakurna LIP exist in the Gawler 

craton. 

7.2 Lithosphere architecture and processes in the Warakurna LIP and 

their influence on Ni-Cu-PGE potential  

7.2.1 Lithospheric architecture and processes in the Warakurna LIP 

The magmatic underplate of the Warakurna LIP occupies a large triangular area between 

three major cratons, the West Australian Craton, the North Australian Craton and the 

South Australian Craton. The underplate imaged in Chapter 6 closely follows the 

probable lithospheric architecture of the Western Australia craton at the time of 

emplacement, in that the Archean and Paleoproterozoic cratons are not affected but 

Mesoproterozoic orogens are.  This suggests either diversion of the magma around the 

Archean cratons or melting focused in Proterozoic regions.  

The exposed Warakurna LIP in the West Australian Craton contains extensive dykes and 

sills, but these features are not clearly related to either magmatic underplating or intra-

crustal magma chambers, suggesting that they were emplaced without ponding within or 

at the base of the crust. The recognised magmatic underplate reaches the Arunta Province 

where Stuart Pass Dolerite is found, but does not reach the east Musgrave Province, 

although the Kulgera Dyke Swarm is present there. It extends towards south and north 

along the Mundrabilla Shear Zone where some large magnetic intrusions are observed, 

perhapssimilar to the Giles Complex. It extends beneath the Salvation Basin where 

Glenayle Dolerite is widely found, but does not extend to the western Capricorn Orogen; 
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and it extends towards the Rudall Province, where Warakurna LIP rocks are not known 

but where late Mesoproterozoic basins occur. The Gawler Craton does not have sills and 

magmatic underplate associated with Warakurna LIP. 

 

7.2.2 The influence of lithospheric architecture and processes on Ni-Cu-PGE 

mineral systems in the Warakurna LIP 

Melts associated with most major Ni-Cu-PGE deposits arise from high magma flux rates 

and subcrustal magma ponding (Maier et al., 2015, Begg et al., 2010).  The inferred 

magmatic underplate for the Warakurna LIP provides insight as to where regions have, 

and have not experienced these elements of the Ni-Cu-PGE mineral systems. The western 

Musgrave province is highly endowed with Ni-Cu-PGE deposits e.g. Nebo–Babel (Seat 

et al., 2007) which is focused above the thickest underplate. The region of the Capricorn 

Orogen, Yilgarn Craton and eastern Musgrave province have no magmatic underplate, 

but have extensive sills associated with Warakurna LIP. These regions do not possess any 

known major deposits. The present of the underplate may be useful tool to explore more 

prospective regions, including the western Musgrave Province, but also the Salvation 

Basin region, and extensions to the south, north, northwest and northeast beneath the 

Officer, Amadeus and Canning Basins. 

7.3 Conclusion 

In this research, combined-gravity-seismic methods show the ability to image the deep 

crustal structure of the Warakurna LIP even with absence of the thermal system associated 

with younger LIPs. Hence this work adds to the body of knowledge regarding geophysical 

imaging of the lower-crustal signature of the magmatic LIP processes in ancient LIPs. 

Modelling results indicate an extensive area with very thick crust (> 45) and high-density 

materials (> 2.85 g/cm3) at the base of the crust, interpreted as a magmatic underplate.  

This area occurs beneath the western Musgrave Province and extends to the north-west 

and north-east, consistent with being part of the Warakurna LIP. The absence of features 

noticeably related to the magmatic underplating of the Warakurna LIP beneath the region 

of the Capricorn orogen, Gawler-Officer-Musgrave-Amadeus (GOMA) and NW Yilgarn 

suggests either that upwelling magma has been diverted around the cratons, or that 
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melting was focused only on Proterozoic regions. The shape of the underplate coupled 

with existing mineral deposits in the west Musgrave Province may indicate that high Ni-

Cu-PGE prospectivity may extend to the NW and NE, but that the cratonic regions are 

perhaps less prospective. 

 

References 

BEGG, G. C., HRONSKY, J. A., ARNDT, N. T., GRIFFIN, W. L., O’REILLY, S. Y. & 

HAYWARD, N. 2010. Lithospheric, cratonic, and geodynamic setting of Ni-Cu-PGE 

sulfide deposits. Economic Geology, 105, 1057-1070. 

HOWARD, H., DE GROMARD, R. Q., SMITHIES, R., KIRKLAND, C., KORSCH, R., 

AITKEN, A., GESSNER, K., WINGATE, M., BLEWETT, R. & HOLZSCHUH, J. 2013. 

Geological setting and interpretation of the northeastern half of deep seismic reflection 

line 11GA-YO1: west Musgrave Province and the Bentley Supergroup. 

MAIER, W., HOWARD, H., SMITHIES, R., YANG, S., BARNES, S.-J., O'BRIEN, H., 

HUHMA, H. & GARDOLL, S. 2015. Magmatic ore deposits in mafic–ultramafic 

intrusions of the Giles Event, Western Australia. Ore Geology Reviews, 71, 405-436. 

SEAT, Z., BERESFORD, S. W., GRGURIC, B. A., WAUGH, R. S., HRONSKY, J. M. A., GEE, 

M. A. M., GROVES, D. I. & MATHISON, C. I. 2007. Architecture and emplacement of 

the Nebo–Babel gabbronorite-hosted magmatic Ni–Cu–PGE sulphide deposit, West 

Musgrave, Western Australia. Mineralium Deposita, 42, 551-581. 

 

 

 


	Abstract
	Chapter 1 General Introduction
	1.1 Ancient LIPs
	1.1.1 The Warakurna LIP
	Figure 1.1. Simplified geology of west Australia, showing the distribution of the Warakurna LIP and isotopic age determinations for rocks of Warakurna LIP (Wingate et al., 2004b).


	1.2 Aims and Objectives
	1.3 Thesis Structure

	Chapter 2 Geophysical Characteristics of Large Igneous Provinces, Including Ancient and Modern Examples
	2.1 Large Igneous Provinces (LIPs)
	2.1.1 Geophysical characteristics of LIPs

	2.2 Warakurna LIP
	2.2.1 Geological setting of the Warakurna LIP
	2.2.2 The deep geophysical characteristics of the Warakurna LIP
	Figure 2.1: The extent of the Warakurna LIP at a surface that is inferred at depth. A) Crustal density variations. B) Mean Moho elevation (Aitken et al., 2013c).  White line indicates interpreted surface extents; black line and opaque polygon indicat...
	Figure 2.2 Images of the isotropic shear wavespeed models from tomographic inversion at: A) 75-100 km; B) 100-200 km. The dashed lines indicate the outline of the three main cratonic blocks (Fishwick and Reading, 2008). The solid line indicates the e...


	References

	Chapter 3 Composition Models of the Crust Beneath the Capricorn Orogen from Gravity, Seismic and Heat Flow Data
	Abstract
	3.1 Introduction
	Figure 3.1 A) the location of seismic lines (10GA-CP1 and 10GA-CP2) over regional geology of the western Capricorn orogen. Inset map shows the location of the Capricorn orogen within Australia. B) Geological cross section through the Capricorn orogen...

	3.2 Geological and Tectonic Setting in Brief
	3.2.1 Pilbara Craton
	3.2.2 Capricorn Orogen
	3.2.3 Sedimentary Basins
	3.2.4 Previous geophysical investigations

	3.3 Geophysical Modelling
	3.3.1 Seismic data and re-interpreted crustal geometries with receiver function constraints
	Figure 3.2 Flowchart representing the workflow of used information from the different geophysical data used to create gravity models.
	Figure 3.3 Terrain-corrected Bouguer gravity anomaly image covering seismic lines (10GA–CP1 and 10GA–CP2) of Johnson et al. (2013) and receiver function stations  of Reading et al. (2012) (solid stars). Thick white lines delimit the northern and sout...
	Figure 3.4 Summary of receiver function data along seismic lines including the values of the converted P-wave velocity and density from receiver function. A) Seismic line 10GA–CP1. B) Seismic line 10GA–CP2. Note: receiver function stations and the ma...
	Figure 3.5 Digitised geometries from deep seismic reflection lines along the Capricorn Orogen. A) Seismic line 10GA–CP1. B) Seismic line 10GA–CP2. Note: coloured lines indicate the original geometries of the seismic lines; solid black lines indicate ...

	3.3.2 Gravity modelling
	3.3.2.1 10GA–CP1 density model
	Figure 3.6 Forward model for seismic line 10GA-CP1: A) best fit model shows a high density in the middle crust, south of the Baring Downs Fault. B) An alternative model reveals a lower density in the middle crust produced an anomalous wavelength. Not...

	3.3.2.2 10GA–CP2 density model
	Figure 3.7 Forward model for the seismic line 10GA–CP2: A) A high density for the BSP and MSP provided the best fit. B) A lower density in for the middle crust produced a poor fit. Note: see Figure 3.4B for the initial densities.

	3.3.2.3 Sensitivity testing
	Figure 3.8 Sensitivity testing for the best fit model of the seismic line 10GA–CP1. Grey blocks indicate tested blocks. Coloured blocks refer to untested blocks which have the same density values as the best fit model (Figure 3.6A). Dashed curves sh...
	Figure 3.9 Sensitivity testing for the best fit model of the seismic line 10GA–CP2. Grey blocks indicate tested blocks. Coloured blocks refer to untested blocks with the same density values as the best fit model (Figure 3.7A). Dashed curves show the...


	3.3.3 Pressure models
	Figure 3.10 Two-dimensional pressure model for the crust of the Capricorn Orogen. A) The pressure distribution along the seismic line 10GA–CP1 is based on the density model from the best fit model (Figure 3.6A). B) The pressure model along the seism...

	3.3.4 Heat production and temperature models
	Figure 3.11 Distribution of the geochemical samples obtained from granite and sandstone rocks. The Capricorn Orogen lies between the thick grey lines. All geochemistry data are available from the Geological Survey of Western Australia’s WACHEM databa...
	Table 3.1 Rock parameters of the upper crust used in the thermal modelling
	Table 3.2 Settings and boundary conditions of the numerical simulation
	Figure 3.12. A) Heat production (A) and thermal conductivity (K) parameters used to generate thermal model along seismic model 10GA–CP1. B) Geothermal model for the 10GA–CP1 transect. The tectonic settings in the study area are marked above of the pa...
	Figure 3.13. A) Heat production (A) and thermal conductivity (K) parameters used to produce the temperature model along seismic model 10GA–CP2. B) Temperature model for the seismic 10GA–CP1. The tectonic settings in the study area are marked above of...


	3.4 Compositional Models of the Crust
	Figure 3.14 Compressional seismic wave velocity versus density for different types of rocks under the pressure of 600 MPa and room temperature of 20  C. The red dots refer to the correlation between corrected Vp and densities for our model domains. T...

	3.5 Discussion
	3.5.1 Accuracy of results
	3.5.2 Crustal composition beneath the Capricorn Orogen region
	Figure 3.15 Crustal compositional model for the line 10GA–CP1. The model is based on a comparison of the corrected seismic velocities Vp and densities obtained from the best fit model with the data measured in the laboratory. Note: for typical compos...
	Figure 3.16 Crustal compositional model for the line 10GA–CP2. The model is based on a comparison of the corrected seismic velocities Vp and densities obtained from the best fit model with the data measured in the laboratory. Note: for typical compos...


	3.6 Conclusions
	References

	Chapter 4 Deep Crustal Lithology Models  Beneath the North-western Yilgarn Craton
	Abstract
	4.1 Introduction
	Figure 4.1. A) The location of seismic lines (10GA-YU1 and 10GA-YU2) over Regional geology of the north-western part of the Yilgarn Craton. Inset map shows the location of the study area within Australia. B) Interpreted geological cross section of th...

	4.2 Geological and Geophysical Background
	4.3 Geophysical Datasets
	4.3.1 Seismic data and the geometries
	Figure 4.2 The values of seismic velocities and the densities along the deep seismic lines. A) Seismic line 10GA–YU1. B) Seismic line 10GA–YU2.Note: The receiver function stations and the major geological boundaries are shown at the surface; the soli...
	Figure 4.3 Digitised geometries from the YU1 and YU2 deep seismic lines. A) Seismic line 10GA–YU1. B) Seismic line 10GA–YU2. Note: The coloured lines indicate the original geometries of the seismic lines; the solid black lines indicate the unmodified...

	4.3.2 Gravity data and the density model
	Figure 4.4 Bouguer gravity image over the YU1 and YU2 seismic lines and receiver function stations (RFS).The dashed black lines indicate the shear zones and faults.

	4.3.3 YU1 density model
	Figure 4.5 Density model for the 10GA-YU1. A) The preferred model indicates normal crustal density values. B) An alternative possible density model shows that a high density model in the lower crust produces a gravity anomaly that does not accord wit...

	4.3.4 YU2 density model
	Figure 4.6 Forward density model for the seismic line 10GA–YU2:A) Normalised crustal density provided the most apt model. B) An alternative possible density model shows relatively high density materials (2.96 g/cm3) for YSP providing a poorly aligned...

	4.3.5 Pressure models
	Figure 4.7 2D pressure models for the crust of the northwest Yilgarn Craton. A) The pressure distribution along the seismic line 10GA–YU1 is based on the density model from the preferred model (see Figure 4.5A). B) The pressure model along the seismi...

	4.3.6 Heat production and temperature models
	Table 4.1 Rock parameters of the upper crust used in the thermal modelling
	Table 4.2 Settings and boundary conditions of the numerical simulation
	Figure 4.8 Distribution of geochemical samples obtained from exposed granite (brown colour) at the Yilgarn Craton. All geochemistry data are available from the Geological Survey of Western Australia’s WACHEM database (http://geochem.dmp.wa.gov.au/geo...
	Figure 4.9 A) Heat production (A) and thermal conductivity (K) parameters used to generate the thermal model along the seismic model 10GA–YU1.B) Geothermal model for the 10GA–YU1 transect. The tectonic settings in the study area are marked above the ...
	Figure 4.10 A) Heat production (A) and thermal conductivity (K) parameters used to generate the temperature model along the seismic model 10GA–YU2. B) Geothermal model for the seismic 10GA–YU1. The tectonic settings in the study area are marked above...


	4.4 Compositional Model of the Crust
	Figure 4.11 Vp seismic velocities as opposed to density for different types of rocks under pressure of 600 MPa at a room temperature of 20  C. The red dots refer to the correlation between corrected Vp and densities. The coloured circles indicate the...

	4.5 Discussion
	4.5.1 Limitations of results
	4.5.2 Crustal composition underneath the western Yilgarn Craton
	Figure 4.12 Crustal compositional model for the YU1 deep seismic line. The model is based on a comparison of the corrected seismic velocities, Vps and densities obtained from the preferred model and the data measured in the laboratory. Note: for typi...
	Figure 4.13 Crustal compositional model for the YU2 seismic profile. Note: The model is based on a comparison of the corrected seismic velocities, Vp and densities obtained from the preferred model and the data measured in the laboratory. Note: see F...

	4.5.3 The signature of the Warakurna LIP in the northern Yilgarn Craton

	4.6 Conclusions
	References

	Chapter 5 Contrasts In Deep Crustal Composition along the YOM and GOMA Transects
	Abstract
	5.1 Introduction
	5.2 Geological and Geophysical Background in Brief
	5.2.1 Sedimentary basins
	5.2.2 Yilgarn Craton
	5.2.3 Musgrave Province
	Figure 5.1 A) Regional geology of the western Musgrave Province. Inset map shows the location of the western Musgrave Province within Australia. B) Geological cross-section through the Yilgarn Craton, Officer Basin and Musgrave Province based on the ...

	5.2.4 Amadeus Basin basement
	5.2.5 Gawler Craton
	Figure 5.2 A) Regional geology of the eastern Musgrave Province. Inset map shows the location of the eastern Musgrave Province within Australia. B) Geological interpretation of the GOMA seismic reflection profile with the major faults labelled above ...


	5.3 Geophysical Datasets
	5.3.1 Seismic data and geometries
	Figure 5.3 Summary of the receiver function and seismic refraction data along seismic lines, including the values of the converted P-wave velocity and density. (A) YOM Seismic line. (B) GOMA seismic line. Note: receiver function stations and Maraling...
	Figure 5.4 Digitised geometries from deep seismic reflection lines. (A) YOM seismic line. (B) GOMA seismic line. Note: coloured lines indicate the original geometries of the seismic lines; solid black lines indicate the unmodified geometries; dashed ...

	5.3.2 Gravity data and density model
	Figure 5.5 Upward continued Bouguer gravity image covering the YOM and GOMA seismic lines. Receiver function stations and Maralinga and TASS 2A seismic refraction stations are indicted by solid stars. The solid white lines indicate the major crustal ...
	5.3.2.1 YOM density model
	Figure 5.6 Forward model for the YOM seismic line. A) The best-fit model shows high-density materials for the lower crust located between the Woodroffe Thrust and Windularra Fault. B) An alternative model illustrates that a high-density material (3.1...

	5.3.2.2 GOMA density model
	Figure 5.7 Forward model for the GOMA seismic line 10GA-CP1. A) the best-fit model shows high-density material for the lower crust. B) An alternative model reveals very high density materials for the lower crust producing an anomalous wavelength in t...

	5.3.2.3 Sensitivity testing
	Figure 5.8 Sensitivity testing for the best-fit model of the YOM seismic line. Grey blocks indicate tested blocks. Coloured blocks refer to untested blocks that have the same density values as the best-fit model (Figure 5.6A). Dashed curves show the ...
	Figure 5.9 Sensitivity testing for the best-fit density model of the GOMA seismic line. Grey blocks indicate tested blocks. Coloured blocks refer to untested blocks with the same density values as the best-fit model (Figure 5.7A). Dashed curves show ...


	5.3.3 Pressure models
	Figure 5.10 Two-dimensional pressure model of the crust along the seismic lines. (A) The pressure distribution along the YOM seismic line is based on the density model from the best-fit model (Figure 5.6a). (B) The pressure model along the GOMA seism...

	5.3.4 Heat production and temperature model
	Table 5.1 Rock parameters of the upper crust used in the thermal modelling
	Table 5.2 Settings and boundary conditions of the numerical simulation
	Figure 5.11 A) Heat production (A) and thermal conductivity (K) parameters used to generate the thermal model along the YOM seismic line. B) YOM geothermal model. The tectonic settings in the study area are marked above the parameters model for a bet...
	Figure 5.12 A) Heat production (A) and thermal conductivity (K) parameters used to produce the temperature model along GOMA seismic line. B) GOMA temperature model. The tectonic settings in the study area are marked above the parameters model for a b...


	5.4 Composition Model of the Crust
	Figure 5.13 Compressional seismic wave velocity v. density for different types of rock under a pressure of 600 MPa and temperature of 20 C. The red dots refer to the correlation between corrected Vp and densities. The coloured circles indicate the co...

	5.5 Discussion
	5.5.1 Accuracy of the results
	5.5.2 Crustal composition beneath the YOM and GOMA seismic lines
	Figure 5.14 Crustal compositional model for the YOM seismic reflection profile. The model is based on a comparison of the corrected seismic velocities Vp and densities obtained from the best-fit model with the data measured in the laboratory. Note: f...
	Figure 5.15 Crustal compositional model for the GOMA seismic line. The model is based on a comparison of the corrected seismic velocities Vp and densities obtained from the best-fit model with the data measured in the laboratory. Note: typical compos...

	5.5.3 Deep crustal composition of the Musgrave Province
	Figure 5.16 Upward continued Bouguer gravity anomaly covering YOM and GOMA seismic lines. The thick dashed line indicates the inferred boundary of the mafic Tikelmungulda Seismic Province. The shaded area shows the inferred lower crust beneath the Mu...


	5.6 Conclusions
	References

	Chapter 6 Deep Crustal Structure of the Warakurna Large Igneous Province: Results of 3D Gravity Inversion
	Abstract
	6.1 Introduction
	Figure 6.1: Generalised map of tectonic provinces in the study region. The yellow shows the name distribution of recognised ca. 1075 Ma igneous rocks associated with the Warakurna LIP at the surface (Wingate et al., 2004). Inset map shows the locatio...

	6.2 Model Setup
	6.2.1 Layers, boundaries and density used to construct initial 3D model
	Figure 6.2: (A) Topography and bathymetry used in the model; (B) Initial Moho surface interpolated from different kinds of seismic data.  Note: The grey lines in both maps indicate the boundaries of the tectonic provinces. The black dots in B show th...
	Table 6.1: Initial density and permitted density bounds for each layer of the model

	6.2.2 Gravity data and inversion procedure
	Figure 6.3: Free air gravity grid used in the inversion
	Figure 6.4: Misfit curves for each accepted model. This figure does not display the rejected models except for the density-only and geometry-only models. The orange line indicates the most representative model for the final inversion. The white circl...


	6.3 Modelling Results
	Figure 6.5: Mean Moho elevation taken to represent crustal thickness in the study area. Note: The coloured circles indicate the seismic location, with the same colour code as the mean Moho surface.
	Figure 6.6: Standard deviation of the mean Moho results indicating the variability of gravity inversion results from the 15 accepted models.
	Figure 6.7: Residual gravity anomaly of the chosen model to represent averaged crustal density. Note: Positive anomalies indicate insufficient mass in the subsurface, while lows indicate excess mass.
	Figure 6.8: Crustal density variations under the study region. The crustal density represents the vertically averaged density, excluding the basins. The thick black lines indicate the location of the modelled deep seismic lines (Chapters 2-5). The da...

	6.4 Discussion
	6.4.1 Limitations of gravity inversion
	6.4.2 Moho depth
	6.4.3 Crustal density and magmatic underplating
	6.4.4 Tectonic and mineralisation implications

	6.5 Conclusion
	Supplementary Data
	Supplementary Figure 6.9. (a) The depth of the isosurface density value of 2.6 g/cm3; (b) the depth of the isosurface density value of 2.7 g/cm3; (c) the depth of the isosurface density value of 2.8 g/cm3; (d) the depth of the isosurface density valu...
	Supplementary Figure 6.10. (a) The mantle density at 50 km and (b) The mantle density at 75 km depth.

	References

	Chapter 7 General Discussion and conclusion
	7.1 Geophysical Imaging of Ancient LIP Architecture
	7.1.1 Integrated geophysical methods for imaging and understanding the character of the lower-crust and uppermost mantle
	7.1.2 Crustal structure along deep seismic reflection lines
	7.1.3 Crustal structure in 3D

	7.2 Lithosphere architecture and processes in the Warakurna LIP and their influence on Ni-Cu-PGE potential
	7.2.1 Lithospheric architecture and processes in the Warakurna LIP
	7.2.2 The influence of lithospheric architecture and processes on Ni-Cu-PGE mineral systems in the Warakurna LIP

	7.3 Conclusion
	References




