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"When I use a word," Humpty Dumpty said, in rather a scornful tone, 
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"The question is," said Alice, 

 "whether you can make words mean so many different things."  
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Abstract 

 

The Bryah Rift Basin extends for about 170 km in length, and 20-70 km in width on the northern margin 

of the Yilgarn Craton and is part of the Paleoproterozoic volcano-sedimentary and sedimentary basins 

developed on the southeastern part of the Capricorn Orogen between ca. 2200 and 1820 Ma. Rocks in 

the Bryah Rift Basin are poorly exposed, which led to geological models developed for the basin being 

based on limited geochemical datasets and surface mapping of space outcrops, making the 

comprehension of the basin architecture and evolution more difficult. This research presents for the first 

time a systematic analysis of geophysical datasets in the rift. I investigated the sedimentary infill, 

magmatism patterns, and the structural framework, as well as the architecture of the Bryah Rift Basin 

through a combination of potential field and geological datasets providing new information that enables 

a better understanding of the basin’s features and evolution, as well as controls on mineralisation.  

The Bryah Rift Basin shows a polyphase history of extension followed by thermal subsidence and 

contraction tectonics. The basin is made of the Bryah Group, which units are divided into syn- and post-

rift stages. The first phase of the syn-rift stage is represented by the deposition of the siliciclastic rocks 

of the Karalundi Formation, which is followed by a second phase made of extensive mafic magmatism 

attributed in part to the uppermost part of the Karalundi Formation, and its majority to the Narracoota 

Formation. The post-rift sequence includes the sedimentary rocks of the Ravelstone and Horseshoe 

formations and is here considered one stratigraphic succession, as its sediments gradually filled the 

available space created after the magmatic pulse.  

The pre-rift sequence is assigned to the siliciclastic and fairly small basaltic rocks of the Windplain 

Group (Yerrida Basin). These rocks were deposited in a sag basin before faulting that formed the Bryah 

Rift troughs. Geochronological analysis coming from this study support the idea that the rocks derived 

from quartz-rich sedimentary units of the gold district Peak Hill Schist, to the north of the Bryah Rift 

Basin, represent metamorphosed and deformed rocks of the basalt unit of the Windplain Group, as 

previously suggested. To the east of the Peak Hill Schist, new regional drill holes intersect the basal 

unit of the Windplain Group undisturbed overlying the basement, showing that the tectonic relationship 

of the initial subsidence in the northern margin of the Yilgarn Craton is still preserved in some areas. 

In the first part of this thesis, I show that geophysical interpretation constrained by petrophysical 

characterisation is an important tool for mapping geological units in the highly weathered southern part 

of the Capricorn Orogen. In particular, this combined approach aided the differentiation of the syn-rift 

mafic/ultramafic units of the Bryah Group, which express singular characteristics both in the magnetic 

and gravity maps and in their physical properties (magnetic susceptibilities and density). The thesis’ 

second part focused on defining the structural framework and the, yet not established, rift architecture. 
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The extension that resulted in the Bryah Rift onset is relatively well-preserved in easterly trending faults 

in an en-echelon arrangement. Syn-rift faults limit the northern and southern margins of the basin and 

section it longitudinally. They are shown to have had an essential role in the extrusion of the voluminous 

rift mafic magmatism, which generates an excess of mass that exhibits an expressive positive Bouguer 

anomaly. The attenuation and enhancement of gravity sources (wavelengths) allowed the identification 

of an east-trending deep-sourced gravity anomaly concentrated in the southern-central part of the basin, 

interpreted to map the most profound components of the syn-rift magmatism. Short-wavelength gravity 

anomalies indicate magmatic centres in short parallel to sub-parallel corridors along the easterly en-

echelon fault arrangement, connected by north- northeast-trending deep transfer faults, and associated 

with VMS mineralisation. 

The VMS mineralisation in the Bryah Group is related to rifting and development of submarine troughs 

that provided seawater to interact with the rift volcanic activity. VMS deposits and occurrences show a 

spatial and temporal connection with the rift-related border faults and magmatic centres. Alternatively, 

orogenic gold mineralisation is both structurally and stratigraphically controlled and associated with 

contractional movements during later tectonic events. However, gold mineralization also is spatially 

associated with the borders of the magmatic centres throughout the Bryah Rift Basin, despite occurring 

~200 Ma later than the syn-genetic VMS, suggesting that the volcanism had an essential role for the 

mineralisation emplacement in the region.  

Forward potential field modelling indicates that the magmatic corridors reflect narrow, deep rift 

troughs, defined in a sequence along an overall east-west strike, bordered by steeply inward dipping 

normal faults, and associated with changes in polarity along-strike. The deepest trough is situated in the 

south-central part of the rift, coincident with the mapped deep-sourced gravity anomaly, and is 

characterised by a width of 25 km and mafic rocks that reach up to 12 km in depth. A successive 

decrease of deepening of the troughs throughout the basin occurs from the centre to the east, which is 

accompanied by an increase of the amount of the known/modelled siliciclastic rocks. The troughs in 

the Bryah Rift Basin are slightly asymmetric, and their variations in thicknesses and compositional infill 

are interpreted to be derived from different degrees of fault evolution during extension. 

The Bryah Rift Basin is suggested to be initially formed by discrete basins, linked as the border faults 

evolved. Its narrow quality, showing an en-echelon faults system, deep troughs linked by transfer zones 

in accommodation zones, and longitudinal and lateral basin asymmetry resemble basins formed through 

strike-slip and transtensional kinematics. In the Bryah Rift context, dextral strike-slip faults may have 

been localised by heterogeneities within the Yilgarn Craton. Further, the voluminous magmatism 

associated with the limited rift extension may be related to boundaries in the lithosphere on the northern 

margin of the Yilgarn Craton, which may have focused melt generation during the Paleoproterozoic. 
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CHAPTER 1 

Introduction 

The late Archean and Paleoproterozoic is a period marked by the breakup of supercontinents (Condie, 

2004), and witnessed intense volcanism and the formation of volcano-sedimentary basins in Africa, 

India and Australia (Condie, 2004; Eriksson et al., 1999; Isley and Abbott, 1999). In Western Australia, 

Neoarchean and Paleoproterozoic sedimentary and volcano-sedimentary basins developed along the 

margins of the Pilbara and Yilgarn cratons (Fig. 1.1). These basins represent the early tectonic units of 

the Capricorn Orogen, which is the result of a complex tectonic history with distinct phases of 

deformation, metamorphism and granitic intrusions, experimented during collisional and extensional 

motion (Cawood and Korsch, 2008; Cawood and Tyler, 2004; Johnson et al., 2013; Occhipinti et al., 

2004; Sheppard et al., 2010b).  

Along the northern margin of the Yilgarn Craton, sedimentary and volcano-sedimentary basins evolved 

between ca. 2200 and 1820 Ma (Occhipinti et al., 2017). The Bryah and Padbury basins are part of these 

basins, whose evolution was temporally associated with the tectonic events that brought together the 

Archaean Yilgarn and Pilbara cratons, and resulted in the assembling of the West Australian Craton 

(Cawood and Korsch, 2008; Cawood and Tyler, 2004; Sheppard et al., 2010b). The Bryah and Padbury 

basins have been the focus of several geological studies (Martin, 1998; Occhipinti et al., 2017; 

Occhipinti et al., 1998a; Occhipinti et al., 1998c; Pirajno, 2004; Pirajno and Occhipinti, 1998; Pirajno 

et al., 1998, 2000; Windh, 1992). Previously, they were defined as Glengarry Basin (Gee and Grey, 

1993), which was divided by the Glengarry Group and the overlying Padbury Group. In 1994, 

geological mapping head by GSWA (Geological Survey of Western Australia), at 1:100,000 scale as 

individual map tiles (Adamides, 1998; Occhipinti et al., 1998a; Pirajno and Occhipinti, 1998; Swager 

and Myers, 1999), led to a new classification of the Paleoproterozoic Basins in the southern part of the 

Capricorn Orogen, recognising the Yerrida, Bryah and the Padbury basins in place of the Glengarry 

Basin, and the already known Earaheedy Basin  (Pirajno and Occhipinti, 2000; Pirajno et al., 1998). 

High deformation and metamorphism of geological units in Precambrian basins hamper geological 

understanding in these environments. Further, thickness of the regolith and lack of outcrops, which 

constitutes less than 15% of the Bryah and Yerrida basins area (Pirajno, 2004), associated with lack of 

geochronological data in the southeastern part of the Capricorn Orogen, make the tectonic setting and 

evolution of these basins poorly understood (Hawke et al., 2015; Occhipinti et al., 2017; Pirajno, 2004). 

Thereby, different interpretations have been given for the tectono-volcano-sedimentary evolution of the 

Bryah and Padbury basins, which has been described as developing in a rift, back-arc, and retro-arc 
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foreland basins (Occhipinti et al., 2004; Pirajno and Occhipinti, 1998; Pirajno and Occhipinti, 2000; 

Pirajno et al., 1998; Windh, 1992).  

 

 

Figure 1.1: A. Location of the Capricorn Orogen in the Western Australia; B. Geotectonic map of the Capricorn 

Orogen showing the major tectonic units (modified from Sheppard et al. (2016) and Johnson (2013)); 

C. Tectonic map of the southeastern part of the Capricorn Orogen, with the location of the VMS and 

orogenic gold mines, deposits and prospects mentioned in this study. Modified from Martin et al. 

(2015) and Occhipinti et al. (2017). Abbreviations: YGC-Yarlarweelor Gneiss Complex; VMS-

Volcanic Massive Sulphide. 
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Initially, a rift setting was proposed for the rocks of the Narracoota Formation (Bryah Basin), with the 

development of oceanic crust and island arcs (Pirajno et al., 1998). After the definition of the Glenburgh 

Orogeny by Occhipinti et al. (2004), a back-arc tectonic setting was suggested for the Bryah Basin 

development, with subduction of the oceanic crust associated with magmatism (Occhipinti et al., 2004). 

Recent studies, supported by the analysis of drill core, show repetition of the basal units of the Yerrida 

Basin around the Bryah Basin, suggesting that the Yerrida and Bryah basins were deposited in a unique 

basin developed along the Yilgarn Craton margin, leading Occhipinti et al. (2017) to re-categorise the 

Bryah Basin as a rift basin and as a sub-basin of the Yerrida Basin. In this study, the Bryah Sub-basin 

is referred as Bryah Rift Basin, or solely Bryah Rift, when the aspect of its formation or features of the 

rift geometry is important to be emphasised. 

Previous studies were mainly centred on the understanding of lithologies and stratigraphy, leaving a 

gap in knowledge of basin architecture and mechanisms that led the rift onset and extension in the 

northern margin of the Yilgarn Craton. Rifts are fault-bounded elongated troughs, under or near which 

the entire thickness of the lithosphere has been reduced in extension during their formation (Sengor and 

Burke, 1978; Sengor and Natal'In, 2001). They may record the early stages of continental breakup 

(Ernst, 2014; Rosenbaum et al., 2008), and is a common mechanism for the formation of volcano-

sedimentary basins (Cloetingh et al., 2015; Merle, 2011; Olsen and Morgan, 1995). The Bryah Rift 

Basin is a fault-bounded basin characterised by voluminous mafic-ultramafic magmatism, which is 

enhanced in an easterly-northeasterly trending gravity anomaly in the southeastern part of the Capricorn 

Orogen. It still unclear whether voluminous magmatism is a cause or effect of rifting (Stein, 2011), as 

rifts can or not be preceded by a mantle plume (McKenzie, 1978 ; Sengor and Burke, 1978; Sengor and 

Natal'In, 2001). In any case, when present, magmatism has a crucial role in rift development (Cloetingh 

et al., 2015; Corti et al., 2004), and its investigation is critical to understand how magmatic rifts start 

and evolve. Magmatism and associated structures can also aid to clarify kinematic mechanisms that 

controlled rift onset and propagation (e.g. Corti, 2012; Corti et al., 2003; Corti et al., 2004; Molnar et 

al., 2017; Sugan et al., 2014), as well as to establish a spatial association between basin 

stratigraphy/structures and mineralisation (e.g. Hendrickson, 2016). 

Mineralisation in the Bryah Rift Basin include volcanogenic massive sulphides (VMS) and orogenic 

lode-gold (Pirajno, 2004) (Fig. 1.1). VMS mineralisation is associated with rifting and basin 

development and includes the world-class Besshi-type DeGrussa Cu-Au-Ag deposit discovered in 2009 

in the Bryah Rift Basin (Hawke et al., 2015; Pirajno et al., 2016). Orogenic gold is structurally and 

stratigraphically controlled, hosted in geological units from both the Bryah and Padbury basins, and in 

the Peak Hill Schist (Pirajno, 2004; Thornett, 1995). Gold has genesis related to hydrothermal activity 

and compressional tectonics during syn to late -tectonic movements of the Capricorn Orogeny (Pirajno, 

2004), and has an exploratory history coming from the late nineteenth century.  
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Integrating geological mapping, drill core analysis and geophysical interpretation constitutes an 

effective way to map volcano-sedimentary basins, but in practice, limited availability of drill core and 

the scarcity of outcrops in Precambrian terranes may lead to a focus on geophysical methods at regional 

scales. Geophysical datasets have been widely used for Phanerozoic basin investigation in the oil and 

gas industry, mainly through seismic reflection surveys, although gravity and magnetic data have also 

been used (e.g. Dentith and Cowan, 2011; Nabighian et al., 2005a; Nabighian et al., 2005b). 

Geophysical datasets applied to the characterisation of Precambrian basins is less common, but have 

been used to characterise some Proterozoic basins (e.g. Aitken et al., 2013; Betts et al., 2003; Eaton and 

Darbyshire, 2010; Gibson et al., 2016; Van Schmus and Hinze, 1985).  

Geophysical interpretation integrated with geological information make a better geological 

understanding possible, particularly in areas with thick regolith and scarcity of outcrops, as in the 

southern part of the Capricorn Orogen. Also, geological observations do not provide an understanding 

of all features necessary to characterise the architecture of geological terranes, and hence, geophysics 

are needed to investigate their structure at depth. Additionally, previous studies in the area were mostly 

done without the most recently geophysical datasets, and a systematic geophysical analysis across the 

basins have not been completed. 

This PhD research carried out an interpretation of geophysical datasets at a higher level of detail, and 

with more data than was previously possible. Processing of potential field data (gravity and  magnetic) 

and a sequential multi-scale geophysical interpretation were conducted to better understand concealed 

structures that controlled the development of the basins, and those that were formed in later 

deformational events, as well as the rift-related mafic magmatism in the upper crust. The geophysical 

interpretation was integrated with the current known and acquired geological data in an attempt to 

characterise the structural and magmatic patterns, and the architecture of the basin. The information 

obtained was also used to improve the comprehension of controls on mineralisation, as its pathways 

and favourable sites, which might help provide a template for exploration in the region. Although this 

thesis gives a greater focus on the Bryah Rift Basin, the overlying Padbury Basin is also part of this 

research and has its geological and geophysical data integrated and interpreted.  

1.1  The Capricorn Distal Footprints Project 

This PhD research is funded by and part of the broad scope of the Distal Footprints of Giant Ore 

Systems: UNCOVER Australia Project (RP04-063). The project, better known as ‘Capricorn Distal 

Footprint’, consisted a major multi-institution and multidisciplinary research program that aimed to 

understand distal footprints of giant ore systems across the Capricorn Orogen, and how these systems 

can be imaged in common geological and geophysical datasets. The ‘Capricorn Distal Footprint’ 



  Chapter 1 - Introduction 
 

 

 

 

5 

 

research initiative was supported by the Science and Industry Endowment Fund (SIEF), and developed 

by four collaborating organisations: the Commonwealth Scientific and Industrial Research Organisation 

(CSIRO), the Geological Survey of Western Australia (GSWA), the University of Western Australia 

(UWA), and the Curtin University of Technology (Curtin). The research themes included the ‘Mineral 

System Approach’, which enclosed programs such as the architecture and the tectonic and geodynamic 

evolution of the Capricorn Orogen. These programs had the view to better understand important tectonic 

processes and geodynamic settings developed during the Capricorn Orogen history, which could 

provide indications and insights regarding the formation of mineral deposits.   

1.2  Aims  

A broad aim of this PhD research is to expand the geological comprehension and tectonic evolution 

models of the Bryah and Padbury basins through a multi-disciplinary approach involving the analyses 

of combined geophysical and geological datasets. For that, the conduction of a re-analysis of the 

geophysical and remote sensing datasets public available was early planned to understand the geology 

of the basins, including primary sedimentary structure, subsequent deformation events and basement 

controls on sedimentation, deformation and mineralisation. A key objective of the project is to 

characterise the architecture of the Bryah Rift Basin through a detailed interpretation and modelling of 

geophysical data. The architecture of the Bryah Rift had not been previously established, and its 

definition is a fundamental element to give us features that can assist to better reconstruct the onset of 

the Bryah Rift Basin and help to answer questions such as how rifting on the northern margin of the 

Yilgarn Craton began and developed, adding elements to the discussion of the geological evolution of 

the Capricorn Orogen during the Paleoproterozoic.  

The specific aims of this thesis are:  

1. To update the geology the Bryah and Padbury basins incorporating new data available, such as 

recent drill holes, and the geophysical and petrophysical characterisation of lithologies and 

geological units.   

2. To use geochronological data to constraint depositional ages and determine detrital provenance 

to better reconstruct the geodynamic evolution of the Bryah and Padbury basins. 

3. To map large-scale structures and the structural framework of the basins and the rift mafic 

magmatic system. 

4. To develop 2.5D geological models from forward potential field modelling to understand the 

Bryah Rift Basin in terms of depth extent, dip, and geometry. 

5. To understand the district-scale controls on ore-deposit formation, and their signatures in 

regional geophysical datasets.  
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1.3  Research Workflow 

The workflow developed in this research involved analysis of magnetic and gravity data (collectively 

known as potential field), including data processing, filtering and enhancing, at multiple scales, along 

with their interpretation using qualitative, estimation of anomalies at depth and forward modelling (Fig. 

1.2). 

 

Figure 1.2: Illustration of the workflow followed in this research. 

Qualitative interpretation initiated with the analysis of geophysical data constrained by geological data, 

including those collected during field campaigns, as well as drill core observations. Measurements of 

petrophysical properties (magnetic susceptibility and density) made on outcrops and drill core samples 

were likewise used to constrain the geophysical interpretation. Radiometric images combined with 

remote sensing imagery added information of near-surface features and superficial geological 
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structures, and together with potential field data, were used to consolidate an interpreted lithological 

map. Detailed structural interpretation integrated with automatic depth estimation techniques, including 

Source Parameter Imaging (SPI), and Euler and Werner deconvolution, resulted in a structural 

framework map, and a better understanding of major structures. Collected petrophysical data and the 

interpreted geological map were used to constrain the forward potential field modelling, aiming to 

establish the architecture for the rift basin.  

In a distinct approach, aiming to better understand the poorly understood tectonic setting and help to 

build the tectonic evolution models for the study area, combined in situ U-Pb and Lu-Hf isotopic 

analysis in zircons, using the Laser ablation-ICP-MS, was carried out in two key stratigraphic units, 

with the view to constrain their sedimentary provenance and provide insights regarding the geological 

context at the time of their deposition (Fig. 1.2).  

1.4  Thesis Structure 

This thesis presents eight chapters. Chapter 1 provides this general introduction to familiarise the reader 

with the study area, the principal aims, and the workflow adopted in this research. Chapter 2 addresses 

the geophysical data used and the background of geophysical datasets and methodologies. The main 

findings and discussions are addressed in Chapters 3, 4, 5, and 6, which are structured as a series of 

manuscripts and have been prepared for submission to scientific journals. As these chapters are planned 

for submission as stand-alone publications, they may present repetitive geological and methodological 

backgrounds, as well as references of datasets. Chapter 7 encompasses a closing discussion about the 

Bryah Rift Basin formation and evolution, whereas Chapter 8 addresses the conclusion. Supplementary 

figures and data are given in the appendices in the final of each chapter.  

 Chapter 2 - Geophysical Methodological Review 

Chapter 2 addresses the background of geophysical methodologies, focused on potential field data, as 

well as data processing and filtering. Further, the chapter approaches how geophysical data can 

contribute to a better understanding of Proterozoic volcano-sedimentary basins. 

 Chapter 3 - A Lithostratigraphy Review of the Bryah and Padbury Basins, Capricorn 

Orogen 

Chapter 3 addresses a review of the lithostratigraphy of the Bryah and Padbury basin by integrating the 

previously known geology with new observations from drill holes and fieldwork. The interpretation of 

gravity, magnetic, radiometric, and remote sensing data were integrated with field observations and the 

regional geological maps, constrained by locally acquired petrophysical data (density and magnetic 

susceptibility), and used to map geological units and primary structures. From this combined analysis, 
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an updated geological map of the basins has been completed, which considers the petrophysical 

characterisation for the lithologies/geological units of the basins. 

• Appendix 3A: Supplementary Figures 

• Appendix 3B: Petrophysical Data of the Bryah and Padbury Basins 

Appendix 3B reports the density and magnetic susceptibilities measured on hand samples from 

outcrops and drill core, divided by geological units.  

 Chapter 4 - U-Pb and Lu-Hf in situ analyses of the Peak Hill Schist and the lower 

Padbury Basin: detrital provenance and implications for evolution in the 

southeastern part of the Capricorn Orogen 

The ages of the Bryah and Padbury Groups are poorly constrained. To assist in building a refined 

evolution history for the area, a sample from the Padbury Basin and another from the adjacent terrane 

Peak Hill Schist were investigated through in situ combined U-Pb and Lu-Hf isotopic analysis of zircons 

using Laser Ablation-ICP-MS. These samples were chosen to give us insights regarding the onset of 

the Foreland Padbury Basin through the constraints on the depositional age and the examination of the 

sedimentary provenance in its western part, as well as to indicate the sedimentary deposition and detrital 

provenance of the Peak Hill Schist, and to provide insights regarding its doubtful precursor. 

• Appendix 4A: U-Pb Data 

• Appendix 4B: Lu-Hf Data 

 Chapter 5 - Structures and Magmatic Centres of the Bryah Rift from New 

Interpretation of Geophysical Data: Insights into Controls on VMS and Gold 

Mineralisation  

Potential field data (gravity and magnetic) were interpreted through a multi-scale approach to 

characterise the magmatic and structural patterns of the Bryah Rift Basin. The major discontinuities, 

central tectonic units and lithological boundaries were qualitatively interpreted. Chapter 5 demonstrates 

the importance of regional gravity removal to highlight shallower response that allowed the 

identification of magmatic centres. This interpretation, together with depth estimation techniques built 

up the basin’s structural framework, and highlighted controls on VMS and orogenic gold mineralisation.    

 Chapter 6 - Architecture of the Paleoproterozoic Bryah Rift Basin  

Chapter 6 aimed to investigate a simplified upper crustal architecture for the Bryah Rift Basin using 

forward potential field modelling. The models were constrained by the interpreted surface geology, by 

density and magnetic susceptibility locally acquired, as well as by information from drill core, when 

found near to the forward models’ profiles. The results allowed the characterisation of the rift geometry 

and the varying thickness of the geological units. The findings also assisted a better understanding of 
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the volcanic infill that makes up the bulk volume of the rift and is responsible for the high gravity 

anomaly that distinguishes the Bryah Rift in the northern margin of the Yilgarn Craton.  

• Appendix 6A: Supplementary Figures 

 Chapter 7 – The Life of Bryah: Formation of a Pericratonic Rift 

Chapter 7 highlights the features and evolution of the Bryah Rift Basin and approaches the mechanisms 

of rift onset on the north margin of the Yilgarn Craton through the integration of the information yield 

in the previous chapters and knowledge gained from rifts elsewhere. 
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CHAPTER 2 

Geophysical Methodological Review 

2.1  Introduction 

Potential field data (gravity and magnetic data) have improved our understanding of buried volcano-

sedimentary basins by assisting in the characterisation of their structural framework, architecture and 

tectonic setting (e.g. Aitken and Betts, 2009; Betts et al., 2015; Gunn, 1997b, c; Stewart and Betts, 

2010), as well as by attempting to establish a spatial association between basin stratigraphy, structures 

and mineralisation (e.g. Bierlein et al., 2006; Hendrickson, 2016). Magnetic and gravity data may 

provide information about the subsurface at minimal cost and can be used for analysing basins in a 

variety of scales, thereby improving the comprehension of these terranes. Gravity and magnetic data 

are complementary to the investigation of basin settings, as they map features associated with distinct 

physical properties, distribution of density and variations in magnetic susceptibility, respectively, and 

often are related to different depths of investigation.  

Lithospheric stretching and mantle uplifting in rift basins can be evidenced by shallow depth to the 

Moho (e.g. Gao et al., 2003), high surface heat flow (e.g. Ebinger and Furman, 2002; White and 

McKenzie, 1995), seismic patterns (e.g. Ebinger et al., 2010; Yu et al., 2015), and negative Bouguer 

gravity anomalies (Gunn, 1997c; White and McKenzie, 1995). Ancient rifts, however, do not display 

these features that could be mapped and quantified through geophysical datasets. For instance, mantle 

plumes or convection can be traced in modern rifts in gravity and seismic data due to low density and 

seismic velocities, respectively, caused by their high temperatures (e.g. Tiberi et al., 2008; Zorin et al., 

2003). Paleorifts rifts, however, have been subjected to cooling and consequently do not display high 

temperatures related to their onset and volcanism. 

The interpretation of magnetic and gravity data can be used to characterise geophysical signatures of 

geological units and lithologies, structural and magmatic patterns, and the thickness and extension of 

sedimentary and volcanic stratigraphy in ancient rifts. In this study, this analysis was completed to 

define the architecture and the geodynamic history of the Bryah and Padbury basins and was done 

through the application of different styles of geophysical interpretation, tied to geological and remote 

sensing data. In this chapter, we review gravity and magnetic methods, the source and survey of the 

data used, and some of the filters and transformations that were applied to the data.
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2.2  Potential Field Methods 

A ‘field’ is a set of functions of space and time (Blakely, 1995). A ‘force field’ describes forces such 

as the gravitational attraction of the Earth and the magnetic field induced by electrical currents, which 

act at each point of space at a given time (Blakely, 1995). ‘Potential field’ is any physical field that 

obeys Laplace's equation (Hinze et al., 2013). ‘Potential’ is described in terms of relative values based 

on the potential difference, determined as the amount of work done in moving a particle from one 

position to another within a force field (Hinze et al., 2013).   

2.2.1 Gravity Method  

Gravity surveys measure variations in the Earth's gravitational field, targeting differences in the mass 

of subsurface rocks, where local mass excess or deficiency produce an increase or decrease in the 

gravity field, respectively (Telford et al., 1990). Newton’s Universal Law of Gravitation states that the 

force of attraction (F) between two distinct bodies is directly proportional to the product of their masses 

and inversely proportional to the square of their distance: 

 

𝑭 = 𝐺 
𝑚1 × 𝑚2

𝒓2
 

Where:  

F = force of attraction 

G = Universal Gravitational Constant (6.67 x 10-11 N m2 kg-2) 

m1, m2 = masses of the objects 

r = distance separating the centres of mass of the objects  

Gravitational acceleration is represented by Newton’s second law of motion, which describe the 

acceleration of a mass falling in response to the gravity field. 

 

𝐹 = 𝑚 × 𝒈 

Where: 

F = force of attraction 

g = acceleration 

m = mass of an object 

The combination of these equations shows that the magnitude of the acceleration due gravity on Earth 

(g), or simply gravity, is directly proportional to the mass of the Earth and inversely proportional to the 

Earth’s radius: 
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𝒈 =
𝐺 × 𝑀

𝑅2
 

Where: 

G = Universal Gravitational Constant (6.67 x 10-11 N m2 kg-2) 

M = mass of the Earth 

R = radius of the Earth 

Most gravity surveys map the radial component of the gravity force per unit mass, that is, the 

acceleration of gravity in the vertical direction (Hinze et al., 2013), self-consistently defined as direction 

of maximum acceleration. The unit of acceleration due to gravity (1 cm/s2) is the Gal. The small 

variations in acceleration measured by modern gravimeters lead to the use of subunits. The usual unit 

used in geophysical studies is the milligauss (mGal), where 1mGal is equivalent to 10-3 Gals. 

Alternatively, gravity acceleration is measured in SI units using µm/s2, which is also referred as a 

gravity unit (g.u.). One g.u. is equivalent to 0.1 mGal. 

Gravity data are monopolar and always in the vertical direction (Nabighian et al., 2005b; Telford et al., 

1990). Gravity observations encompass the combination of a variety of effects, including geologically 

extraneous effects (Hinze et al., 2013). Spatial variations in gravity are caused by mass heterogeneities 

within the Earth, as well as latitudinal effects related to changes in the Earth’s radius and centrifugal 

forces from the equator to the poles (Hinze et al., 2013). Temporal variations arise from tidal effects 

due to extra-terrestrial bodies of the solar system, and from fluctuations in the fluid and gas content of 

the Earth (Hinze et al., 2013). Gravity anomaly values with geological implications are derived after 

compensations (or reduction) applied to remove unwanted effects from the raw gravity observations. 

Standard gravity reduction comprises the instrumental drift, latitude, tidal, free-air (or high), Bouguer 

(or mass) and terrain compensation (Hinze et al., 2013; Nabighian et al., 2005b). 

The most used gravity anomaly values are the Bouguer and Free-air. The change in gravity with high 

is compensated with the Free-air correction (Dentith and Mudge, 2004). The Free-air anomaly is 

preferred for modelling density structure of the full crust, from the topography to the Moho (Nabighian 

et al., 2005a), since no assumptions are made about the mass of material between the datum and the 

gravity station in relation to the topography (Hinze et al., 2013). The Bouguer anomaly takes into 

account the gravitational effect of the mass within the included topography, or the lack of it, and is 

preferred in local gravity studies (Hinze et al., 2013). The Bouguer anomaly is achieved after Bouguer 

compensation, while the complete Bouguer anomaly is referred to when it is also submitted to terrain 

compensation, which deals with the gravitational attraction, at the gravity station, of all hills above the 

Bouguer slab and all valleys occupied by the slab (Dentith and Mudge, 2004).
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2.2.2 Magnetic Method 

Magnetic surveys measure variations in the Earth's magnetic field caused by magnetic content in crustal 

rocks (Hinze et al., 2013; Telford et al., 1990). Coulomb’s law states that the force of attraction (or 

repulsion) between opposite magnetic poles is proportional to the product of the strength of the poles 

and inversely proportional to the square of the distance between the poles (Hinze et al., 2013). 

 

𝑭 = 𝐶𝑚  
𝑝1 × 𝑝2

𝒓2
 

Where:  

F = force of attraction 

Cm
1 = magnetic constant 

p1, p2 = point magnetic poles of strength p  

r = distance separating the points of magnetic poles   

The magnetic field is a vector quantity, having both magnitude and direction (Blakely, 1995; Hinze et 

al., 2013; Telford et al., 1990). The magnetic poles are where the magnetic field orientation is vertical 

and the magnetic field strength is close to its maximum (~60.000 nT), while the equatorial regions are 

where the magnetic field orientation is horizontal and the magnetic field strength reaches its minimum 

(~30.000 nT) (Reynolds, 1990; Isles & Rankin, 2013). The direction of the magnetic field is defined by 

its inclination and declination (Blakely, 1995; Telford et al., 1990). The magnetic inclination is the 

angle made between the magnetic lines of a magnetic force and a compass needle when the compass is 

held in a vertical orientation. Magnetic declination is the angle that the magnetic north deviates from 

the true north. The intensity (or strength) of the normal field vector in its geomagnetic components is 

given by: 

 

𝐹𝑁 =  √𝐹𝑁(𝐻)
2 + 𝐹𝑁(𝑉)

2  =  √𝐹𝑁(𝑥)
2 + 𝐹𝑁(𝑦)

2 +  𝐹𝑁(𝑉)
2

  

 

Where:  

FN = total magnetic field vector 

FN(H) = horizontal component of total field vector 

FN(V) = vertical component of total field vector 

FN(x) = east component of total field vector  

FN(y) = geographic north component of total field vector 

Magnetisation is the physical property for the magnetic method (Hinze et al., 2013; Telford et al., 1990). 

It consists of the vector sum of the induced magnetisation, given by the product of the magnetic 
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susceptibility and the intensity of the terrestrial magnetic field, as well as any remanent magnetisation 

(Hinze et al., 2013).  

𝑀 = 𝑘 × 𝐹 

Where:  

M = magnetisation intensity 

k = magnetic susceptibility  

F = magnetic field  

Magnetic susceptibility is the degree to which an object is magnetised in an ambient magnetic field 

(Hinze et al., 2013; Telford et al., 1990). It is a dimensionless constant and depends on quantity, 

composition and distribution of magnetic minerals in the rocks (Hinze et al., 2013; Telford et al., 1990). 

Ferrimagnetic minerals, especially magnetite, show higher magnetic susceptibility values and are the 

primary source of local magnetic anomalies (Telford et al., 1990). 

The Earth’s magnetic field intensity is mainly caused by convection currents in the outer core (main 

field), which accounts for approximately 98% of the geomagnetic field (Hinze et al., 2013; Telford et 

al., 1990). Electrical currents in the upper atmosphere (external field) caused by the interaction of solar 

plasmas with the core field contribute most of the remaining field (Hinze et al., 2013). The magnetic 

mineral content of near-surface rocks (anomalous field) is a minor component of the magnetic field and 

represents the magnetic field relevant for geological studies (Hinze et al., 2013; Telford et al., 1990). 

Thus, methods measuring and separating the components of the magnetic field are necessary to isolate 

the anomalous field from local and temporal variations of the main and external magnetic fields (Hinze 

et al., 2013).  

Corrections of temporal or spatial variations are obtained empirically from measurements of changes 

in the magnetic field through filtering processes in the spatial or the wavenumber domains (Hinze et 

al., 2013). The secular effects originated by changes on the core-derived field (main field) are removed 

by its compensation from the International Geomagnetic Reference Field (IGRF) (Telford et al., 1990; 

Nabighian et al., 2005a; Hinze et al., 2013)). Temporal magnetic variations vary from seconds to days 

and are mainly externally derived, for example electrical currents and perturbations of the ionosphere 

and magnetosphere caused by the sun’s radiation (Hinze et al., 2013). A stationary base magnetometer 

is often used to compensate for the time-varying magnetic field from the external field (Telford et al., 

1990; Nabighian et al., 2005a). After the base station correction, the magnetic surveys are levelled to 

minimise residual differences in level between adjacent lines and remaining long-wavelength errors 

(Nabighian et al., 2005a). Other corrections, such as terrain correction, may need to be applied, although 

it is rarely necessary (Reynolds, 1990). The resulting magnetic anomaly represents the Total Magnetic 

Intensity (TMI) and is the data to which filtering and enhancing techniques are applied. 
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Two basic systems are used for the magnetic field annotation (Blakely, 1995; Hinze et al., 2013). The 

cgs system uses the electromagnetic units (emu), in which the magnetic induction is reported in units 

of Gauss (G), whereas the International System (SI) uses units the Tesla (T), where 1 T is equivalent to 

104 G. Geophysical studies commonly use the nanotesla, where 1 nanotesla = 10-9 T.  

2.3  Geophysical Data and Coverage 

The geophysical datasets utilised in this study include high-resolution regional magnetic and 

radiometric data, as well as low-resolution gravity data, distributed by the Geoscience Australia (GA).   

Additionally, a compilation of grids and images (.ewc or .ers formats) were downloaded from the 

DMIRS Data Centre from the Geological Survey of Western Australia (GSWA). All data is publicly 

available.  

The regional Glengarry-Peak Hill-Robinson River airborne magnetic survey flown in 1994 covers the 

Bryah Rift Basin and the Padbury Basin with flight lines spaced at 400m. This survey comprises the 

Peak Hill Area B and Peak Hill Area C sub-surveys, which have line direction at 180° and 45°, 

respectively (Tab. 2.1 and Fig. 2.1). The Bangemall Basin survey encompasses the westernmost part of 

the study area (the Trillbar Complex) and the western part of the Yarlarweelor Gneiss Complex, with 

north-south trending flight lines spaced at 500 m. All magnetic surveys were flown at a terrain clearance 

(MTC) of 60 m. These magnetic/radiometric airborne surveys were undertaken for and on behalf of the 

GSWA. Their specifications are summarised in Table 2.1. 

The gravity data came from the Peak Hill-Collier and the Gascoyne South ground surveys, which cover 

the eastern and western parts of the Bryah Rift Basin and the Padbury Basin, respectively. Additionally, 

the Sandstone and Murchison surveys add gravity information in the southern part of the basins. All 

gravity surveys have around 2.5 km by 2.5 km square grid spacing, which covers the study area with 

data collected from approximately 930 stations (Fig. 2.1). These gravity surveys were funded by and 

acquired for the Geological Survey of Western Australia (GSWA) under Geoscience Australia projects. 

Their specifications are listed in Table 2.2.  

 Table 2.1: List and specifications of the airborne magnetic and radiometric surveys with open file data covering 

the Bryah and Padbury Basins’ area.   

Method Survey 
Sub-

Surveys 
Acquirer End Date 

Line 

Spacing 

Tie 

Line 

Spacing 

Line 

Direction 
MTC 

Magnetic 

and 

Radiometric 

Glengarry-Peak 

Hill-Robinson 

River 

Peak Hill 

Area C Tesla Airborne 

Geoscience 

Digital 

Oct-1994 400 m 4 km 

45° 

60 m 
Peak Hill 

Area B 
180° 

Bangemall 

Basin 
- 

World Geoscience 

Corp Ltd 
Dec-1995 500 m ? 180° 60 m 
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Table 2.2: List and specifications of the ground gravity surveys with open file data covering the Bryah and 

Padbury Basins’ area. 

Method Survey Stations Spacing Acquirer End Date Instruments Used 

Gravity 

Gascoyne South 2.5 km x 2.5 km 
Integrated Mapping 

Technologies 
Oct-2010 Scintrex CG5 Gravity Meter 

Peak Hill and Collier 2.5 km x 2.5 km 
DAISHSAT Geodetic 

Surveyors 
Nov-2011 Scintrex CG5 Gravity Meter 

Sandstone 2.5 km x 2.5 km 
Integrated Mapping 

Technologies 
Dec-2010 Scintrex CG5 Gravity Meter 

Murchison 2.5 km x 2.5 km 
Fugro Ground 

Geophysics 
Mar-2007 Scintrex CG5 and Autograv 

Gravity Meters 

 

 

Figure 2.1: Schematic arrangement of the magnetic surveys and gravity stations used in this study overlying the 

TMI grid.  

2.4  Filtering and Enhancements 

Potential field anomalies are derived from different depths within the crust and upper mantle and are 

characterised by distinct geometries and intensities. Filtering techniques applied to gravity and magnetic 

data can enhance features of interest, such as short- or long-wavelengths that describe responses 

originating in the shallow- or deep-crust respectively, as well as edges of causative bodies. Filtering 

potential field data measurements presents the observed data in different forms, improving the 
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qualitative visual analysis and interpretation, which often gives insight into a better understanding of 

the sources of the anomalies (Blakely, 1995; Nabighian et al., 2005b). 

A variety of filtering techniques can be used for a better comprehension of volcano-sedimentary basins 

(e.g. Gunn et al., 1997; Isles and Rankin, 2013; Milligan and Gunn, 1997; Nabighian et al., 2005a; 

Nabighian et al., 2005b). In this study, filtering of the potential field data was undertaken, automatically 

or interactively, using the Geosoft Oasis MontajTM software in the Fourier domain, in which a grid in the 

space domain is transformed into the wavenumber domain using Fast Fourier Transform (FFT). The 

primary filters applied were reduce to the pole (RTP), horizontal and vertical derivatives (Dx, Dy and 

Dz), tilt derivative (TDR), and wavelength filtering, such as bandpass and upward continuation.  

2.4.1 Reduce to the Pole 

RTP centralises magnetic anomalies by transforming magnetic data from an observed geomagnetic 

latitude to the magnetic north pole, i.e. with a vertical magnetic field (Blakely, 1995; Telford et al., 

1990). It places the magnetic anomaly as it would have been measured in a vertical magnetic field, 

representing anomaly shapes better than through TMI images (Fig. 2.2), and simplifying the analysis 

of magnetic data (Dentith and Mudge, 2004). The location of the edges of magnetic rock units at depth 

represents a crucial issue in sedimentary basin analyses and, therefore, the RTP filter is an essential step 

in the geophysical interpretation of this environment (Isles and Rankin, 2013; Milligan and Gunn, 

1997). Further, RTP is important when a correlation with other anomalous sources such as gravity and 

the analysis of basin depth are sought, since the degree of difference between RTP and TMI anomalies 

increases significantly with depth (Isles and Rankin, 2013). Although RTP corrects asymmetry of 

anomalies caused by the oblique orientation of the measured magnetic field (Blakely, 1995), it 

maintains remanence effects and possible mis-correction where remanence exists.  

 

Figure 2.2: Images of the central part of the Bryah and Padbury basins, showing the difference in anomaly shapes 

between the TMI and the filtered RTP images. The RTP image centralised the positive magnetic 

anomalies related with the banded iron formation (BIF), whereas the TMI image represents these 

anomalies in a more dispersed way, with the edges of the anomalies less defined.  
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2.4.2 Horizontal and Vertical Derivatives  

Derivatives, or gradients,  represent the linear transformation of the potential field of high frequencies 

with the mitigation of low frequency signals, i.e., they tend to enhance shallow features (Dentith and 

Mudge, 2004; Telford et al., 1990). The gradients measure the variation in amplitude of a physical 

parameter over a small distance for the three perpendicular directions x, y, and z, and can be calculated 

either in the space or in the frequency domain (Dentith and Mudge, 2004; Nabighian et al., 2005b). The 

vertical derivative (Dz or Dv) applied to magnetic data corresponds to the variation rate of the magnetic 

field in relation to how close or distant to the magnetic anomaly source the signal is (Miller and Singh, 

1994). The first vertical derivative (1Dz) is positive over a source, has a zero value over the edge and 

is negative outside of a vertical-sided source, while the horizontal gradients (Dx and Dy) peak over the 

edge and are zero over the body (Miller and Singh, 1994). Thus, first derivatives applied to potential 

field data can assist in the interpretation of the structural framework by indicating the edge location of 

a source and highlighting contacts, discontinuities, and trends.  

2.4.3 Tilt Derivative  

The individualised analysis of the vertical and horizontal derivatives may encounter problems when the 

potential field anomaly source is deep (Miller and Singh, 1994). The tilt derivative (TDR, Miller and 

Singh, 1994) was developed with a view to creating a transformation filter that could locate the edges 

of an anomaly source, the vertical derivative, but which could also be applied to deep sources. Thus, 

while derivatives respond better to shallow and small sources, the TDR (or tilt angle) can be used for 

detecting both shallow and deep sources (Dentith and Mudge, 2004; Miller and Singh, 1994). The tilt 

angle is based on the ratio of the first vertical derivative of the potential field to the horizontal gradient 

of the field (Miller and Singh, 1994). In other words, it is given by the angle between the 1Dz vector 

and combined horizontal derivative vectors (1Dx and 1Dy). Thus, as the tilt angle is related to the ratios 

between derivatives and not their amplitude, it will detect low-amplitude sources (Miller and Singh, 

1994). The TDR is positive over a magnetic source, zero over the edges and negative elsewhere (Miller 

and Singh, 1994), and it was important to determine the boundaries of the magnetic anomaly sources in 

the study area.  

2.4.4 Wavelength Filtering  

Geophysical anomalies can be interpreted in filtered images through the selection of specific 

wavelengths, or wavenumbers, to resolve the characterisation of more superficial or potentially deeper 

sources. The depth range of various signal sources of and their combined effects in volcano-sedimentary 

basins, make the application of some form of source separation filtering useful (Gunn et al., 1997; Isles 

and Rankin, 2013). Data enhancement through wavelength filtering is useful to delineate better 
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intrasedimentary features, which are generally weak (with exceptions of iron deposits) in relation with 

the intense magnetic anomalies often shown by the basement and igneous intrusion/extrusion (Milligan 

and Gunn, 1997; Reeves, 2005). Deep and shallow magmatism can also be highlighted through the 

attenuation or enhancement of specific gravity and magnetic wavelengths, improving the interpretation 

of geophysical data in volcano-sedimentary basins (Milligan and Gunn, 1997). Smoothing filters, such 

as low-pass filters and upward continuation, can be used to enhance long wavelengths while sharpening 

filters, such as high-pass filters and downward continuation, enhance short wavelength features 

(Blakely, 1995; Telford et al., 1990).  

Bandpass Filtering 

The bandpass filter can be interactively used to pass or reject a range of wavenumbers in the gravity or 

magnetic data. The choice of the long and short wavelength cut-offs can be made through the analysis 

of the radially averaged power spectra of the transformed image. The radial averaged power spectra is 

used to improve the understanding of gravity or magnetic anomalies by providing their associated 

wavenumber, or spatial frequency, which is determined through discontinuities visualised in the power 

spectrum (Maus and Dimri, 1995, 1996). These frequencies can give an approximate guide to the depth 

of magnetic/gravity source populations, in which high and low wavenumbers are likely to represent 

shallow and deeper magnetic sources. 

Upward Continuation 

Potential field measurements can be recalculated as though the observations were made at different 

heights over the magnetic or gravity sources, and thus, attenuating or enhancing anomalies (Nabighian 

et al., 2005b; Reeves, 2005). Upward continuation is a method that transforms anomalies measured in 

one surface to another that would be measured on a higher surface, decreasing the amplitude and 

increasing the wavelength of the response (Blakely, 1995; Reeves, 2005). This method, therefore, tends 

to attenuate anomalies caused by local and near-surface sources, in relation to anomalies caused by 

deeper sources, which can be useful when the analysis of deeper sources is sought. Shallow sourced 

anomalies can be obtained through the subtraction of upward continued grids such as the ones generated 

at lower surface subtracted from others generated at high surfaces. Upward continuation is also often 

used to remove or minimise noise effects, as it produces almost no side effects that may require the 

application of other filter or processes to correct (Geosoft, 2015). 
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2.5  Interpretation of Potential Field Data  

The extraction of geological information from geophysical datasets can be done in qualitative, semi-

quantitative and quantitative ways, and at different scales (Blakely, 1995; Hinze et al., 2013; Reeves, 

2005). Gravity and magnetic methods have been used in the study of continental basins, and some 

geophysical responses of different processes related to rift development and basins formation may be 

expected (Bott and Hinze, 1995; Gunn, 1997c). Geophysical signatures of volcano-sedimentary basins 

may differ according to the stage of crustal extension, degree of crustal thinning, style and volume of 

igneous activity, and type of sediments deposited, as well as the associated deformation and 

metamorphism. Further, the processes related to rift evolution and the formation of volcano-

sedimentary basins have changed over time (e.g. Aitken et al., 2013; Ziegler and Cloetingh, 2004). 

Therefore, to improve the understanding of Proterozoic sedimentary and volcano-sedimentary basins, 

a combination of different styles of interpretation is necessary, as each one may reveal new data 

regarding distinct aspects of basin architecture, such as structures, sedimentary and volcanic infill, and 

the thickness of sedimentary and volcanic units. 

2.5.1 Qualitative Interpretation 

Qualitative interpretation of potential field data involves the evaluation and characterisation of 

geophysical amplitudes and frequencies that may correlate with geological units, lithologies and their 

deformation and metamorphism. This characterisation is followed by the identification of domains that 

can indicate common structural evolution, and lineaments that possesses a primary or overprinting 

structures (e.g. Aitken et al., 2014). Geophysical domains, structural features, and major tectonic 

boundaries are identified with the aim of building a structural framework (e.g. Aitken et al., 2014; 

Aitken et al., 2013; Betts et al., 2003; Spampinato et al., 2015).  

Magnetic Interpretation 

Magnetic data interpretation, in comparison with gravity data, can be more complicated due to its 

dipolar characteristic, and due to the variable directions of the magnetic field (Bott and Hinze, 1995; 

Nabighian et al., 2005b; Telford et al., 1990). Magnetic images and profiles provide information of 

geological structures and lithologies, mapping from the strongly magnetic basement at a regional scale 

to weakly magnetic sedimentary contacts at a local scale (Isles and Rankin, 2013; Nabighian et al., 

2005b). Magnetic data have been used to add information to map poorly exposed regions by 

determining the boundaries of magnetic units and the magnetic structural arrangement. Magnetic data 

help to better understand the structural patterns of sedimentary and volcano-sedimentary basins by 

identifying the geological significance of the magnetic anomalies (Betts et al., 2015). Further, magnetic 
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interpretation allows the extrapolation of these observations to regions beneath the cover sequences, 

improving the comprehension of geology beyond outcrop. 

The qualitative interpretation of magnetic data in this study was made through the recognition and 

delineation of magnetic domains and geological structures, and the definition of their relationship with 

the surface geology. To build the structural framework, magnetic lineaments, trends, and discontinuities 

that could be related to faults, folds, and shear zones were recognised. Faults and shear zones can be 

identified through breaks and offsets of magnetic lineaments and anomalies, sharp discontinuities of 

magnetic units, and abrupt changes in depth to magnetic sources (Gunn et al., 1997; Isles and Rankin, 

2013). Folding can be recognised by the pattern of linear magnetic anomalies that present folding 

geometry (Gunn et al., 1997; Isles and Rankin, 2013). The visualisation of these structures in a 

geographic information system (GIS) allows the interpretation of the overprinting relationships and 

kinematics.  

Magnetic data are not particularly useful in determining the stratigraphy of basins since sedimentary 

rocks generally have a small magnetic susceptibility compared with igneous or metamorphic rocks, 

which tend to have a higher magnetite content (Reynolds, 1990). Volcano-sedimentary basins are 

associated with high-intensity magnetic anomalies where magnetic intrusive plugs, dykes and sills, and 

intrasedimentary volcanic rocks are present (Gunn et al., 1997; Isles and Rankin, 2013). The delineation 

of magnetic anomalies related to volcanic flows can also yield valuable information regarding the 

evolution of extensional rift basins (Gunn, 1997a), although Proterozoic terranes commonly show high 

deformation and metamorphism that overprint primary textures and structures. Magnetic contrasts 

controlled by depositional factors (e.g. BIF) and mineralogical alterations may either enhance or 

suppress magnetisations (Clark, 1997), and can be used as a tracer for delineation of structures.   

Gravity Interpretation 

Gravity data are a useful tool for interpreting shallow to deep crust and, thus, helpful in both geological 

mapping and deep structural characterisation (Telford et al., 1990). Because gravity surveys seek to 

identify changes in rocks density (Telford et al., 1990), the gravity method is better suited to areas that 

present enough density contrast between geological units. The qualitative examination of gravity 

anomalies in this study aimed to identifying gravity contrasts that could reveal major structures, 

lithological boundaries, and the extension of the mafic magmatism at different depths.   

Extensional basins may show a low gravity signature related to low-density (normally not uniform) 

sedimentary rocks (Gunn, 1997a). In the presence of magmatism, extensional basins may display a high 

density, which normally has a large contrast with the density of the siliciclastic sedimentary infill and 

the basement. The delineation of volcanism corresponding to the density highs in volcano-sedimentary 
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basins has determined the volcanic extension in some Proterozoic rift basins, such as the Middle 

Continent Rift System, in which a central positive gravity anomaly is associated with basalts deposited 

in an elongated depression (Van Schmus and Hinze, 1985). Broad high gravity amplitudes may also 

occur due to thickened crust resulting from underplating, which characterise many ancient basins (Bott 

and Hinze, 1995).  

2.5.2 Depth Estimation 

Depth-to-basement methods can be used to estimate source depths wherever significant magnetic or 

gravity field variations occur. These rely on assumptions of anomalous body geometry (Isles and 

Rankin, 2013). Depth estimations can provide valuable information regarding the thickness of 

geological units in sedimentary and volcano-sedimentary basins, as well as regarding the basin 

morphology. These estimations aid in the understanding of basin evolution, since the morphology of 

the basement and the thickness of the geological units may have direct relevance to the depositional and 

structural history of volcano-sedimentary basins (Gunn, 1997a; Isles and Rankin, 2013). Further, these 

methods may assist in the identification of structures and their attributed depth. 

Depth-to-basement methods have the advantage in that they can be fast-performed to reach approximate 

answers regarding the nature of the sources of the anomalies (Hinze et al., 2013). As such, they are 

commonly applied for providing initial estimates of the locations and depths of magnetic and gravity 

sources before geophysical modelling and they can be used as a guide to developing conceptual models 

for more comprehensive modelling (Cooper and Cowan, 2004; Hinze et al., 2013). Applying different 

depth-to-basement methods to the same anomaly may improve in the confidence of the results (Li, 

2003). In this study, automatic depth solutions were generated by Euler deconvolution (Thompson, 

1982), Werner deconvolution (Ku and Sharp, 1983) and Source Parameter Imaging (SPI) (Thurston and 

Smith, 1997) techniques for both gravity and magnetic data, and by using grids and profiles. 

Euler deconvolution uses the first-order x, y and z derivatives to estimate the position and depth for 

different types of targets, such as spheres, cylinders, dykes, and contacts, which are characterised by a 

specific structural index (Nabighian et al., 2005b; Reid et al., 2014; see Tab. 2.3). As the structural 

index defining the anomaly is provided in advance, this method does not require prior knowledge of the 

source magnetisation direction and assumes no particular interpretation model (Barbosa et al., 1999). 

Euler deconvolution estimates the shape of the potential field data within a window of source location 

based on the structural index (Davis and Li, 2009; Li, 2003), and can be applied to grids and line 

(profile) data. Depth estimation can vary widely as the size of the window is changed, and therefore, 

knowledge of the geological framework is important for selecting optimum depths (Hinze et al., 2013). 

In this study, an automatic grid-based version of Euler deconvolution was used. 
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Table 2.3: Structural index (SI) for magnetic and gravity sources of different source geometries (Reid et al., 2014; 

Reid and Thurston, 1994). 

Source SI Magnetic SI Gravity 

Sphere 3 2 

Vertical line end (pipe) 2 1 

Horizontal line (cylinder) 2 1 

Thin bed fault 2 1 

Thin sheet edge 1 0 

Infinite contact/fault 0 - 

 

Werner deconvolution is an automatic function mainly applied to magnetic profiles (e.g. Ferraccioli et 

al., 2009), but has also been used for gravity interpretation (Hinze et al., 2013). Werner deconvolution 

also uses the moving window concept to estimate depth solutions, although it permits the inclusion of 

contacts and thin dykes as idealised sources within a single window (Li, 2003). The parameters used 

are defined by the user, such as the window size range. The deconvolution is performed over the total 

magnetic field for the magnetic data, whereas for the gravity data over the vertical derivative. The least-

squares approach is used to solve the source body parameters in a series of moving windows along the 

profile.  

SPI does not require an assumption of the geometry of the potential field sources, and therefore, the 

method surpasses the choice of ideal window size (Li, 2003). SPI estimates edge locations, depths, dips 

and susceptibility contrasts automatically from a gridded magnetic or gravity dataset by assuming 

magnetic and gravity sources models as a 2D contact or 2D thin-sheet (Thurston and Smith, 1997). The 

estimate of the depths of the magnetic sources is based on the local wavenumber of the analytical signal 

and, thus, it is independent of the magnetic inclination, declination, dip, strike and remanent 

magnetisation (Thurston and Smith, 1997).  

2.5.3 Forward Modelling 

Quantitative analysis comprises the characterisation of anomalous bodies in the subsurface through 

forward or inverse modelling (Blakely, 1995; Hinze et al., 2013; Nabighian et al., 2005a; Nabighian et 

al., 2005b). In this study, the quantitative interpretation of the gravity and magnetic data was performed 

using the forward modelling technique. Forward potential field modelling involves constructing of a 

geological model by comparing the calculated gravity and magnetic curves of the model being built 

with the observed gravity and magnetic curves of the data being modelled. The model parameters are 

adjusted manually to achieve the fit between the calculated and observed responses (Blakely, 1995). 

Geophysical modelling was carried out to test possible thickness and geometry of the geological units, 

as well as the subsurface structural arrangement, according to the frequencies and amplitudes of gravity 
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and magnetic anomalies. Forward models were created aiming to characterise the architecture of the 

Bryah Rift Basin. Profiles were positioned perpendicular or orthogonal to the main geological and 

geophysical structures within the basins (i.e. across the maximum or minimum amplitude of the 

anomalies). 

Modelling of gravity and magnetic data provide ambiguous solutions due to the inherent non-

uniqueness of these methods (Hinze et al., 2013; Telford et al., 1990). As such, an infinite number of 

geophysical models can explain the observed data (Li and Oldenburg, 1996; Li and Oldenburg, 1998). 

The successful application of modelling gravity and magnetic data is improved if integrated with 

geological and petrophysical data from the area being investigated (Hinze et al., 2013). This integration 

is vital to minimise the ambiguity in the interpretation of the forward models, thereby improving the 

understanding of the crustal architecture. This research used gravity and magnetic data combined with 

locally measured petrophysical data, drill core analyses and geological mapping to improve the 

accuracy of models by limiting the geometry and physical properties of rock units to a geologically 

reasonable and expected limits. 

Forward modelling was was generated using the GM-SYS® software package developed by Geosoft® 

and Northwest Geophysical Associates – 2019, Version 9.7.1, and based on the methods of Talwani et 

al. (1959) and Talwani and Heirtzler (1964), in which the model is created in a manual, iterative process. 

It involved the creation of candidate geological models in which the geological units were represented 

by polygonal 2D blocks to which density and magnetic susceptibility values were assigned. Each model 

had its anomalies calculated and its geophysical response verified. The geometries of the blocks and 

the petrophysical parameters were adjusted until a close match with the observed geophysical data was 

achieved. The sub-surface geological models were created to test the regional geological interpretation, 

obeying the stratigraphy of the basins and recognising the key geological variables that influenced the 

amplitude and geometry of the geophysical anomalies (Hinze et al., 2013). 
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CHAPTER 3 

A Lithostratigraphic Review of the Bryah Rift Basin (Yerrida Basin) and 

the Padbury Basin, Capricorn Orogen 

Abstract 

The Capricorn Orogen is a Proterozoic tectonic zone bounded between the Archean Pilbara and Yilgarn 

cratons, in Western Australia. The orogen hosts the Paleoproterozoic Bryah and Padbury basins that 

evolved due to a series of extension and contractional movements along the northern margin of the 

Yilgarn Craton. Rifting resulted in the deposition of sedimentary and mafic magmatic rocks of the 

Bryah Group (ca. 2030 to 2010 Ma), which is dominated by the Narracoota Formation’s mafic 

magmatism. The Padbury Basin overlies the Bryah Group and is formed by carbonate, siliciclastic and 

banded iron formation rocks of the Padbury Group (ca. 1996-1820 Ma), deposited in a foreland basin. 

Age data are limited for the basins. Also, sparse outcrop and the thickness of the regolith over the basins 

hampers attempts to understand their geology, and so the controlling factors on mineralisation, 

represented by orogenic lode-gold and volcanogenic massive sulphides (VMS). 

In this study, we review the lithostratigraphy of the Bryah and the Padbury basins combining existing 

geological data with new geological and stratigraphic observations, derived from drilling and field 

mapping. Recent drilling in the region has provided new regional stratigraphic data and information 

about the syn-rift sedimentation and magmatism of the Bryah Rift Basin, revealing, among other things, 

metal-rich black shales, plagioclase porphyries, and the extension of the magmatism beyond the surface 

limits of the basin. Geological data were integrated with the interpretation of geophysical datasets 

(magnetic, gravity and radiometric), constrained by new acquired petrophysical data. From this 

combined analysis, a new geological map of the region has been completed, which takes into account 

the petrophysical characterisation for the lithologies/geological units of the basins. This study provides 

a systematic lithostratigraphic framework of the Bryah and Padbury basins that supports understanding 

of the main basins’ evolution stages and the settings for VMS and gold mineralisation. 

 

Keywords: Bryah Rift Basin, Padbury Basin, lithostratigraphy, geophysical signatures, petrophysics 
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3.1  Introduction 

The Bryah Rift Basin (ca. 2030 to 1996 Ma), part of the Yerrida Basin (Occhipinti et al., 2017), is 

overlain by the Padbury Basin (ca. 1996 to 1820 Ma), and is part of the Paleoproterozoic volcano-

sedimentary and sedimentary basins developed along the northern margin of the Archean Yilgarn 

Craton, in the southern part of the Capricorn Orogen (Johnson, 2013; Occhipinti et al., 2017; Occhipinti 

et al., 2004; Pirajno and Occhipinti, 2000; Fig. 3.1). These basins were developed due to extension and 

contractional movements controlled by regional tectonic processes (Johnson et al., 2010; Occhipinti et 

al., 2017; Occhipinti et al., 2004; Sheppard et al., 2010b) that resulted in rifting, transtension, and 

flexure of the lithosphere along the continental margin of the Yilgarn Craton. 

Several studies have contributed to the geological understanding of the Bryah and Padbury basins, such 

as Windh (1992), Pirajno and Occhipinti (1998), Occhipinti et al. (2004), Pirajno (2004), Pirajno et al. 

(2016), Hawke et al. (2015), and Occhipinti et al. (2017). However, the stratigraphy, architecture and 

genesis of the basins are not yet systematically defined. Different interpretations have been proposed 

for the evolution of the Bryah Basin, including development in a rift and back-arc settings (e.g. 

Occhipinti et al., 2017; Occhipinti et al., 2004; Occhipinti et al., 1998c; Pirajno et al., 2004; Pirajno et 

al., 1998, 2000). Recent studies in the region suggest that the basin formed as a rift basin within the 

Yerrida Basin, along the Yilgarn Craton margin (Occhipinti et al., 2017), resulting in the deposition of 

the Bryah Group. The Padbury Basin is made of the Padbury Group, which lower units evolved during 

the collision and accretion associated with the Glenburgh Orogeny (ca. 2005-1960 Ma), while its upper 

units were formed due to later extensional processes (Occhipinti et al., 2017; Occhipinti et al., 2004).   

Mineralisation in the Bryah and Padbury groups includes volcanogenic massive sulphides (VMS) and 

orogenic lode-gold deposits (Pirajno, 2004). Gold deposits in the region are structurally and 

stratigraphically controlled (e.g. Thornett, 1995; Windh, 1992), and its exploration was historically 

focused on shallow deposits, leading to broad underexplored region regions where deeper gold 

resources may be located (Aitken et al., 2018b). The discovery of the VMS DeGrussa deposit in 2009, 

host within the early clastic sedimentation and magmatism of the Bryah Group (Hawke et al., 2015; 

Pirajno et al., 2016), has boosted mineral exploration in the region. The increase of mineral prospection 

provided drill core that disclosed new regional stratigraphic data and information about the basal syn-

rift sedimentation and magmatism, which may aid in comprehending both the genesis of the Bryah Rift 

Basin and the syn-genetic VMS mineralisation. 

The paucity of outcrop and the thick regolith cover in the southern part of the Capricorn Orogen hinder 

the recognition of geological and structural features in the basins and make the comprehension of their 

evolution and mineralisation control more difficult. Outcrops constitutes less than 15% of the in the 

Bryah and Yerrida basins area (Pirajno, 2004). Mapping of sedimentary and volcano-sedimentary 
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basins with extensive cover have been benefited from the interpretation of potential field (gravity and 

magnetic) data by the extrapolation of geophysical signatures of local geological features to broader 

scale geophysical images. Geophysical datasets have been used elsewhere to characterise basins and 

delineate their shape and distribution (e.g. Gunn, 1997c; Jaques et al., 1997; Martins-Ferreira et al., 

2018), as well as to map lithologies and structures in Proterozoic terranes (e.g. Aitken and Betts, 2009; 

Aitken et al., 2013; Betts et al., 2004; Betts et al., 2003; Metelka et al., 2011; Stewart and Betts, 2010). 

Additionally, radiometric and remotely sensed datasets aid the mapping of lithological units, as both 

methods are related with expressions of material exposed on the surface (e.g. Agar and Coulter, 2007; 

Davis et al., 1987; Dickson and Scott, 1997; Minty, 1997; Minty et al., 1997).   

In this study, we provide an update on the understanding of the geology of the Bryah and Padbury 

basins, combining the existing geological data with new geological and stratigraphic observations, 

supported by new drilling and field mapping. Further, newly acquired petrophysical data (density and 

magnetic susceptibility) are used to constrain the interpretation of the geophysical data (radiometric, 

magnetic and gravity). Petrophysical data provide a better understanding of the geological meaning of 

geophysical responses, and it has become an important data to properly define geological variations 

associated with physical contrasts in geophysical interpretation products (Dentith et al., 2020). The 

discrimination of geological units and lithologies were made through the integrated analysis of these 

datasets, combined with remote sensing imagery, and resulted in a lithological and large-scale structural 

map for the basins.   

3.2  Geological Setting  

The Capricorn Orogen is located in the central-western part of Western Australia, and is exposed 

between the Pilbara and Yilgarn Cratons in an east-southeast trending belt that extends 1000km inland 

from the coast (Cawood and Tyler, 2004; Fig. 3.1). The orogen comprises plutonic igneous rocks and 

medium- to high-grade metamorphic rocks of the Gascoyne Province (2550-1620 Ma), and Paleo- to 

Mesoproterozoic volcano-sedimentary and sedimentary basins deposited in response to subsidence 

during several events (Cawood and Tyler, 2004; Occhipinti et al., 2017; Fig. 3.2). These events include 

the Ophthalmian Orogeny (ca. 2200 Ma), which recorded the collision between the Glenburgh Terrane 

and the southern margin of the Pilbara Craton, and the Glenburgh Orogeny (ca. 2005-1950 Ma) that 

involved the collision of the combined Pilbara Craton and Glenburgh Terrane with the Yilgarn Craton 

(Cawood and Tyler, 2004; Johnson, 2013; Johnson et al., 2013; Occhipinti et al., 2004; Sheppard et al., 

2010b; Fig. 3.2). During the Capricorn Orogeny (ca. 1830-1780 Ma), the region was variably deformed, 

metamorphosed and intruded by felsic plutons (Johnson, 2013; Sheppard et al., 2010a), all within an 

intraplate setting. 
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Figure 3.1: A. Location of the Capricorn Orogen, the Yilgarn and Pilbara cratons, and the Gascoyne Province in 

the Western Australia; B. Map of the Capricorn Orogen showing its tectonic units and the limits with 

the Archean Yilgarn and Pilbara cratons. Modified from Sheppard et al. (2016) and Johnson (2013); 

C. Tectonic map of the south- southeastern part of the Capricorn Orogen, illustrating the main features 

of the Bryah and Padbury basins’ region, and the location of the VMS and orogenic gold mines, 

deposits and prospects. Modified from Martin et al. (2015) and Occhipinti et al. (2017).  

 



Chapter 3 - A Lithostratigraphy Review of the Bryah and Padbury Basins 

 

35 

  

 

 

Figure 3.2: Time events for the Bryah Rift Basin and the Padbury Basin, as well as for the surrounding basins, 

and granitic supersuites. Modified from Johnson et al. (2017) and Occhipinti et al. (2017).   

Paleoproterozoic basins in the southern part of the Capricorn Orogen comprise the Yerrida, Bryah, 

Padbury and Earaheedy basins, which formed between 2200 and 1820 Ma and extend around 700 km 

along the northern margin of the Yilgarn Craton (Cawood and Tyler, 2004; Pirajno and Occhipinti, 

2000; Fig. 3.1). Archean granitic terranes surround the Bryah and the Padbury basins (Fig. 3.1). To the 

south, the Yilgarn Craton is in fault contact with or unconformably overlain by the Yerrida and the 

Earaheedy basins (Pirajno et al., 1998, 2000). The Yilgarn Craton represents a large Archean terrane, 

characterised by granitic rocks older than ca. 2600 Ma (Cassidy et al., 2006). The Youanmi Terrane of 

the Yilgarn Craton lies to the south of the Bryah and Padbury basins, and is characterised by north-

south trending greenstone belts separated by extensive granite and granitic gneiss(Cassidy et al., 2006). 

To the north, the basins are either fault bounded or in non-conformable contact with the Marymia Inlier. 

The Marymia Inlier is a northeasterly trending Neoarchean granite-greenstone terrane representing part 

of the Yilgarn Craton, which was reworked and uplifted during the Capricorn Orogeny (Bagas, 1999; 

Pirajno et al., 2004; Vielreicher and McNaughton, 2001). 
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The Yarlarweelor Gneiss Complex (YGC) lies to the east of the basins (Fig. 3.1), and corresponds to a 

fault bounded fragment of the Narryer Terrane (Yilgarn Craton) that was structurally reworked and 

intruded by voluminous felsic magmas during the Paleoproterozoic (Cawood and Tyler, 2004; 

Occhipinti et al., 1998b; Sheppard et al., 2003). At ca. 1800 Ma, dextral strike-slip faulting was 

succeeded by the exhumation of the complex and the emplacement of dykes and steeply dipping sheets 

of I-type granites (Sheppard et al., 2003). Thin layers of supracrustal rocks, such as quartzite, intensely 

deformed banded iron formation, amphibolite, as well as ultramafic rocks are present within the 

complex (Occhipinti et al., 1998b; Sheppard et al., 2003). 

In tectonic contact with the northern margin of the Bryah Rift Basin is the Peak Hill Schist (Pirajno and 

Occhipinti, 2000; Fig. 3.1). The Peak Hill Schist is made of mylonitised and metamorphosed rocks 

derived from quartz-rich or quartz-feldspathic precursors (Pirajno and Occhipinti, 1998; Pirajno et al., 

2000), and was commonly attributed to the basement (e.g. Pirajno and Occhipinti, 1998; Pirajno et al., 

2000; Thornett, 1995). Recent geochronological data (Wingate et al., 2014a) assign the unit to represent 

a metamorphosed equivalent to the lowermost units of the Yerrida Basin (Occhipinti et al., 2017).   

The Yerrida Basin was formed between 2200 and 1996 Ma and is the oldest basin in the southeastern 

part of the Capricorn Orogen (Occhipinti et al., 2017; Pirajno et al., 2004). The Yerrida Basin initiated 

as an intracratonic basin with the deposition of the Windplain Group (Juderina and Johnson Cairn 

formations) that progressed into a rift basin (Occhipinti et al., 2017; Pirajno et al., 2004; Pirajno and 

Occhipinti, 2000). Two distinct rifts developed within the southern and northern parts of the Yerrida 

Basin, culminating in the Mooloogool and Bryah Rift Basins, respectively (Occhipinti et al., 2017).  

The Bryah Rift Basin formed along an east-west axis prior to the Glenburgh Orogeny. This extension 

resulted in the deposition of siliciclastic and mafic to ultramafic rocks of the Bryah Group (ca. 2027 to 

2014 Ma; Hawke et al., 2015). Mafic volcanic rocks of the Narracoota Formation form the bulk volume 

of the Bryah Group (Occhipinti et al., 2017; Pirajno et al., 2004; Pirajno et al., 2000). The Mooloogool 

Rift Basin comprises the homonym Mooloogool Group, which conformably overlies the Windplain 

Subgroup (Pirajno et al., 1998). The Mooloogool Group consists of a basal sequence of conglomerate 

and turbidite facies represented by the coeval Thaduna and Doolguna Formations, as well as basalts and 

mafic intrusives of the Killara Formation (Pirajno et al., 2004; Pirajno and Occhipinti, 2000). The 

Killara Formation is suggested to be derived from the same magmatic event that originated the 

Narracoota Formation, despite the lack of geochronological constraints (Occhipinti et al., 2017; 

Olierook et al., 2018). An upper succession of siliciclastic and carbonate shales forms the overlying 

Maraloou Formation, and marks the deepening of the basin (Pirajno and Occhipinti, 2000).  

The foreland Padbury Basin (ca. 1996 Ma) consists of the Padbury Group that was deposited over the 

Bryah Group (Martin, 1998; Pirajno et al., 1998). Concomitantly with the formation of the Padbury 

Group in a convergent setting, the Earaheedy Basin was initiating in the eastern Capricorn Orogen 
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(Occhipinti et al., 2017). The Earaheedy Basin is considered to have formed as a far-field response to 

the collisional phase of the Glenburgh Orogeny (Occhipinti et al., 2017; Occhipinti et al., 2004), and it 

is divided into the Tooloo and Miningarra groups, which englobe a succession of shallow-marine 

siliciclastic and carbonate sedimentary rocks (Halilovic et al., 2004; Pirajno et al., 2009).  

The youngest depositional units of the Capricorn Orogen are the intraplate Mesoproterozoic Edmund 

and Collier Basins. These basin are largely exposed in the central part of the Capricorn Orogen, and 

overly an angular unconformity on the northern part of the Bryah Rift Basin and the Padbury Basin 

(Cawood and Tyler, 2004; Martin and Thorne, 2004; Fig. 3.1). The Edmund Basin developed in an 

extensional setting following the Mangaroon Orogeny (ca. 1680-1620 Ma), while the Collier Basin 

followed the Mutherbukin Orogeny (ca. 1385-1200; Fig. 3.2). These basins include siliciclastic and 

carbonate sedimentary rocks, divided in six depositional packages, included in the Edmund (ca. 1620-

1465 Ma) and Collier Groups (ca. 1400-1070 Ma; Martin and Thorne, 2004).      

3.2.1 Major Faults  

The Bryah and Padbury basins are bounded and disrupted by several major faults (Fig. 3.1). The Bryah 

Rift Basin is dominated by east to northeast trends in its eastern part, which reflects the arrangement at 

the time of the rift development. The northeast trending Goodin Fault bounds the Bryah Rift Basin to 

the south and separates the basin from the Yilgarn Craton (Fig. 3.1). The Goodin Fault is interpreted as 

a syn-rift normal fault (Occhipinti et al., 2017; Pirajno et al., 2000), across which the Bryah-Padbury 

basins thrust over the Yerrida Group (Occhipinti et al., 1998c). The east-trending Murchison Fault 

marks the boundary between foliated mafic schist and massive hyaloclastite basalts in the Narracoota 

Formation (Occhipinti et al., 1998c). The western segment of the Murchison Fault used to be interpreted 

as the continuation of the Goodin Fault, where we assign the Western Fault (Fig. 3.1). In this study, the 

Murchison Fault is considered to intersect the mafic rocks of the Bryah Group in its central-southern 

part extending to the west (Fig. 3.1). 

To the north, the east to northeast-trending Jenkin Fault is a major crustal-scale structure dipping steeply 

to the north, and separates the Bryah and Yerrida basins from the Marymia Inlier (Dentith et al., 2014; 

Pirajno et al., 2016; Fig. 3.1). The Jenkin Fault has been interpreted as a normal fault developed during 

the extension event, which was followed by its reactivation and reversal of movement (Adamides, 

1998), or as a thrust fault which resulted from the northwest-southeast compression of the Marymia 

Inlier over the Yerrida Basin (Bagas, 1999).  

The western part of the Bryah and Padbury basins is characterised by north-south trending faults marked 

by large-scale tectonic interleaving, which resulted from the collision and accretion of the Glenburgh 

Terrane and the Yilgarn Craton during the Glenburgh Orogeny, and includes the Billara, Wilthorpe and 

Kinders faults (Occhipinti et al., 1998a; Occhipinti et al., 2004; Swager and Myers, 1999; Fig. 3.1). The 
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Kinders Fault occurs along the axial plane of the Padbury Syncline, and marks the thrust of rocks from 

the Narracoota Formation over the Padbury Group (Swager and Myers, 1999). The Wilthorpe Fault 

marks the eastern contact of the Despair Granite with the Labouchere Formation (Swager and Myers, 

1999). The Billara Fault, the westernmost fault, marks the contact between the metasedimentary rocks 

of the Labouchere Formation and the Yarlarweelor Gneiss Complex to the north, and between the 

Despair Granite and the Yarlarweelor Gneiss Complex to the south.     

In the westernmost part of the study area, the east trending Kerba Fault bounds the Trillbar Complex 

with the Archean gneisses of the Yarlarweelor Gneiss Complex, and the Proterozoic Kerba Granite (ca. 

1808 Ma Moorarie Supersuite; Fig. 3.1), whereas the Seabrook Fault marks the contact between the 

Juderina Formation (Yerrida Basin) with the Narryer Terrane (Yilgarn Craton; Fig. 3.1).  

3.3  Methods and Datasets 

3.3.1 Geological Data 

This review integrates new geological data collected during two field campaigns, to verify and constrain 

the geophysical interpretation, and consolidate existing data with the new observations. The geological 

mapping focused on key areas chosen in accordance with contacts between geotectonic units, and 

lithological boundaries. These key areas comprise the western part of the Trillbar Complex, the tectonic 

interleaving between the Bryah and Padbury groups in the west part of the basins, the central part of the 

Padbury Group, the contact between the basins and the Marymia Inlier, the central part of the 

Narracoota Formation, and the southernmost tip of the Bryah Rift Basin, where the Narracoota and 

Karalundi formations outcrop. In these areas the mapping was done in traverses, which intersected 

regional structures and geological features. The collected geological data were interpreted alongside the 

Bryah, Milgun and Moorarie 1:100,000 geological sheets (Occhipinti et al., 1998a; Pirajno and 

Occhipinti, 1998; Swager and Myers, 1999). 

19 drill holes located on the northern part of the basins were logged to contribute to a better 

understanding of the basins’ infill, subsurface lithologies and regional stratigraphy. The holes were 

selected focusing on the understanding of the regional geology and included drill holes from the VMS 

DeGrussa and Horseshoe Lights mines, as well as from the VMS Neptune and Shelby exploration 

projects (Fig. 3.1). Further, drill holes from the gold Fortnum Mine were also studied, including an 814-

meter hole (DDH1F1) part of the Western Australia Government Co-funded Diamond Drilling 

(DAG2012/00052965). 
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3.3.2 Geophysical Data 

The geophysical data utilised in this project include high-resolution regional radiometric and magnetic 

data, and moderate resolution ground gravity data. Original datasets were sourced from the Geoscience 

Australia, with additional grid compilations obtained from the Data and Software Centre of the Western 

Australia Geological Survey (GSWA).  

Airborne radiometric and magnetic data are from the regional Glengarry-Peak Hill-Robinson River 

survey. This survey was flown in 1994 with flight lines 400 meters and includes the Peak Hill Area B 

and Peak Hill Area C with line directions at 0° and 225°, respectively (refer to Chapter 2). Part of the 

area is covered by the Bangemall Basin survey, with north-south trending 500m-spaced flight lines 

(refer to Chapter 2). All surveys were flown at a clearance of 60 meters. Images of single radiometric 

channels (K, eTh and eU), false colour RGB ternary image (K, eTh, eU, respectively; Fig. 3.3), and 

ratio compositions (eTh/K, eU/eTh and eU/K) were used in the qualitative interpretation of the 

radiometric signatures. The regional magnetic grid sourced from the GSWA has a 400-meter grid cell 

size and was complemented with 100 to 125 meters cell size grids generated from the line data. Filtered 

and transformed products of the Total Magnetic Intensity grid (TMI; Fig. 3.4) were also used for 

geological interpretation and included reduced to pole (RTP), first vertical derivative (1Dv), theta map, 

tilt derivative (TDR) and upward continued (UP) images.  

The gravity interpretation of the region used the Peak Hill-Collier, Gascoyne South, Sandstone and 

Murchison ground surveys. All gravity surveys have 2.5 km by 2.5 km square grid spacing, which 

covers the study area with information collected in approximately 930 stations. The qualitative gravity 

interpretation was made mainly using the terrain corrected Bouguer anomaly (Fig. 3.4), with 400 m cell 

size, which provided the characterisation of the gravity amplitude contrasts and the definition of their 

boundaries. In addition, horizontal gravity gradient images were used aiming to enhance lateral changes 

of gravity amplitudes, which assist the identification of tectonic boundaries and gravity trends that are 

likely to consist of deep-seated structures. 

3.3.3 Remote Sensing Data 

Remote sensing data from the Landsat 8, ASTER (Advanced Spaceborne Thermal Emission and 

Reflection Radiometer), and HRO (High Resolution Orthoimagery) assisted the interpretation of cover 

and outcrop features. The Landsat8 RGB colour composition using the bands 256, and alternately 257 

or 142, better discriminated outcropping mafic/ultramafic volcanic and adjacent sedimentary rocks, and 

hence, were the band combinations used in the interpretation (Fig. 3A-1 in Appendix 3A). The ASTER 

imagery pre-processed products used in the interpretation were acquired from the Australian ASTER 

Geoscience Products (Cudahy, 2012). These data consist of 14 mineral group content and composition 

maps, in which the most utilised in the interpretation of the cover features were the map of the AlOH 
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and MgOH/CO3 groups that also better discriminate outcropping mafic/ultramafic rocks from adjacent 

sedimentary rocks. 

 

Figure 3.3: A. RBG ternary radiometric image (K, eTh, eU) of the Bryah and Padbury basins’ region illustrating 

the overall regional depletion of K content, and a relative enrichment of eTh and eU, characteristic of 

high degree of weathering. B. Contrasting radiometric response between the mafic rocks of the 

Trillbar Complex, the siliciclastic rocks of the Juderina Formation, and the carbonatic rocks of the 

Bubble Well Member; C. Basalts and metasediments to the south of the Robinson Range Syncline 

showing lack of radioelements and higher content of potassium, respectively; D. Contrasting 

radiometric response between the basalt hyaloclastite and leached sediments on the southern part of 

the Bryah Rift Basin. The white line in the regional map is the outline of the basins, while the white 

lines in the magnified maps are the limits of the geological units. 

3.3.4 Petrophysical Data 

Petrophysics provides a link between geological and geophysical investigations, and aids the 

interpretation of gravity and magnetic data (Clark, 1997; Dentith and Mudge, 2004; Emerson, 1990; 

Telford et al., 1990). The bulk density and magnetic susceptibility were measured on cut hand samples 

and core throughout the region. Bulk density measurements were made on 275 rock samples following 

the method described in Emerson (1990). The procedure used for acquiring density data is described in 

Appendix 3B.  
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Magnetic susceptibilities were measured on 540 samples and drill holes intervals using the hand 

susceptibility meters Exploranium KT-9 and KT-5. The measurements were taken on outcrops and drill 

core during field work campaigns, as well as back in the laboratory on the samples collected. The 

magnetic susceptibility was measured at least 10 times for each site/sample. Samples of the granitic 

basement around the basins were included in the analysis to better constrain the petrophysical contrast 

between the basement and the basin infill. The density and magnetic susceptibility values are summarily 

listed and described in Appendix 3B. 

 

Figure 3.4: A. Bouguer anomaly image of Western Australia, with the Capricorn Orogen outlined; B. Terrain 

Corrected Bouguer anomaly image of the Bryah and Padbury basins and surrounding terranes; C. 

TDR of the Terrain corrected Bouguer anomaly of the Bryah and Padbury basins’ region illustrating 

the two main easterly gravity trends associated with the greater gravity Bouguer anomaly in the 

central-southern part of the Bryah Rift Basin (same datum/coordinate projection as B); D. Reduce to 

Pole (RTP) of the Bryah and Padbury basins and surrounding terranes; E. First Vertical Derivative 

(1Dv) image of the Bryah and Padbury basins’ region highlighting shallowly sourced, high 

frequencies responses of the BIFs in the basins; F. Magnified RTP image of the Trillbar Complex 

area; G. Magnified RTP image of the central part of the Labouchere Formation (Padbury Group) 

illustrating the iron-rich folded layers. Magnified F and G images have the same datum/projection of 

the image D.  
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3.4  Lithostratigraphy 

In this section, the lithological units of the Bryah and the Padbury groups are described, in addition to 

those comprising part of the Windplain Group and the Trillbar Complex, summarizing their features 

and including new observations from field mapping and drill holes. Geographical distribution and 

stratigraphic information, such as depositional processes and environment settings, are briefly 

discussed. The density and magnetic susceptibility properties of the lithologies are reported, as well as 

their magnetic and gravity intensity, which are summarized in Table 3.1, together with the main 

radiometric and remote sensing patterns of the geological units. The integrated analysis of all these 

attributes constrained the discrimination of geological units and lithologies in the geological map for 

the basins (Fig. 3.5). 

3.4.1  The Windplain Group (Yerrida Basin)  

The Windplain Group (ca. 2200-2100 Ma) is divided into the Juderina and Johnson Cairn formations, 

and comprises sediments characteristic of a shallow low relief environment (Occhipinti et al., 2017; 

Pirajno et al., 2004; Pirajno and Occhipinti, 2000). The mature quartz arenites of the Juderina Formation 

are intercalated with stromatolitic carbonate and evaporites of the Bubble Well Member (Pirajno et al., 

2004). The Juderina Formation occurs to the south of the Trillbar Complex, to the east of the Bryah and 

Padbury basins, and as a thin layer between the Bryah Group and the Marymia Inlier (Fig. 3.5). The 

iron-rich shale sequence of the Johnson Cairn Formation disconformably overlies the Juderina 

Formation (Pirajno et al., 2004). The Johnson Cairn Formation represents a marine transgression, and 

contains a succession of varicoloured iron-rich shale, with graded silty layers and thin dolomite bands 

(Pirajno et al., 2004; Pirajno and Occhipinti, 2000). 

Quartz sandstone of the Juderina Formation unconformably overlie the Archean basement along the 

southern and eastern margins of the Yerrida Basin (Pirajno and Occhipinti, 2000). The contact between 

the basal Windplain Group is considered sheared along the northern contacts with the Marymia Inlier 

(Pirajno and Occhipinti, 2000). New logging (DGDD347; Fig. 3.5D) indicates that the Bubble Well 

Member from the Juderina Formation undisturbed and unconformably overlies the Marymia Inlier, 

showing that the initial tectonic relationship between the inlier and the basins infill is still preserved in 

some areas. At the DGDD347, the Bubble Well Member is intersected at about 700m depth, consisting 

of a dolomite package with stromatolitic and brecciated portions, and has an estimated thickness of 

~120m (Appendix 3A). Basalts are also intercepted in the northern part of the Yerrida Basin within 

siltstones of the Juderina Formation, indicating that the subsidence was associated with intraplate 

volcanism, evidencing the incipient rift. The basalts are bounded by faults, and reach a maximum 

thickness of 17m at DGDD347, north of the DeGrussa Mine (Fig. 3.5). Around 45km to the east, at 

TDH001, basalts were also found within shales in the Juderina Formation (Occhipinti et al., 2017). 
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Figure 3.5: A. Interpreted geological map of the Bryah Rift Basin (Yerrida Basin) and the Padbury Basin. The 

magnified areas correspond to areas with high concentration of drill hole described in this study: B. 

Location of the drill core logged in the Fortnum Mine area; C. in the Neptune Prospect area; D. to the 

west of the DeGrussa Mine; E. and in the DeGrussa Mine area. The outcrop samples referred to the 

ones used to compose the magnetic susceptibility database, within which some samples were selected 

for density measurements. 

Stromatolite dolomites of the Bubble Well Member yield average density values of 2.84 g/cm3, and 

magnetic susceptibility of 0.534 x 10-3 SI. Siliciclastic rocks of the Juderina Formation have a density 

mean of 2.74 g/cm3, and magnetic susceptibility of 1.36 x 10-3 SI. The domain bearing siliciclastic rocks 
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of the Juderina Formation to the south of the Trillbar Complex (Fig. 3.5) exhibit flat magnetic relief 

and low intensity, whereas the Trillbar Syncline shows high amplitude and localised high relief (Fig. 

3.4). Northwest-trending mafic dykes with positive magnetism intrude the Juderina Formation in this 

area. Two samples of dolerite dykes yield densities of 2.73 and 2.44 g/cm3, and susceptibilities of 0.26 

and 0.095 x 10-3 SI, respectively. Quartzites of the Juderina Formation associated with high topographic 

elevation to the south of the Trillbar Complex show high magnetic amplitudes, forming a faulted 

northwesterly linear trend at the contact with the Yilgarn Craton (Fig. 3.4). These quartzites also have 

high radiometric gradients contrasting with the low radiometric values of the carbonates of the Bubble 

Well Member and the mafic/ultramafic rocks of Trillbar Complex (Fig. 3.3). In the northern part of the 

Yerrida Basin, the Windplain Group contains flat magnetic relief and low intensity, as well as 

radiometric signatures related with enrichment and absence of K, characteristic of high weathering and 

leached sediments, respectively (Fig. 3.3). 

3.4.2 Trillbar Complex  

The Trillbar Complex is preserved in an elongated east-west exposure of layered mafic-ultramafic rocks 

in the westernmost part of the Bryah Rift Basin (Myers, 1988; Occhipinti and Myers, 1999; Olierook 

et al., 2018; Pirajno, 2004; Pirajno and Occhipinti, 2000; Pirajno et al., 1998; Fig. 3.6-A). The complex 

includes serpentinized peridotite, serpentinized dunite, pyroxenite, gabbro, and basalt, and is intruded 

by gabbroic dykes and sills (Occhipinti and Myers, 1999; Olierook et al., 2018). 

The genesis of the Trillbar Complex has been controversial. Initially, Myers (1988) considered the 

Trillbar Complex as an exotic thrust sheet of either a lower part of an ophiolite, or a crustal underplate 

that obducted southward upon the Yilgarn Craton. Subsequently, the complex was considered to be a 

remnant layer of oceanic crust and part of the Narracoota Formation (Occhipinti and Myers, 1999; 

Pirajno et al., 2004; Pirajno et al., 1998). A recent geochronological age of 2069 ± 9 Ma (Olierook et 

al., 2018; Fig. 3.7) indicates that the Trillbar Complex is older than the mafic-ultramafic rocks of the 

Bryah Group, and younger than the Juderina Formation. The recognition of the Juderina Formation to 

south of the Trillbar Complex (Occhipinti et al., 2017), part that was previously mapped as belonging 

to the Millidie Creek Formation of the Padbury Group (Occhipinti and Myers, 1999), shows that the 

Windplain Group extended to west. This could indicate that the complex is a piece of oceanic crust 

derived from the continued spreading of the sag basin (Occhipinti et al., 2017). A mid-oceanic ridge or 

intra-oceanic hotspot environment is also suggested (Olierook et al., 2018), due the lack of geochemical 

evidence for crustal contamination within the mafic and ultramafic rocks of the Trillbar Complex.  

The mafic and ultramafic rocks of the Trillbar Complex contain a mean density of 2.87 g/cm3, and 

magnetic susceptibility of 11.29 x 10-3 SI. Moderate to high magnetic amplitude associated with high 

frequencies characterise the unit with an intricate magnetic signature. High variation in magnetic relief 
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and intensity point out an easterly axial trend fold that delimits the western part of the complex (Fig. 

3.4). The contact between the Trillbar Complex and the Yarlarweelor Gneiss Complex to north is 

marked by the easterly magnetic anomalous trend of the Kerba Fault, which extends towards the east, 

where it forms the northern limit Narracoota Formation’s volcanic rocks faulted against the 

Yarlarweelor Gneiss Complex.  

The Trillbar Complex contain medium to high gravity amplitudes on the Bouguer anomaly image (Fig. 

3.4).). Curved northwest-southeast gravity trends are associated with the complex. These trends truncate 

the continuous easterly gravity trend that delineates the southern margin of the Bryah Rift Basin and 

may indicate a boundary between tectonic blocks. 

 

Figure 3.6: A. Gabbro intercalated with ultramafic rocks on a prominent hill in the Trillbar Complex; B. whitish 

steeply dipping quartzite of the Juderina Formation outcropping between the Marymia Inlier and the 

Karalundi Formation; C. bedding and flame structure in sandstone interbedded with siltstone at the 

DGDD281; D. sample of a poorly sorted and undeformed mafic breccia with angular to sub-rounded 
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clasts within a fine matrix from DGDD279; E. thin section in crossed polars of mafic breccia from 

DGDD279 showing dolerite clasts with pervasive carbonatic alteration; F. black shale with tight folds, 

and pyrite following the foliation at Neptune Prospect (drill hole 15BRD003). G. Pillow structures on 

massive basalt; H. Lens of fine-grained greenish-grey basalt within mafic schist in the western part of 

the Bryah and Padbury basins; I. Foliated basalt on the northern part of the Bryah Basin; J. Pillow lava 

basalt on the west part of the basin, displaying radial columnar joints (C); K. Jasper that achieves a 

magnetic susceptibility of 248 x 10-3 SI in DGDD319; L. hand sample of the purplish siltstone within 

the mafic schist domain. Abbreviations used: Chl - chlorite, Cb – carbonate, Gt - Goethite.  

3.4.3 Bryah Rift Basin (Yerrida Basin) 

The Bryah Group includes four formations, which from the base to top are: Karalundi, Narracoota, 

Ravelstone and Horseshoe (Occhipinti et al., 2017; Pirajno et al., 2004; Pirajno and Occhipinti, 1998; 

Pirajno et al., 2000; Figs. 3.5 and 3.7a). The age of the Bryah Group is constrained by U-Pb 

geochronological data from lithic metasandstone of the basal Karalundi Formation that indicate a 

maximum depositional age of 2045 ± 16 Ma (Wingate et al., 2014b; Fig. 3.7). Concordant Re-Os ages 

of 2027 ± 7 and 2012 ± 48 Ma (Hawke et al., 2015; Pirajno et al., 2016; respectively), and Pb model 

ages of 2060-2075 Ma (Hawke et al., 2015) yield for the syngenetic VMS mineralisation at the 

DeGrussa Mine, constraining the maximum deposition age for the Bryah Group at c. 2075 Ma.  

Karalundi Formation 

The Karalundi Formation represents the precursor to the syn-rift phase of the Bryah Rift. The unit 

outcrops in a northeasterly trend on the southern and northeastern edge of the Bryah Rift Basin (Fig. 

3.5). The Karalundi Formation comprises immature clastic and turbidite sediments related to deposition 

within a high-energy environment and includes sandstone, siltstone, litharenite, chert, shale, and minor 

quartz-pebble conglomerate lenses, as well as mafic volcanic rocks within its upper sequence 

(Occhipinti et al., 2017; Pirajno et al., 2004; Pirajno and Occhipinti, 1998; Pirajno and Occhipinti, 

2000).  

At the southern tip of the Bryah Rift Basin, short northeasterly trending faults, oblique to the Goodin 

Fault, define the tectonic intercalation of the siliciclastic rocks of the Karalundi Formation with the 

overlying Narracoota Formation (Fig. 3.5). At the northern margin of the Bryah Rift Basin, the 

Karalundi and Juderina formations are in tectonic contact with the Marymia Inlier. A thin quartzite 

layer interbedded with siltstone of the Juderina Formation occurs between the inlier and the Karalundi 

Formation (Fig. 3.5-C). The interbedded quartzite and siltstone are northeasterly trending with sub-

vertical dipping (Fig. 3.6-B), in accordance with the sub-vertical to northwest dip for the Jenkin Fault 

(Dentith et al., 2014).   
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Figure 3.7: On the left: stratigraphy of the Bryah and Padbury groups, as well as the Trillbar Complex and the 

Windplain Group on the north Yerrida Basin. Right: histograms and kernel density plots of compiled 

existing geochronological data in the study area, as well as the sample SAO from this study (refer to 

Chapter 4). A. U-Pb radiogenic data for zircons of a leucogabbro sample (BR0510) from the Trillbar 

Complex that yielded an age of 2069 ± 9 Ma (Olierook et al., 2018); B. U-Pb radiogenic ages for 

magmatic zircons from dolerites at the DeGrussa deposit (Hawke et al., 2015); C. U-Pb ages of detrital 

zircons of the Karalundi Formation host in turbiditic sediments at the DeGrussa Mine (Hawke et al., 
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2015), and in lithic metasandstone sampled in the southern border of the Bryah Rift Basin (Wingate 

et al., 2014b), which resulted in maximum deposition age of 2173 ± 87 and 2045 ± 16, respectively; 

D. Ravelstone Formation Pb-Pb detrital ages for meta-quartz wacke yielded maximum depositional 

age of 2015 Ma ± 22 (Nelson, 1997a); E. U-Pb ages of detrital zircons in the sample SAO of the 

Labouchere Formation (this study, refer to Chapter 4); F. Wilthorpe Formation U-Pb detrital ages for 

fragmental chert that resulted in a maximum age of deposition at 1996 Ma ± 35 (Nelson, 1997b). * 

Re-Os geochronological ages for of molybdenite for syn-genetic VMS mineralisation at the DeGrussa 

Deposit (Hawke et al., 2015). ** Ages determined by the stromatolite taxa in the Bubble Well Member 

(Grey and Pirajno, 2012). 

To the east, the Karalundi Formation conformably overlies the Johnson Cairn Formation (Yerrida 

Basin, Occhipinti et al., 2017). Close to the contact between these units (~4km east of the DeGrussa 

Mine), the clastic and magmatic sequence of the Karalundi Formation is intercepted by drill hole 

DGDD279 (Fig. 3.5-D). It shows siltstone and sandstone interbedded with preserved sedimentary 

features, such as bedding, cross-stratification, and flame structures (Fig. 3.6-C), within a package 

dominated by fine to medium-grained dolerite. The preserved structures indicate deposition over wet 

sediments and suggest that the siliciclastic rocks of the Karalundi Formation in the northeast part of the 

basin are not pervasively deformed. Additionally, mafic breccias show poorly sorted clasts of basalt 

and dolerite well preserved within a fine matrix (Fig. 3.6-D, E). The breccia is spatially associated with 

siliciclastic rocks, indicating an association with structurally reworked material, instead of volcanism. 

Similarly, sandstone and siltstone of the Karalundi Formation in the drill core intersecting an area 

located ~60km to west along strike from the DeGrussa Mine (Neptune Prospect; Figs. 3.1 and 3.5), 

show well preserved sedimentary features. Black (graphitic) shale associated with disseminated, not 

magnetic pyrite (Fig. 3.6-F) occurs intercalated with sandstone and siltstone, implying deep water 

sedimentation in an anoxic environment. Pyrite is also present parallel to the bedding and filling quartz 

veinlets and is locally replaced by pyrrhotite. Black shales show soft-sediment deformation displayed 

by tight folds (Fig. 3.6-F), indicating unlithified sediments during the syn-rift deformation, which 

deformed the siliciclastic rocks to different degrees due to their rheological contrasts. Basalts and 

dolerites either intercalate or overlain the sediments in this area. Their boundaries are characterised by 

chilled margins or silicified intervals, suggesting intrusive and structural contacts. Peperitic margin is 

also present, evidencing basaltic extrusion over wet sediments. Occhipinti et al. (2017) restrict the mafic 

rocks of the Karalundi Formation to the ones that are proximal to the Juderina Formation, Peak Hill 

Schist, or Archean basement areas in the region. Therefore, although it is difficult to determine the 

Karalundi and Narracoota formation boundaries, the mafic rocks in this area are considered to be the 

start of the Narracoota Formation. 

The variety in lithotypes within the Karalundi Formation resulted in a high range of density and 

magnetic susceptibility (Fig. 3.8). It contains a mean density of 2.77 g/cm3 (Fig. 3.8), in which the 

sedimentary rocks span from 2.07 to 2.8, while the basalts and dolerites range from 2.73 to 3.09 g/cm3. 

The susceptibility of the sediments resulted in a mean of 0.3359 x 10-3 SI, and the basalts and dolerites 
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8.36 x 10-3 SI. In the magnetic grids, the Karalundi Formation shows moderate to high amplitudes. 

Northeasterly linear trends associated with high amplitudes occur on the eastern part, related to 

siliciclastic rocks. Bordering the southern part of the Bryah Rift Basin, a faulted linear high magnetic 

feature is associated with the ferruginous arenites of the Karalundi Formation (Fig. 3.4). In the Bouguer 

anomaly map, the signature of the Karalundi Formation is characterised by overall high gravity values 

that can achieve 45mGal.  

In general, the Karalundi Formation comprises a regional depletion of K content, and a relative 

enrichment of eTh and eU (Fig. 3.3), which is the predominant radiometric signature within weathered 

areas. The shale/siltstones and sandstones in the southern margin of the basin, however, are associated 

with high contents of K due to the leaching of the Narracoota Formation’s basalts from the north (Fig. 

3.3). The high K signature follows toward the east, characterising outcrops of arenite and siltstone/shale. 

Interpretation of basalts of the Karalundi Formation to the east is based, in part, on their indicative 

extremely low radiometric response (Fig. 3.3). 

 

Figure 3.8: Summary of rock density and magnetic susceptibility plotted on a stratigraphic column of the Bryah 

and Padbury Basins, and the surrounding basement. The data show a density contrast between the 

clastic and chemical sediments of the Bryah and Padbury Groups, as well as between these with the 

rift volcanism. The density mean values of the granitic basement resulted in a range between 2.63 and 

2.76 g/cm3. Surface outcrop and drill core density values are shown by symbols combining box plots 

representing 75th percentile at the top and 25th at the bottom, whiskers at the minimum and maximum 

values, white circle at the mean value, horizontal white line at the median value, and black circles 
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representing outlier measurements. The number of samples is indicated inside the boxes, and the 

average (mean) values are listed in red. The red dotted line indicates the median density of the 

basement terranes. 

 

Table 3.1: Summary table of the lithologies of the geological units of the Bryah and Padbury groups, and their 

associated petrophysical properties and geophysical signatures in the magnetic, radiometric and 

gravity images. Density and magnetic susceptibility values are an average of the collected samples. 
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Narracoota Formation 

The Narracoota Formation forms the bulk volume of the Bryah Group. The unit conformably overlies 

and locally interfingers with the Karalundi Formation, and also interfingers with and is disconformably 

overlain by the Ravelstone Formation (Occhipinti et al., 2017; Pirajno et al., 2004; Pirajno and 

Occhipinti, 1998; Pirajno and Occhipinti, 2000). Based on geochemistry and petrology, Blandthorn 

(2015) separated the Narracoota Formation into five lithotypes: metabasalts, mafic schists, metabasaltic 

hyaloclastite, high-Mg basalts, and ultramafic rocks. 

Basaltic hyaloclastite and pillow basalt are present between the Murchison and Goodin faults in the 

southmost part of the Bryah Rift Basin (Pirajno et al., 2004; Pirajno and Occhipinti, 1998; Pirajno et 

al., 2000). In the central part of the rift, extensive exposure of the Narracoota Formation occurs over 8 

km south of the Robinson Range Syncline. This exposure contains massive pillow basalts outcropping 

on prominent hills, located among mafic schist and clastic rocks (Figs. 3.5 and 3.6-G). The pillow 

basalts are undeformed, although a non-pervasive foliation is present in places. Blandthorn (2015) 

interpreted these pillow basalts as high-Mg basalts and Pirajno and Occhipinti (1998) as lenses within 

the mafic schist domain. In this area, the mafic schist is associated with flat terrain overlain by extensive 

Cenozoic cover. Where outcropping, they follow the easterly trend of the Robinson Range Syncline and 

show a progressive reduction in foliation intensity with distance from the base of the hills. In the western 

part of the basin, less deformed small lenses of fine-grained greenish-grey basalt are present within 

strongly sheared mafic schists (Fig. 3.6-H). These rocks are bounded by the Kinders Fault and were 

likely emplaced by thrusting of the Narracoota Formation over the Padbury Group during the collision 

and accretion occurring of the Glenburgh Terrane to the north and west of the basin, that occurred 

during the Glenburgh Orogeny (Occhipinti et al., 2004).       

Extensive high-Mg basalt forms high hills to the northeast of the Robinson Range Syncline (Fig. 3.5). 

These basalts are massive, fine- to medium-grained, with hypabyssal dolerites present, indicating 

differentiation within the basaltic piles. Pillows are a common feature. To the west, the basalts contain 

well-developed schistosity, forming schistose outcrops, where pillow structures became rare (Fig. 3.6-

I). In the western part of the basin, high-Mg basalts, formerly referred to as the Dimble Member, is in 

fault contact with the Kerba Granite and Archean granites to the north, as well as with the Padbury 

Group to the south (Fig. 3.5). Like the high-Mg basalts to northeast and south of the Robinson Range 

Syncline, these mafic rock exposures form prominent hills that contrast with the flat surrounding 

terranes and show localised pillow lavas (Fig. 3.6-J).  

Sedimentary rocks within the Narracoota Formation comprise siltstones, quartzites, and iron formation 

that contain magnetic susceptibilities of up to 248 x 10-3 SI (Fig. 3.6-K). Siliciclastic lenses are found 

to the south of the Robinson Range Syncline within the mafic schist domain (Fig. 3.3). Purple siltstone 
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occurs to the west (Fig. 3.6-L), and a thin section indicates a foliated, quartz-dominated, and grain-

supported metasediment, within a sericite-clay rich matrix.  

New observations show that rocks from the Bryah Group rocks extend to the north, beneath the 

Bangemall Supergroup (Edmund and Collier basins). Mafic rocks of the Narracoota Formation underlie 

a sequence of chemical and clastic sedimentary rocks intersected in drill core SHD001A (Fig. 3.5A). 

Light to dark-grey dolomites are locally stromatolitic and brecciated and are intercalated with dark 

siltstone. These overlie a sequence of mafic schist, volcaniclastic rocks, and metabasalts, indicating a 

lack of sedimentary deposition, or erosion, in the upper units of the Bryah Group (Ravelstone and 

Horseshoe formations) and the overlying Padbury Group in this region. Rocks with 

intermediate/andesitic composition are present in two intervals: at ca. ~1335-1355m and ~1410-1487m, 

implying the presence of continental crust to the north. 

Metabasalt hyaloclastite and high-Mg basalts present similar petrophysical behaviour, characterised by 

low magnetic susceptibilities (<0.35 x 10-3 SI) and high-density values (>2.8 g/cm3, Fig. 3.9). Dolerites 

and gabbros also show this behaviour. On the other hand, metabasalts produced a density range that 

varies between 2.98 to 2.65 g/cm3, resulting in an average of 2.86 g/cm3. In the magnetic images, basalts 

show mostly low magnetic properties, and basalt hyaloclastite present flat magnetic relief and low 

intensity (Fig. 3.4).  

The mafic schist densities span from 2.77 to 2.87 g/cm3, and their susceptibilities locally reach 34.9 x 

10-3 SI (Fig. 3.9). The mafic sequence that extends from 535m to ~990m to the north of the basins and 

is overlain by the Bangemall Supergroup yielded the highest susceptibility measured. This high 

susceptibility response compared with the ones showed by the dolomites (0.029 x 10-3 SI) and basalts 

(2.13 x 10-3 SI) in the sequence forms a circular magnetic anomaly on the area. Similarly, mafic schist 

in the central part of the Narracoota Formation, at the Neptune Prospect, yielded the highest 

susceptibility in the sequence (17.2 x 10-3 SI), which contrasts with the volcanic (0.5 x 10-3 SI) and 

siliciclastic rocks (0.3 x 10-3 SI). High frequencies trending NW-SE, and which mark magnetic 

foliations and localised folds, as well as circular anomalies, are present in the area between the 

Murchison Fault and the Robinson Range Syncline (Fig. 3.4) and are assumed to represent the magnetic 

response of the mafic schists. The anomalies related with the mafic schist to the north of the Murchison 

Fault may comprehend shallower and/or higher susceptibility anomalies in comparison with mafic 

schist beneath the Collier and Edmund Basins, due to the former’s stronger magnetic amplitude.  

Northwest and northeast-trending high gravity amplitudes are related with mafic and ultramafic rocks 

of the Narracoota Formation. Two main easterly gravity trends are associated with the greater gravity 

anomaly in the central-southern part of the Bryah Rift Basin (Fig. 3.4C). Toward to west, the 

mafic/ultramafic rocks show medium to high gravity amplitudes. These rocks present high-density 

values, but their narrow geometry make their signature attenuated in a regional 2D gravity grid maps. 
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Figure 3.9: Correlation graphic of dry bulk density Vs. magnetic susceptibility of the Narracoota Formation.  

 Ravelstone Formation 

The Ravelstone Formation is interpreted as a turbiditic succession, made up of a repeated upward fining 

succession of lithic and quartz wacke, shale and siltstone, deposited on the top of the Narracoota 

Formation (Pirajno et al., 2004; Pirajno and Occhipinti, 2000). Felsic volcanic rocks previously 

attributed to the upper Narracoota Formation were included in the base of the Ravelstone Formation by 

Occhipinti et al. (2017) due to their intercalation with siliciclastic rocks alike to this formation, and their 

spatial occurrence limited to the northern portion of the Bryah Rift Basin (Fig. 3.5).  

Maximum depositional age of 2014 ± 22 Ma (Nelson, 1997a; Fig. 3.7) limits the sedimentation of the 

Ravelstone Formation. Detrital zircons from a poorly-sorted sandstone yield most of the ages between 

2.78 and 2.63 Ga, indicating that the primary source for the sediments was the Yilgarn Craton (and the 

Marymia Inlier, Nelson, 1997a). Remaining zircons indicate ages of 3587 ± 4 Ma and 3625 ± 5 Ma 

suggesting sources from Narryer Complex (Nelson, 1997a; Fig. 3.7).  

The felsic volcanic rocks of the Ravelstone Formation is considered to signal the cessation of the mafic 

volcanism of the Narracoota Formation (Occhipinti et al., 2017). These rocks are observed in contact 

with the basalts of the Narracoota Formation at the Fortnum and Horseshoe Lights mines. At the 

Fortnum gold mine, fine-grained siltstone, and intermediate-dacitic crystal tuffs overlay a succession 

of ultramafic to mafic schists, with some jasperoidal chert lenses and fragmental volcaniclastic rocks 
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(Swager and Myers, 1999). The mineralisation at Horseshoe Lights is hosted in mylonitised chloritic 

and sericitic schist, which has undergone supergene enrichment (Pirajno, 2004).   

New drilling ~800 m southeast of the Horseshoe Lights’ open pit intersected a sequence of foliated 

metavolcanoclastic rocks intercalated with andesite/dacite, and porphyritic layers, with intense epidote 

and chlorite alteration. The porphyries present contain 2 to 25 mm phenocrysts of plagioclase, with 

subordinate quartz phenocrysts, within a purplish groundmass, and are foliated and sheared, showing 

elongated and rotated phenocrysts. Chilled margins are present at the contact between 

metavolcanoclastic rocks and the felsic porphyritic intrusions. The association of felsic volcaniclastics 

and felsic porphyries close to the VMS mineralisation at the Horseshoe Lights, questions the host and 

genesis of the mineralisation at the Horseshoe Lights’ deposit. This upper intermediate-felsic mixed 

sequence is in tectonic contact, marked by ~1m of brecciated quartz vein, over basalts and dolerites of 

the Narracoota Formation.  

Plagioclase porphyries have a higher susceptibility (~ 17 x 10-3 SI) compared with the felsic volcanic 

domains (~ 6 x 10-3 SI), and the mafic volcaniclastic rocks (1.7 x 10-3 SI) in the sequence (Fig. 3A-3 in 

Appendix 3A). A decrease in susceptibility is present where intense epidote-chlorite alteration develops, 

indicating oxidation of magnetite, and composing a probable distal alteration halo. The overall magnetic 

susceptibility of the Ravelstone Formation indicates a mean of 0.85 x 10-3 SI. In the magnetic grids, this 

unit is associated with flat relief and low amplitude domain, which is cut by easterly mafic dykes bearing 

both positive and negative magnetism. The density of the siliciclastic and volcaniclastic rocks of the 

Ravelstone Formation resulted in a mean of 2.59 g/cm3. A small standard deviation of 0.21 g/cm3 

indicates a minor difference between the densities of these lithotypes. In the Bouguer anomaly image, 

low gravity amplitudes characterise the unit and correspond to the gravity signature of the northern part 

of the basin (Fig. 3.4). 

Horseshoe Formation 

The Horseshoe Formation comprises finely laminated ferruginous (hematitic) shale and siltstone, and 

fine-grained quartz-feldspar wacke with interleaved iron formation and chert (Swager and Myers, 

1999). Rocks of the Horseshoe Formation are present in the southwestern and centre-northern parts of 

the Bryah Rift Basin (Fig. 3.5), where the outcrops of BIF result in a prominent topography. The basal 

siliciclastic sequence represents a gradational transition from the turbiditic package of the Ravelstone 

Formation, from a deep to a shallow water environment, suggesting sedimentation in post-rift thermal 

subsidence (Krapez and Martin, 1999). The overlain iron formations mark the cessation of detrital influx 

to the Bryah Rift Basin. Massive and fine iron-formation are present on the Horseshoe Range to the 

north, whereas banded iron formation with variable width of chert and iron oxide layers that can achieve 

more than 5cm occurs at the Padbury Syncline and Mount Padbury, in the southern part of the basin. 
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These contrasting characteristics of iron-formations may suggest shallower deposition towards the 

north, and therefore, a deepening of the basin to the south.  

The iron formation rocks contain high-density values ranging between 2.97 and 3.7 g/cm3, and magnetic 

susceptibilities that reach up to 39.6 x 10-3 SI (Fig. 3.8). The magnetisation in the Horseshoe Range, a 

northwestern-southeastern trend hill on the north part of the basin (Fig. 3.5), varies between weakly 

magnetic chert and quartz dominated samples to highly magnetic magnetite-rich BIFs (Patterson et al., 

2018). This compositional variance, associated with alteration and remanent magnetisation, assigned a 

magnetic susceptibility between 0.62 to 527.51 x 10-3 SI to the rocks from the Horseshoe Range 

(Patterson et al., 2018). The BIFs in the Robinson Range Formation stands out in the TMI and 1DV 

magnetic images (Fig. 3.4), due to their high amplitude and frequency. Low magnetic amplitude 

associated with flat to moderate relief characterises the Horseshoe Formation in other areas. The BIFs 

also contain the highest density values of the basins (Fig. 3.8). However, their narrow geometry, hence 

few gravity measurements, associated with their small thickness, make their signature attenuated in the 

Bouguer anomaly grid (Fig. 3.4). In radiometric images, the BIFs illustrate a low radiometric response, 

contrasting with the deeply weathered surrounding areas (Fig. 3.3). 

3.4.4 Padbury Basin 

The Padbury Basin is made of the Padbury Group, which comprises siliciclastic, carbonate and banded 

iron formation rocks (Martin, 1998; Pirajno and Occhipinti, 1998). The group unconformably overlies 

the Bryah Group, and in places is in faulted contact with the Bryah Group and the Yarlarweelor Gneiss 

Complex (Martin, 1998; Pirajno and Occhipinti, 1998; Pirajno et al., 2000; Swager and Myers, 1999). 

Four formations divide the Padbury Group, which from the oldest to youngest are: Labouchere, 

Wilthorpe, Robinson Range, and Millidie Creek (Martin, 1998; Pirajno et al., 2004; Pirajno et al., 2000; 

Figs. 3.5 and 3.7). The age of the Padbury Group is constrained by a maximum depositional age of 1996 

± 35 Ma (Nelson, 1997b), from a coarse-grained chert of the turbiditic sequence within the Wilthorpe 

Formation (Fig. 3.7).  

Labouchere Formation 

The Labouchere and Wilthorpe formations at the base of the Padbury Group (Lower Padbury Sequence; 

Fig. 3.10) are interpreted to be an upward-coarsening sequence developed in a deep-water environment 

within the same turbidite depositional system (Martin, 1998). The Labouchere Formation represents an 

aggradational to progradational turbidite fan complex, whereas the Wilthorpe Formation was deposited 

as a retrogradational turbiditic clastic wedge that filled local paleochannels (Martin, 1998). The 

turbidites of the Lower Padbury Sequence were derived from a granite gneiss basement (Yilgarn 

Craton) and by reworking of underlying sedimentary and mafic volcanic rocks of the Bryah Basin 
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(Martin, 1998). Regionally, the Labouchere Formation unconformably overlies the Horseshoe 

Formation, although locally this contact can be found conformable, marked by a conglomerate unit 

(Martin, 1998; Pirajno and Occhipinti, 1998).  

 

Figure 3.10: Lower Padbury Sequence stratigraphy based on Martin (1998) and schematic log of the drill hole 

DGDD404 (see Figure 3.5 for location). DGDD404 intersects an extremely weathered upward-

coarsening basal sequence of the Robinson Range Formation in fault contact with the underlying 

Wilthorpe Formation. 

Cycles of quartz wacke with thick siltstone interbeds, and quartz arenite, as well as minor conglomerate, 

dominate the Labouchere Formation (Martin, 1998, Fig. 3.10). In the west part of the Padbury Basin, 

between the Billara Fault and the Despair Granite (Fig. 3.5), the quartz wacke presents quartz pebbles, 

and inequigranular recrystallised quartz crystals oblique or in straight angle with the muscovite planes, 

which mark foliation planes (Fig. 3.11-A, B). Quartz-muscovite schist also occurs in this area, as a 

result of the increase in strain and metamorphism toward the west, due to the interleaving of the basins 

with the Yarlarweelor Gneiss Complex during the Glenburgh and Capricorn orogenies (Occhipinti et 

al., 2004). The Labouchere Formation is also pervasively foliated, in the southwestern portion of the 

region, where it is in tectonic contact with the Yarlarweelor Gneiss Complex to the north, and with 

mafic volcanic rocks to the south (Fig. 3.5). In this area, the formation consists of regular bedded quartz 

wacke (Occhipinti et al., 1998a) and muscovite-quartz schist, and contains upright north-easterly 

trending foliation that is parallel to the Kerba Fault (Fig. 3.11-C). In the east, Cenozoic material widely 
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covers the Labouchere Formation. An up-ward fining cycle of folded quartzite, siltstone, and minor 

shale followed by a thin iron-formation layer occurs to the east (Fig. 3.11-D). There is, therefore, a 

decrease in grain size from west to east, suggesting a growing distance from the detrital source, 

following the architecture of foreland basins that are filled longitudinally, and display the depocentre 

adjacent to the location of the crustal load, from which the sediments thin gradually away (Cant and 

Stockmal, 1994; Miall, 1990).  

Siliciclastic rocks of the Labouchere Formation yield a magnetic susceptibility mean of 0.18 x 10-3 SI. 

The unit commonly exhibits low to moderate magnetic amplitude with flat relief on the magnetic images 

(Fig. 3.4). Localised high magnetic frequencies and amplitude in the central-southern part of the 

Labouchere Formation are associated with iron-formation layers, although they are rarely magnetic in 

outcrop, suggesting that weathering changed their physical properties. The reduction of the magnetism 

in rocks can occur due the transformation of the iron to the haematitic Fe3+ state (Dentith and Mudge, 

2004). These iron-rich layers are folded into tight to isoclinal northerly trending upright folds that 

abruptly terminate to the west, where they are truncated by the northerly trending faults (Fig. 3.5). The 

density measurements of the siliciclastic rocks of the Labouchere Formation resulted a mean of 2.47 

g/cm3. The Bouguer anomaly image contains low to medium gravity amplitudes over the Labouchere 

Formation (Fig. 3.4). This gravity signature, however, represents regional anomalies, related to deeper 

sources. The Labouchere Formation is characterised by the depletion of K content and relative 

enrichment of eTh and eU, which attributes to the unit a cyan colour in the radiometric RGB image 

(Fig. 3.3). The central part of the unit is marked by relatively high K, eU and eTh radioelements within 

quartz-rich interfluves of the Murchison River, and therefore, represent leached sediments.  

Wilthorpe Formation 

The Wilthorpe Formation has its type section west within the Padbury Syncline, where it reaches 1300 

meters thick (Martin, 1998). This unit is also exposed south of the Robinson Range Syncline and west 

of the Millidie Syncline (Fig. 3.5). Detrital zircons resulted from coarse fragmental chert a maximum 

depositional age of 1996 ± 35 Ma, while the other grains span from 2825 and 2944 Ma, and between 

2610 and 2730Ma (Nelson, 1997b; Fig. 3.7), indicating detrital sources from the Yilgarn Craton or 

Marymia Inlier. The Wilthorpe Formation is divided into the Beatty Park and Heines members 

(Occhipinti et al., 1997), and consists predominantly of pebble and cobble conglomerates, with minor 

quartz wacke and siltstone (Martin, 1998; Fig. 3.10). The conglomerate consists of poorly sorted clasts, 

ranging from pebbles to boulders, within a sericitic matrix (Fig. 3.11-E, F). Clasts comprise mainly 

quartz (Fig. 3.11-F), but clasts of chert, quartzite, granite, amphibolite, and sandstone may also be 

present (Martin, 1998).  
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Figure 3.11: Lower Padbury Sequence: outcrop (A) and thin section in cross-polarized light (B) of the foliated 

quartz wacke with quartz pebbles of the Labouchere Formation, between the Billara Fault and the 

Despair Granite; C. muscovite-quartz schist of the Labouchere Formation outcropping in the 

southwestern part of the basins, in contact with the Yarlarweelor Gneiss Complex; D. thin iron-

formation layer of a folded up-ward fining sequence of the Labouchere Formation in its eastern part; 

E. conformable contact between conglomerate and quartzite of the Wilthorpe Formation; F. thin 

section of the Wilthorpe Formation’s conglomerate, illustrating its poorly sorted clasts within a quartz-

sericite matrix; G. planar and cross lamination in siltstone interbedded with shale of the Wilthorpe 

Formation at the DeGrussa drill hole DGDD404; H. contact between siltstone and conglomerate of 

the Wilthorpe Formation, showing flame structures and load cast; I. Laminated BIFs bearing chert and 

iron oxide layers with a width of over 3cm, outcropping on the west limb of the Fraser Syncline; J. 

massive non-magnetic BIF’s on the southwestern part of the Padbury Syncline; K. siltstone and shale 

steeply dip at the base of the Robinson Range; L. hand sample of a laminated shale from the base of a 

BIF hill in the Padbury Syncline. Abbreviations: Abbreviations used: Qtz - quartz, Ms - muscovite, Bt 

- biotite; Ser - sericite. 

  

Drilling over the eastern part of the Robinson Range Syncline (DGDD404) intercepted a sequence of 

the Wilthorpe Formation in fault contact with the overlying Robinson Range Formation (Fig. 3.10). The 
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sequence shows an upward-coarsening grading and contains conglomerate intercalated with dark 

siltstone, fine- to medium-grained sandstone, and shale. The siltstone is interbedded with shale and 

includes very thin to thin planar lamination with localised cross-lamination (Fig. 3.11-G), indicating an 

upper-flow-regime in conditions of weak currents. Flame structures and load casts are observed at the 

contact between the siltstone and conglomerate (Fig. 3.11-H), indicating deposition over wet sediments.  

Low-density values that resulted in an average of 2.48 g/cm3 characterise the siliciclastic rocks of the 

Wilthorpe Formation. These rocks have a magnetic susceptibility mean of 0.32 x 10-3 SI. The limited 

exposure of the Wilthorpe Formation hampers the characterisation of this unit on the geophysical 

images. An overall low to moderate magnetic amplitude, and a low gravity amplitude, as well as a lack 

of K on radiometric grids, are the geophysical responses of the Wilthorpe Formation (Tab. 3.1). These 

signatures, however, may also reflect, in part, surrounding lithologies.  

Robinson Range Formation 

The deposition of fine-grained siliciclastic rocks and banded iron formation in the upper sequence of 

the Padbury Group (Robinson Range and Millidie Creek formations) indicates a change from deep to 

shallow water deposition in a lacustrine or marine platform (Martin, 1998). The Robinson Range 

Formation is made up of BIF, siltstone, shale, and iron-rich shale, with granular iron-formation forming 

irregular lenses (Occhipinti et al., 1998a). The BIFs attributed to the Robinson Range Formation show 

the most prominent topography in the basins and define the Fraser and the Robinson Ranges.  

In the Fraser Range, large outcrops of BIF occur in easterly trending drainage. Steep dipping folded 

BIF with bands of chert and iron oxide is locally over 3cm thick (Fig. 3.11-I). Outcrops of iron-

formation in the Robinson Syncline are scarcer. In this area, the BIFs contain layers of quartz and shale 

ranging from 2mm to more than 3cm width, while iron oxides bands are wider (<3cm). A northwestern 

increase in the proportion of iron-formation relative to shale may suggest that the iron source was to the 

northwest (Goode et al., 1983). Also, BIF on the southwestern part of the Padbury Syncline presents a 

more massive appearance (Fig. 3.11-J), which probably is the result of advanced weathering or a higher 

shale/iron ratio. Reddish shale and siltstones are typical at the base of BIF hills (Fig. 3.11-K), indicating 

the shallowing-up sedimentation of the formation. These shale and siltstones consist of fine-grained 

sericite, quartz, chlorite, and iron oxides (Occhipinti et al., 1998a), are finely laminated, and often 

present trends that follow the ridge direction, as well as moderate to sub-vertical dipping (Fig. 3.11-L). 

A broad density range between 2.21 and 3.53 g/cm3 was measured on the samples from the Robinson 

Range Formation (Fig. 3.8). The BIFs and granular iron formations generated a density average of 3.23 

g/cm3, while the ferruginous shale, siltstone and sandstone yielded a lower mean density of 2.41 g/cm3. 

This significant contrast is also apparent in the magnetic susceptibility results, in which siliciclastic 
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rocks yield a mean of 1.51 x 10-3 SI, and the iron formations 28.11 x 10-3 SI. The BIFs of the Robinson 

Range Formation contain the highest magnetic amplitudes in the basins. A pronounced elongated 

magnetic easterly trend marks the Robinson Range Formation (Fig. 3.4). These anomalies are associated 

with a considerable adjacent negative anomaly that represents the lowest magnetic amplitude in the 

area, forming a dipole anomaly response for these magnetic sources, and masking the local magnetic 

signature (Fig. 3A-2 in Appendix 3A). The easterly trend is enhanced by isoclinal folding, which is sub-

parallel to the adjacent contacts with the Archean terranes. Towards the west, the unit exhibits a 

prominent magnetic signature characterised by a north-south trending elongated positive magnetic 

feature that reaches ~60 km (Fig. 3.4). The north-south strike is sub-parallel to the contact of the Bryah 

and Padbury basins in this area with the Yarlarweelor Gneiss Complex and is truncated to the north by 

the slightly magnetic easterly trending Mount Clere Fault (Figs. 3.1 and 3.5). Despite the high-density 

values of the BIFs of the Robinson Range Formation (Fig. 3.8), the unit comprises an attenuated 

signature in the Bouguer anomaly image due to its narrow and shallow geometry, like the Horseshoe 

Formation. In addition, these rocks are characterised by a low radiometric gradient (Fig. 3.3).  

Millidie Creek Formation 

The Millidie Creek Formation consists of iron-rich shale and siltstone, iron-formation, sericitic shale, 

dolomitic sandstone and quartz wacke (Occhipinti et al., 1998a). The formation is poorly exposed 

around the basin, being limited to two synclines: the Fraser and the Robinson Synclines (Fig. 3.5). In 

the former, medium-grained sandstone with quartz veins, and magnetic portions, are found overlain by 

granular iron formation. In the Robinson Syncline, ferruginous shales, locally limonitic siltstones, 

sandstone and granular iron-formation are present (Adamides, 1998; Pirajno and Occhipinti, 1998). The 

lithofacies association of the Millidie Creek Formation looks like from deltaic systems adjacent to an 

arid climate, platform carbonate and iron-rich systems (Krapez and Martin, 1999).  

3.5  Formation of the Bryah Rift Basin and the Padbury Basin 

The Bryah Rift Basin was developed within the Windplain Group (Yerrida Basin, Occhipinti et al., 

2017), which genesis is related to a sag basin formed on the northern part of the Yilgarn Craton (Pirajno 

and Occhipinti, 2000; Figs. 3.12 and 3.13). In the context of the Bryah Rift Basin, the Windplain Group 

represents the pre-rift phase (Fig. 3.12), which had the absence of a major boundary fault systems, and 

hence, a dominance of thermo-flexural over fault-controlled subsidence. Basalts intercalated within 

siliciclastic rocks of the Juderina Formation in the northern Yerrida Basin indicates that the subsidence 

was associated with intraplate volcanism (Fig. 3.13). These mafic intrusions signed the incipient rift 

and may have resulted in significant subsidence early in the basin development. The continuing 

extension of the Yerrida sag basin evolved into the Bryah Rift in the northern part of the Windplain Sag 
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Basin. The early rift structures are likely to have developed in weak parts of the Yilgarn Craton, 

dictating the setting and the orientation of the Bryah Rift. The extension extended east- to northeast-

trending normal faults that bound the northern and southern margins of the Bryah Rift. The Goodin 

Fault represents the large-scale border fault of the Bryah Rift (or Bryah Trough). Deepening of the 

trough north of the Goodin Fault led, ultimately, to the deposition of the Bryah Group (Occhipinti et 

al., 2017).  

 

Figure 3.12: Generalized stratigraphic column of the Bryah and Padbury groups, as well of the Windplain Group 

at the northern part of the Yerrida Basin, with the summary description of theirs lithofacies, 

depositional systems, environment setting, and tectonic stage. 

The border faults of the Bryah trough restrict the early rift sediments of the basal Karalundi Formation 

(Figs. 3.5 and 3.13). They consist mainly of clastic deposits derived from the adjacent Archean Yilgarn 

Craton, as constrained by radiometric ages of detrital zircons (Fig. 3.7; refer to Chapter 4). The 

geometry of rifts’ troughs, conditioned by the development of extensional faults, strongly controls early 

syn-rift sedimentation (Fig. 3.13). In the Bryah Rift, early sedimentation is associated with the 

deposition of sandstones, siltstones and shales in alluvial fans, fluvial and lacustrine environments 

(Pirajno et al., 2004; Pirajno and Occhipinti, 1998; Pirajno and Occhipinti, 2000), which generated a 

great lateral variation of facies in the Karalundi Formation. The continuous movement of the syn-rift 
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faults is associated with the onset of rift magmatism. Intermingling between siliciclastic rocks and 

basalts occurs in the upper Karalundi Formation. These rocks host VMS mineralisation on the east part 

of the Bryah Group. At DeGrussa copper-gold deposit, sulphides substitute basalt fragments and 

sediments, concordantly to the bedding, illustrating the syn-genetic character of the mineralisation. 

 

Figure 3.13: Schematic environmental depositional settings of the Windplain, Bryah and Padbury groups. A. 

Environmental setting of the Windplain Group, illustrating the deposition of shallow low relief 

sediments within an intracratonic sag basin, and the intraplate mafic magmatism that signed the 

incipient rift; B. Deposition setting of the syn-rift sediments of the Karalundi Formation, associated 

with the development of normal faults and mafic volcanism; C. An advanced syn-rift stage correlated 

with voluminous deposition of mafic magmatism of the Narracoota Formation; D. Syn- to Post- rift 
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stage of the Bryah Rift, illustrating the extrusion of felsic magmatism, and the deposition of turbidite 

sediments in an upward fine succession of the Ravelstone Formation; E. Post-rift succession of the 

Horseshoe Formation, with deposition of siliciclastic and BIFs within a shallow marine system.  

The following voluminous magmatism of the Narracoota Formation extruded mostly within a deep 

submarine trough (Fig. 3.13), as implied by the widespread pillow basalts, the intense albitisation of the 

basalt hyaloclastite attributed to sweater metasomatism (Pirajno et al., 2000), and the lack of pyroclastic 

fragments. Basalt hyaloclastite delimitates the southern border of the Bryah Rift, as the northern border 

is defined by high-Mg basalts that form a strip parallel to the divergent rift boundaries, with a length of 

approximately 70km. These rocks, together with the high-Mg basalts to the west of the Padbury 

Syncline (formerly Dimble Member), may be inferred as the earlier volcanism of the Narracoota 

Formation. Easterly trending gravity anomalies within the strong positive anomaly that characterise the 

Narracoota Formation may indicate different main extrusion centres for the magma extrusion. The little 

sedimentary interleaving within the rocks of the Narracoota Formation indicates high rates of eruption 

in a short time. However, the presence of iron formations suggest pauses in eruption activity.  

Felsic magmatism limited on the north part of the Bryah Rift Basin signal the cessation of the mafic 

volcanism (Occhipinti et al., 2017). Felsic volcanic rocks and plagioclase porphyries are evidence of 

continental crust. Also, siliciclastic-felsic VMS mineralisation, similar to that seen at the Horseshoe 

Lights, is indicative of the presence of epicontinental shelf (Morgan and Schulz, 2010).   

Rift magmatism is commonly followed by thermal contraction and subsidence that generates 

accommodation space for sediments, resulting in the onset of a post-rift phase (Allen et al., 2015; Miall, 

1990). The siliciclastic sequence of the Ravelstone Formation characterises the beginning of the post-

rift stage at the Bryah Rift (Figs. 3.12 and 3.13). The turbidite flows of the Ravelstone Formation were 

deposited in a deepened basin restricted to the northern part of the Bryah Rift Basin, where the 

sediments interdigitate with the felsic volcanic rocks. The deposition of the siliciclastic and chemical 

sediments of the overlying Horseshoe Formation occurred in a more broadly based subsidence, as 

besides its occurrence to the north, the formation is also present in the southern Bryah Rift Basin (Fig. 

3.5). 

Lithospheric extension ceased due to the collision between the Glenburgh Terrane and the Yilgarn 

Craton (Occhipinti et al., 2017; Occhipinti et al., 2004). The deposition of the Padbury Basin during the 

Glenburgh Orogeny marks the changing of geological setting from extensional to contractional 

(Occhipinti et al., 2017). Thrust and reverse faults transfer mass laterally and develop crustal loading 

(Nichols, 2009). A downward flexural motion on the Bryah Rift Basin region provided space for the 

deposition of the Lower Padbury Sequence in a peripheral foreland basin (Fig. 3.14), to the orogen 

located to the northwest (refer to Chapter 4). The deepest parts of the turbiditic sequence of the 

Labouchere and Wilthorpe formations are found closer to the thrust sheets in the west of the Padbury 
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Basin (Martin, 1998), where the coarser sediments were piled (Fig. 3.14). As the sediment supply 

increased, the sedimentation migrated away from the suture zone toward the east, associated with a 

decrease in the grain size of the sediments, as evidenced by the shales and BIFs of the Labouchere 

Formation. The Wilthorpe Formation was deposited as a retrogradational turbiditic clastic wedge that 

filled local paleochannels during onlap of the Bryah Group by the Padbury Group (Martin, 1998).  

 

 

Figure 3.14: A. Environmental setting of the Padbury Group showing the deposition of the turbidite package of 

the lower Padbury Sequence (Labouchere and Wilthorpe formations) within a deep water system in 

a Foreland basin; B. deposition of the siliciclastic and chemical sediments of the Robinson Range 

and Millidie Creek formations filling the foreland basin. 

The Robinson Range and Millidie Creek formations followed the evolution of the Padbury foreland 

basin, filling it up (Fig. 3.14). These formations are considered to have been developed during a 

subsequent extensional phase and are possible equivalents to the basal sequence of the Earaheedy Basin 

to the east (Occhipinti et al., 2018; Occhipinti et al., 2017). The deposition of the Robinson Range 

Formation occurred in a stable tectonic basin, as is implied by the widespread BIFs. The upper Padbury 

sequence also reflects changes in the water depth and composition of the sediments. It is assumed to be 

coeval with mostly humid and warm paleoclimate (e.g. Condie, 1997), as well as with a global 

oxygenation event and a worldwide peak in the deposition of iron formation (e.g. Bekker et al., 2010). 

The deposition of Fe-rich shales of the Robinson Range Formation within shallow water marks the 

beginning of iron precipitation in an oxidised form, and therefore, a period of increase in oxygen 

availability or changes in the water chemistry. Cyclic changes of these patterns controlled the deposition 

of shale, chert, and iron oxide bands within the BIFs packages. The deposition of the Padbury Basin in 

a continuing extensional setting (Occhipinti et al., 2017), concluded with the siliciclastic, iron 
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formation, and carbonate rocks of the Millidie Creek Formation. Granular iron formation overlying 

siliciclastic rocks within the Millidie Creek Formation suggests deposition in shallow water and high 

energy environment (e.g. Trendall, 2002).    

Deposition in the Padbury Basin ceased with the initiation of the Capricorn Orogeny at ca. 1820 Ma, 

which was responsible for the structural reworking of the Bryah and the Padbury basins, causing 

regional prograde and retrograde greenschist facies metamorphic episodes, reactivation of pre-existing 

faults, and input of hydrothermal fluids that resulted in gold mineralisation (Occhipinti et al., 2017; 

Occhipinti et al., 1998c; Pirajno and Occhipinti, 1998). 

3.6  Conclusion  

The revised lithostratigraphy of the Bryah and Padbury basins allows an updated interpretation of their 

geological units and evolution phases. The Bryah Rift Basin (Yerrida Basin) displays early 

sedimentation of the Karalundi Formation, followed by mafic and felsic volcanism of the Narracoota 

and Ravelstone formations, respectively. These units evolved in a rift, controlled by northwestern and 

northeastern trending extensional fault systems, and formed within the northern part of the Windplain 

Group of the Yerrida Basin (Occhipinti et al., 2017). The Windplain Group is interpreted to represent 

the pre-rift sequence of the Bryah Rift, in which the sedimentary succession was deposited by the 

influence of the subsidence of the early stages of rifting, as indicated by the intraplate volcanism. A 

post-magmatic thermal subsidence phase may have followed the development of the Narracoota 

Formation due to its high-density load, accommodating the sediments of the Ravelstone Formation and 

the subsequent shallow marine BIFs of the Horseshoe Formation of the Bryah Group. The siliciclastic 

sediments of the Padbury Basin evolved in a syn-orogenic phase, represented by the Glenburgh 

Orogeny (2005-1960 Ma,  Occhipinti et al., 2004).  

Geophysical interpretation constrained by petrophysical characterisation has proved to be an important 

tool for the mapping of geological units in the Bryah and Padbury groups, in the highly weathered 

southern Capricorn Orogen. In particular, this combined approach aided the differentiation of the syn-

rift mafic/ultramafic units of the Bryah Group, which express singular characteristics both in the 

magnetic maps and in their physical properties. For instance, magnetic anomalies that show high 

frequency and amplitude, as well as to characterise the more deformed domain in the Bryah Rift Basin, 

could be associated with high magnetic susceptibility of mafic schist rocks measured on samples 

collected in recent drill core in the area. Furthermore, two large easterly gravity anomalies may indicate 

different main channels for the rift magma extrusion, and airborne radiometric data associated with 

Landsat imagery, allowed the distinction between siliciclastic and mafic rocks, showing that this 

analysis can add resources to support a better geological comprehension.
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Figure 3A-1: Landsat-8 colour composite image (145-RGB) of the Bryah and the Padbury basin’s region showing 

well discernible iron formations due to the high iron content associated with the typical vegetation, 

as well discernible mafic-ultramafic rocks of the Narracoota Formation, and the discrimination 

between latter (highlighted in pinkish and brownish colours) and adjacent sedimentary rocks. White 

dashed line marks the basins’ limits. A. High-Mg and ultramafic volcanic rocks of the Dimble 

Member contrasting with the Padbury Group’s sediments, as well as with the Archean granites; B. 

Outcrops to the south of the Robinson Range Syncline showing distinct spectral signatures between 

the metabasalt and the metasediments; C. Basalt hyaloclastite of the south part of the Bryah Basin 

well discriminated in a brownish colour, contrasting with Karalundi Formation’s sediments of the 

southern border of the Bryah Rift Basin; D. High-Mg basalts to the northeast of the Robinson Range 

Syncline distinguishable from the deposits of the Karalundi and Juderina formations; and E. 

Extensive outcrops of high-Mg basalts to the northeast of the Robinson Range Syncline, and a stick 

figure of a person pointing a human scale. The Landsat8 RGB colour composition using the bands 

256, and alternately 257 or 142, better discriminated outcropping mafic/ultramafic volcanic and 

adjacent sedimentary rocks, and hence, were the band combinations used for interpretation. The 

principal element for this distinction is the different amount of ferrous iron between the 

mafic/ultramafic volcanic rocks and the clastic sediments, which produces a contrast in the visible 

and near-infrared spectrum - bands 1 to 5. Also, the presence of carbonate and clay minerals in the 

sedimentary rocks causes absorption features at the bands 6 and 7, increasing the contrast between 

the sedimentary and mafic rocks. 
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Figure 3A-2: A. TMI image of the Robinson Range Syncline showing the highest magnetic amplitude in the 

basins caused by the BIFs of the Robinson Range Formation, and A-A’ magnetic profile illustrating 

the high magnetic amplitude of the banded-iron formation rocks of the Robinson Range Formation 

and their dipole response at ~ 12-14km; B. Bouguer anomaly image of the central part of the basins 

illustrating the high gravity amplitude coincident with the mafic rocks of the Narracoota Formation, 

and B-B’ gravity profile showing a small depression between two gravity highs. 

 

 

Figure 3A-3: Representative graphic lithological log of the Horseshoe Lights’ drill hole RCD-358; and not to 

scale sample textures of the rocks in the felsic-intermediated sequence of the Ravelstone Formation, 

and the bottom mafic sequence of the Narracoota Formation. Density and magnetic susceptibility 

measured on the drill hole RCD-358.  
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Figure 3A-4: Representative graphic lithological log of the DeGrussa Mine regional drill core DGG347 (see Fig. 

3.5 for location). A. Black shale showing tight folds; B. Stromatolitic dolomite; C. Contact between 

the dolomite of the Juderina Formation (pre-rift sequence of the Bryah Rift) and the underlying 

amphibolites intercalated with granites within the Marymia Inlier (basement); D. Outcrop of 

dolomites of the Juderina Formation in the southwestern part of the Yerrida Basin (to the south of 

the Trillbar Complex; see Fig. 3.5 for location).       
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Appendix 3B 

   

Petrophysical Data of the Bryah and Padbury Groups 

and Surrounding Geological Units   
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3B-1 Introduction 

The petrophysical parameters measured on samples collected on the Bryah and Padbury Basins and 

surrounding terranes were bulk density and magnetic susceptibility. In total, 291 samples were 

submitted for density measurements, whereas 5787 magnetic susceptibility measurements were taken 

in 509 on outcrops and drill core samples. Density and magnetic susceptibility measurements were 

taken on samples from drill core available for studies within the Bryah and Padbury Basins. These 

included drill holes from the Fortnum Mine, Neptune Project, Shelby Project, Horseshoe Mine and 

DeGrussa Mine (see Fig. 3.5 for location). Density measurements were taken after the outcrop samples 

have been cut, to discharge the weathered portions, aiming for measurements on portions of fresh rocks. 

Further, petrophysical measurements taken on eight samples from the granitic basement around the 

Bryah and Padbury Basins, and part of the GSWA database, were added to this analysis to constrain 

better the petrophysical contrast between the basement and basin infill.  

3B-2 Petrophysical Measurements 

3B-2.1 Density  

The density measurements on outcrops and drill core samples were made following the Archimedes’ 

Principle, and according to the methodology described in Emerson (1990). First, the dry samples were 

weighed in an electronic precision scale in air. Then, after two day submersed in a box full of water, 

the mass of the samples was measured within the box, in the water with a wire basket. After that, the 

samples were measured saturated. The specific gravity (SG) was then calculated according with the 

following equation:  

𝑆𝐺 = 𝑀𝑑𝑟𝑦 ∗ 𝐷𝑊/𝑀𝑠𝑎𝑡 − 𝑀𝑠𝑢𝑏 

Where:  

Mdry = mass of the dry sample 

DW = density of water 

Msat = mass of the saturated sample 

Msub = mass of the submersed sample 

3B-2.2 Magnetic Susceptibility  

Magnetic susceptibility (k) is the degree of magnetisation of rocks in response to an applied magnetic 

field and can be easily measured from outcrop or hand samples using a hand-held magnetic 
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susceptibility meter (Telford et al., 1990; Isles & Rankin, 2013; Dentith & Mudge, 2014). The magnetic 

susceptibility measurement is based on the production of an alternating magnetic field that generates an 

alternating induced field in the rock, and the measured susceptibility is the degree to which this field 

alter the circuit in the magnetic susceptibility meter, (Isles & Rankin, 2013).  

The magnetic susceptibility of the rocks in the Bryah and Padbury Basins were measured using the hand 

susceptibility meter Exploranium KT-9 and KT-5, which takes the magnetic susceptibility in SI x 10-3. 

The measurements were taken on samples from outcrops and drill holes during fieldwork campaigns, 

and in the petrophysical laboratory at UWA on the samples collected. The magnetic susceptibility was 

measured at least ten times in each sample. The statistical analyses were made using a logarithmic scale.  

3B-3 Results 

3B-3.1 Bryah Group  

Karalundi Formation 

A total of 58 samples were analysed for density, and 141 samples had their magnetic susceptibility 

measured. The specific gravity data for the Karalundi Formation indicated a mean of 2.77 g/cm3, a 

median of 2.78 g/cm3, and a standard deviation of 0.25 (Fig. 3B-1). For the magnetic susceptibility, 141 

samples yielded a mean of 7.26 x 10-3 SI, a median of 0.366 x 10-3 SI, and a standard deviation of 22.63 

(Fig. 3B-1). A silicified iron-rich sample located in the northeastern margin of the Bryah Basin resulted 

in the highest density value for the Karalundi Formation (3.58 g/cm3; Fig. 3B-2). Similarly, a sulphide-

rich breccia portion sampled in a drill hole interval close to the mineralisation of the DeGrussa mine 

indicated a very high-density value (Fig. 3B-2), which is unrelated to the primary rocks. On the other 

hand, five samples of metasediments situated on the contact between the Karalundi and Narracoota 

Formations on the north margin of the Bryah Basin resulted in lowest density values (< 2.33 g/cm3), 

which can indicate alteration processes and/or weathering. Altogether, the density and magnetic 

susceptibility values from the Karalundi Formation samples resulted in an expected contrast between 

the sedimentary and igneous lithotypes (Fig. 3B-2).  

Narracoota Formation 

A total of 100 samples were analysed for density, while 197 samples had their magnetic susceptibility 

measured, which make this unit the best petrophysically represented in this study. The specific gravity 

data of the Narracoota Formation generated a mean of 2.85 g/cm3, a median of 2.85 g/cm3, and a 

standard deviation of 0.135 (Fig. 3B-1). The density values for the Narracoota Formation samples were 
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constrained between 2.22 and 3.2 g/cm3 (Fig. 3B-2). The specimens bearing the lowest density values 

are mainly related with the metasediments (metavolcanoclastics?) associated with the mafic volcanic 

rocks within the volcanic domain to the south of the Robinson Syncline. In contrast, the highest density 

value came from a chert in the southern Bryah Group. The metabasalts were constrained between 2.65 

and 3.05 g/cm3, resulting in an average of 2.86 g/cm3. For the magnetic susceptibility, the samples 

analysed yielded a mean of 12.26 x 10-3 SI units, a median of 0.87 x 10-3 SI, and a standard deviation 

of 34.38. The magnetic susceptibility values do not characterise any lithotypes within the Narracoota 

Formation. Basic extrusive rocks have low primary susceptibilities due to their reduced state and low 

Fe:Ti ratios (Grant, 1985), and hence, high susceptibilities values are likely to reflect secondary 

alteration processes. However, the magnetic susceptibility graphic shows a bimodal distribution (Fig. 

3B-2), which is typical of almost all Precambrian rock types of mafic composition (Airo, 1999).    

Ravelstone Formation  

The samples of the Ravelstone Formation analysed represent four specimens collected in the Starlight 

Pit of the Fortnum Mine, localised in the northwestern part of the Bryah and Padbury Basins, and three 

samples of the drill hole RCD-358 of the Horseshoe Lights Mine, located in the northern part of the 

basin. The Fortnum Mine represents a succession of ultramafic to mafic schists, with or without 

jasperoidal chert lenses, overlain by fragmental volcaniclastic rocks, fine-grained siltstone, and felsic 

(intermediate and dacitic) crystal tuffs (Swager & Myers, 1999). These felsic volcanic rocks used to be 

attributed to the Narracoota Formation. Occhipinti et al. (2017) included these rocks to the base of the 

Ravelstone Formation due to their intercalation with siliciclastic rocks alike to this formation, and the 

spatial occurrence limited to the northern portion of the Bryah Rift Basin. Therefore, the samples 

analysed comprise metasediments and felsic metavolcanoclastic rocks (Fig. 3B-2), which resulted in a 

density mean of 2.59 g/cm3, a median of 2.61 g/cm3, and a standard deviation of 0.21 (Fig. 3B-1). 

Magnetic susceptibility indicated a mean of 0.81 x 10-3 SI units, a median of 0.64 x 10-3 SI, and a 

standard deviation of 19.20 (Fig. 3B-1). 

Horseshoe Formation  

The Horseshoe Formation represents the top unit of the Bryah Rift Basin, and it is made of a siliciclastic 

sequence in its base that is overlaid by banded iron formation rocks. Four samples of banded iron 

formation from outcrops were analysed for density, which resulted in high-density values ranging from 

2.97 to 3.7 g/cm3. Magnetic susceptibility measurement was taken in five outcrop samples and resulted 

in values that range from 39.6 to 0.354 x 10-3 SI, which generated a mean of 8.96 x 10-3 SI units, a 

median of 1.31 x 10-3 SI and a standard deviation of 11.42.       
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Figure 3B-1: Petrophysical data from the Bryah and Padbury Basins’ formations and the surrounding terranes: 

density data on the top and magnetic susceptibility data on the bottom. Whiskers represent the 

minimum and maximum values, box plots represent 75th percentile at the top and 25th at the bottom, 

the black circles are on the mean value, and the horizontal black lines represent the median value. 

The number of samples analysed for each unit is indicated inside the boxes. EG-Edmund Group; PH-

Peak Hill Schist; BW-Bubble Well Member of the Juderina Formation; LB-Labouchere Formation; 

WH-Wilthorpe Formation; DG-Despair Granite; JF-Juderina Formation (siliciclastic rocks); RV-

Ravelstone Formation; KG-Kerba Granite; MD-Mafic Dykes; KL-Karalundi Formation; NR-

Narracoota Formation; HS-Horseshoe Formation; YGC-Yarlarweelor Gneiss Complex; RR-

Robinson Range Formation; TC-Trillbar Complex. 
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Figure 3B-2: Density and magnetic susceptibility histograms of the rocks of the Bryah Group. 
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3B-3.2 Padbury Group 

Labouchere Formation  

In total, 15 samples from the Labouchere Formation were collected for density analysis (Fig. 3B-3), 

including specimens from the north-central part of the basin, from to the west of the Despair Granite, 

and from the southwestern portion of the formation in contact with the Kerba Granite, where this unit 

is found strongly foliated. The specific gravity data for the Labouchere Formation generated a mean of 

2.47 g/cm3, a median of 2.44 g/cm3, and a standard deviation of 0.114 g/cm3 (Fig. 3B-1). For the 

magnetic susceptibility, the siliciclastic rocks yielded a mean of 0.18 x 10-3 SI units, a median of 0.18 

x 10-3 SI units, and a standard deviation of 6.29 (Fig. 3B-1).   

Wilthorpe Formation  

Twelve samples of the Wilthorpe Formation were analysed for density (Fig. 3B-3), including outcrops 

and drill core samples from the DeGrussa Mine. These samples resulted in low-density values that 

ranged between 2.01 and 2.08 g/cm3 and yielded a mean of 2.48 g/cm3, a median of 2.56 g/cm3, and a 

standard deviation of 0.27 (Fig. 3B-1). Magnetic susceptibility measurements were taken on 17 

samples, which resulted in a mean of 0.32 x 10-3 SI units, a median of 0.31 x 10-3 SI units, and a standard 

deviation of 34.07 (Fig. 3B-1). 

Robinson Range Formation  

A total of 19 samples of the Robinson Range were analysed, which resulted in a density range between 

2.21 and 3.53 g/cm3. This high range of density is due to the contrast of density between the siliciclastic 

and chemical sedimentary rocks (BIFs; Fig. 3B-3). The BIF and granular iron formation generated a 

density average of 3.23 g/cm3, while the ferruginous shale, siltstone and sandstone yielded 2.41 g/cm3. 

Similarly, the magnetic susceptibility measurements indicate a high contrast between the clastic and 

chemical sedimentary rocks (Fig. 3B-3). The overall magnetic susceptibility for the Robinson Range 

Formation resulted in a mean of 17.8 x 10-3 SI units, a median of 3.72 x 10-3 SI units, and a standard 

deviation of 30.8 (Fig. 3B-1). For the siliciclastic rocks, magnetic susceptibility data yielded a mean of 

1.51 x 10-3 SI units, and a median of 0.15 x 10-3 SI units, while these values for the iron formations 

resulted in a mean of 28.11 x 10-3 SI units, and a median of 12.76 x 10-3 SI units. 
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Figure 3B-3. Density and magnetic susceptibility histograms of the rocks of the Padbury Group. 

3B-3.3 Surrounding Terranes  

Granitic Basements 

A total of five outcrop samples of the Yilgarn Craton yielded a density mean of 2.66 g/cm3, a median 

of 2.66 and a standard deviation of 0.26 (Fig. 3B-3). The magnetic susceptibility measurements indicate 

a mean of 0.52 x 10-3 SI, a median of 0.358 and a standard deviation of 0.38 (Fig. 3B-3). Four of these 

samples came from the GSWA petrophysical database and were included in this analysis due to the low 

number of Yilgarn Craton samples collected.  
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The petrophysical analysis of the Yarlarweelor Gneiss Complex included three samples from the 

GSWA database. A total of seven samples of granite gneiss, metatonalite and monzogranite were 

analysed for density, resulting in a mean of 2.76 g/cm3, a median of 2.67 and a standard deviation of 

0.27 (Fig. 3B-1). Magnetic susceptibility data indicate a mean of 1.85 x 10-3 SI, a median of 0.64, and 

a standard deviation of 2.4 (Fig. 3B-1).  

A total of five outcrop samples of the Despair Granite were analysed. These samples comprise granites 

and granodiorite gneisses, which resulted in a density mean of 2.63 g/cm3, a median of 2.65 and a 

standard deviation of 0.36 (Fig. 3B-1). Magnetic susceptibility data indicate a mean of 1.18 x 10-3 SI, a 

median of 0.47, and a standard deviation of 2.08 (Fig. 3B-1).  

The analysed samples of the Marymia Inlier come mainly from the drill hole DGDD347 of the 

DeGrussa Mine, from which four samples of granites and amphibolites were collected. A total of five 

samples of the Marymia Inlier were analysed for density. They resulted in a density range between 2.12 

and 2.82 g/cm3, a mean of 2.61, a median of 2.67 and a standard deviation of 0.26 (Fig. 3B-1). The 

highest density values are from the amphibolite lenses, while the only sample collected on outcrop 

resulted in the lowest density value, which can be attributed to the weathering factor. Magnetic 

susceptibility measurements were taken on nine samples/drill hole intervals, which indicated a mean of 

1.64 x 10-3 SI, a median of 0.41, and a standard deviation of 3.7 (Fig. 3B-1). 

Juderina Formation (Lower Yerrida Basin)  

The samples from the Juderina Formation (Windplain Group) analysed comprise stromatolite dolomites 

from the Bubble Well Member and siliciclastic rocks collected on outcrops and from drill core of the 

DeGrussa Mine.    

Siliciclastic Rocks  

The siliciclastic rocks of the Juderina Formation were sampled from outcrops to the south of the Trillbar 

Complex, and drill core from the DeGrussa Mine (DGDD347 and TDHDD-226). A total of 16 samples 

of mainly sandstone and quartzite indicated a density mean of 2.74 g/cm3, a median of 2.77 g/cm3 and 

a standard deviation of 0.29 (Fig. 3B-1). Magnetic susceptibility data were measured on 37 samples/drill 

holes intervals, which indicated a mean of 1.36 x 10-3 SI, a median of 0.288 x 10-3 SI, and a standard 

deviation of 4.2 (Fig. 3B-1).      

The Bubble Well Member 

The total of four samples of the Bubble Well Member was collected for density analysis from the drill 

hole DGDD347, while three samples came from outcrops to the south of the Trillbar Complex. 

Magnetic susceptibility measurements were taken on 11 samples/drill holes intervals. The density data 

for the Bubble Well Member indicate a mean of 2.84 g/cm3, a median of 2.82 g/cm3and a standard 
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deviation of 0.11 (Fig. 3B-1). For magnetic susceptibility, this unit yielded a mean of 0.534 x 10-3 SI, a 

median of 0.051 x 10-3 SI, and a standard deviation of 2.07 (Fig. 3B-1).   

Peak Hill Schist   

A total of six samples of quartzite and quartz muscovite schist from the Peak Hill Schist were analysed. 

The density data for the Peak Hill Schist generated a mean of 2.24 g/cm3, a median of 2.29 g/cm3, and 

a standard deviation of 0.37. These are the lowest values for density among the geological units 

analysed, and although low-density values may be expected for schist (> 2.6 g/cm3, Dentith & Mudge, 

2014), this low density is probably a result of the weathering factor. For the magnetic susceptibility, the 

Peak Hill Schist samples yielded a mean of 0.80 x 10-3 SI, a median of 0.05, and a standard deviation 

of 2.67 (Fig. 3B-1). 

Trillbar Complex 

Six samples of the Trillbar Complex unit were measured for density analysis, while magnetic 

susceptibility was measured on nine samples. The density data for the Trillbar Complex generated a 

mean of 2.87 g/cm3, a median of 2.86 g/cm3, and a standard deviation of 0.192 (Fig. 3B-1). For the 

magnetic susceptibility, the gabbro and ultramafic rocks samples yielded a mean of 11.29 x 10-3 SI, a 

median of 0.493 x 10-3 SI, and a standard deviation of 21.25.  

Low-density values (< 2.75 g/cm3) were observed in two samples of gabbro and one sample of 

ultramafic rock (Fig. 3B-2), which contrasts with the other three samples analysed that resulted in 

density values over 3 g/cm3. These samples bearing low density can be explained by the high degree of 

weathering and alteration that mafic and ultramafic rocks may exhibit, e.g. serpentinisation, which give 

these rocks a high range of density values (Telford et al., 1990; Clark, 1997; Dentith & Mudge, 2014).  

Edmund Group  

The Mesoproterozoic Edmund Group comprises carbonate and siliciclastic rocks. The samples of the 

Edmund Group analysed came from the drill hole SHD001 of the Shelby Project, drilled on the domain 

of the depositional package 4 that is in contact with the Ravelstone Formation of the Bryah Group, on 

the northern part of the Bryah Basin. The rocks at the SHD001 comprises mainly dolomites until 535 

meters, where the mafic schist of the Narracoota Formation is intercepted.  

Four samples of the Edmund Group were analysed for density, while nine samples or drill hole intervals 

(<1m) had their magnetic susceptibility measured. The density data for the Edmund Group yielded a 

mean and a median of 2.83 g/cm3, and a standard deviation of 0.009, indicating a low-density variance. 
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The magnetic susceptibility was constrained between 0.022 and 0.033 x 10-3 SI, which also exhibits a 

low standard deviation of 0.00327, reflecting the homogeneity of the physical properties of this unit.       

 Mafic Dykes  

A total of 5 samples of mafic dykes were collected for petrophysical analyses. These dykes intrude the 

Yarlarweelor Gneiss Complex, the Juderina Formation, and the Ravelstone Formation on the northern 

part of the Bryah Basin. The density of the dykes was constrained between 2.44 and 3.00 g/cm3 and 

resulted in a mean of 2.82 g/cm3. Magnetic susceptibility was constrained between 2.0 and 0.09 x 10-3 

SI and yielded a mean of 1.48 x 10-3 SI, a median of 0.612 x 10-3 SI and a standard deviation of 16.70.  
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CHAPTER 4 

U-Pb and Lu-Hf in Situ Analyses of the Peak Hill Schist and Lower 

Padbury Group: Detrital Provenance, Depositional Settings, and 

Implications for Geological Evolution on the Northern Margin of the 

Yilgarn Craton   

Abstract 

The Paleoproterozoic Yerrida and Padbury basins were developed on the northern margin of the Yilgarn 

Craton, in the southeastern part of the Capricorn Orogen. The Yerrida Basin (ca. 2200-1996 Ma) was 

initiated as an intracratonic sag basin in which the basal Juderina Formation (ca. 2170 Ma) of the 

Windplain Group, was deposited. The Peak Hill Schist is a metasedimentary sequence in fault contact 

with the Archean Marymia Inlier and the Yerrida Basin and has been proposed to represent 

metamorphosed equivalents of the Juderina Formation (Occhipinti et al., 2017; Windh, 1992). 

However, uncertainties regarding the genesis of the Peak Hill Schist remain due to insufficient 

geochronological data, preventing its spatial-temporal contextualisation in the tectonic evolution of the 

southeastern part of the Capricorn Orogen. The Padbury Basin was deposited in a foreland basin, 

established due to contractional motions during the Glenburgh Orogeny (ca. 2005-1960 Ma). The 

Padbury Basin is made up of the Padbury Group, whose basal succession comprises a turbiditic 

sequence divided into the Labouchere and Wilthorpe formations, referred to as the Lower Padbury 

Group. Siliciclastic rocks in the westernmost part of the Padbury Basin, attributed to the Labouchere 

Formation, lack geochronological data, hindering their sedimentary load provenance, data which could 

provide insights into a better understanding of the basin onset. 

This study complements the current geochronological record of the Peak Hill Schist and the Padbury 

Group with new U-Pb and Lu-Hf analysis, to better constrain their geodynamic evolution. Isotopic data 

of 149 near concordant to concordant detrital zircons of the Labouchere Formation yielded Meso- to 

Paleoarchean ages, with the dominant population ranging from ca. 3220 to 3000 Ma and displaying 

negative εHf values (-18.75 to -4.53). These ages and unradiogenic εHf values are consistent with the 

main periods of granite emplacement recorded in the adjacent Narryer Terrane, the oldest terrane of the 

Yilgarn Craton. U-Pb dating of 107 near concordant to concordant detrital zircons of the Peak Hill 

Schist resulted in Archean ages, with a younger population, continued from ca. 2810 to 2504 Ma. 

Detrital zircons older than 2600 Ma are comparable with felsic magmatism generated in the Yilgarn 

Craton. The origin of detrital zircons younger than 2600 Ma are enigmatic, but U-Pb and Hf-Lu isotopic 

data overlap the ca. 2555 to 2430 Ma age of the Halfway Gneiss (Glenburgh Terrane). Similarities 
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between the zircon age spectra of the Peak Hill Schist with extensional settings, and with those from 

the basal units of the overlying Bryah Rift Basin suggest an evolution during an extensional tectonic 

event, which is consistent with the Peak Hill Schist representing deformed and metamorphosed rocks 

of the Juderina Formation. Lack of zircon provenance younger than 2500 Ma, prevent the improvement 

of the time constraints on the deposition of the Labouchere Formation and the precursor sedimentary 

rocks of the Peak Hill Schist. The absence of Proterozoic zircons suggests low zircon abundance in 

Paleoproterozoic magmatic rocks in the region, consistent with the dominance of mafic to ultramafic 

magmatism in the extensional setting, as well as an absence of felsic magmatism spatially related with 

the foreland basin developed as a result of the Glenburgh Orogeny. 

 

Keywords: Padbury Basin, Peak Hill Schist, U-Pb detrital zircon dating, depositional setting 
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4.1  Introduction 

A series of volcano-sedimentary and sedimentary basins were developed on the northern margin of the 

Yilgarn Craton in response to extensional and contractional tectonism during the Paleoproterozoic. The 

evolution of these basins initiated ca. 2200 Ma in the Yerrida Basin, followed by the development of 

the Padbury and Earaheedy basins (Occhipinti et al., 2017; Occhipinti et al., 2004; Pirajno et al., 2004). 

Insufficient geochronological data make it difficult to constrain the age of deposition and provenance 

of the sedimentary rocks within these regions. Establishing a sedimentary source can assist in a better 

understanding of depositional settings, as well as tectonic assemblages existing at the time of the 

sedimentary deposition (e.g. Cawood et al., 2012). Further, trace elements in zircon can broadly 

constrain the tectonic setting of the magmas from which the zircons crystallised (Hawkesworth and 

Kemp, 2006), refining the establishment of sedimentary sources. The isotopic analysis of detrital 

zircons from sedimentary basins is, therefore, a valuable tool to constrain geological models, being 

necessary when there are uncertainties regarding the genesis and tectonic settings of geological units. 

The genesis of the Peak Hill Schist, a fault-bounded metasedimentary sequence in contact with the 

Archean Marymia Inlier (Yilgarn Craton) and Paleoproterozoic rocks of the Yerrida Basin (Fig. 4.1), is 

enigmatic. The Peak Hill Schist has been variously proposed to correspond to part of the Marymia Inlier 

(Pirajno and Occhipinti, 1998; Thornett, 1995), or a metamorphosed equivalent to the lowermost units 

of the Yerrida Basin, the Juderina Formation (Occhipinti et al., 2017; Windh, 1992). Existing 

geochronological data from the Peak Hill Schist consist of U-Pb analysis of the Crispin Conglomerate 

(GSWA sample 195866), a mylonitised matrix-supported metaconglomerate (Occhipinti et al., 2017; 

Wingate et al., 2014a), interpreted to represent the upper part of the unit (Thornett, 1995). The Crispin 

Conglomerate yielded a maximum depositional age of 2170 ± 18 Ma (Wingate et al., 2014a), 

constrained from the analysis of one zircon, while all the other analyses resulted in age components 

older than ca. 2623 Ma. Assuming a maximum deposition age of 2170 Ma for the Peak Hill Schist may 

suggest a correlation with the age of the Juderina Formation, at ca. 2180 Ma (Occhipinti et al., 2017; 

and references therein), while the older age components suggest a link with the Yilgarn Craton.  

Similarly, the Labouchere Formation, the basal unit of the Padbury Group (Martin, 1998; Pirajno et al., 

1998), lacks geochronological data, which hampers a better understanding of its depositional setting 

and detrital provenance. Cycles of quartz wacke with thick siltstone interbeds, and quartz arenite, as 

well as minor conglomerate, dominate the Labouchere Formation (Martin, 1998). In its western part, 

quartz wacke with quartz pebbles, and quartz-muscovite schist occur in fault contact with the 

Yarlarweelor Gneiss Complex (composed of the Narryer Terrane, which was extensively reworked 

between 1830-1780 Ma; Occhipinti et al., 1998a) and the Archean Despair Granite (Fig. 4.1). The 

Labouchere Formation, together with the Wilthorpe Formation, is part of the Lower Padbury Sequence, 

which makes up the base of the Padbury Basin (Martin, 1998). The formations are considered to be 
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facies equivalent (Martin, 1998). The Wilthorpe Formation has its maximum depositional age 

constrained by U-Pb data that yield a single youngest grain with an age of 1996 ± 35 Ma (Nelson, 

1997b). The minimum age of the Padbury Group is constrained by cross-cutting leucogranite dykes that 

yield a U-Pb age of ca. 1800 Ma (Windh, 1992), and by the overlying Edmund Group, ca. 1640 Ma 

(Cutten et al., 2016). 

 

Figure 4.1: A. Location of the Capricorn Orogen, the Yilgarn and Pilbara cratons, and the Gascoyne Province in 

Western Australia; B. Geotectonic map of the Capricorn Orogen showing the major tectonic units, 

modified from Sheppard et al. (2016) and Johnson (2013); C. Tectonic map of the southern part of the 

Capricorn Orogen, detailing the location of the Peak Hill Schist and the Padbury Basin, as well as the 

Bryah Rift Basin. Modified from Martin et al. (2015) and Occhipinti et al. (2017). YGC: Yarlarweelor 

Gneiss Complex. 

Understanding the sedimentary load in the western part of the Labouchere Formation, adjacent to the 

Yarlarweelor Gneiss Complex, is essential for a better comprehension of the onset and evolution of the 



                            Chapter 4 - U-Pb and Lu-Hf in situ analysis of the Peak Hill Schist and Lower Padbury Group 

   
 

 

90 

 

Padbury Basin. The Lower Padbury Sequence was deposited in a foreland basin, which was formed as 

a result of the collision of the Glenburgh Terrane and the northwestern margin of the Yilgarn Craton, 

recorded by the Glenburgh Orogeny (ca. 2005-1960 Ma; Occhipinti et al., 2004). The sediments located 

further west are closer to the thrust-wedge formed due to the collision, and their analysis may provide 

insights into the incipient tectonic setting.  

This chapter aims to constrain the depositional ages and to examine the sedimentary provenance of the 

Peak Hill Schist and the Labouchere Formation through the in situ combined U-Pb and Lu-Hf isotopic 

analysis of detrital zircons. These analyses using Laser Ablation-ICP-MS provides evidence of both the 

crystallisation age of zircons and the characterisation of magmas from which the zircon crystallised by 

indication of crustal reworking or mantle/juvenile input. More specifically, U-Pb analyses determine 

the crystallisation age of zircons, allowing the estimation of the time of the sedimentary deposition and 

detrital provenance through the reconstruction of detrital zircons dispersion (e.g. Dillinger et al., 2018; 

Vermeesch, 2012). Lu-Hf can be used as an isotopic tracer for studying time-integrated crust-mantle 

differentiation (Iizuka et al., 2017), adding information regarding the source of the magmatic rocks from 

which the zircons originated (e.g. Griffin et al., 2007; Hawkesworth et al., 2010; Iizuka et al., 2017; 

Vervoort, 2014). Therefore, combining U-Pb and Lu-Hf analyses provides significant information on 

detrital sediment provenance, which can assist in deciphering geological models at the time of their 

deposition (e.g. Andersen et al., 2018; Griffin et al., 2004; Kemp et al., 2010). U-Pb and Lu-Hf data 

were integrated with the known tectonic evolution attributed to the northern margin of the Yilgarn 

Craton (e.g. Johnson et al., 2011; Occhipinti et al., 2004; Sheppard et al., 2010a; Sheppard et al., 2010b), 

aiding correlation with the sedimentary deposition of the Peak Hill Schist and Labouchere Formation 

across the region.  

4.2  Geological Context     

The Capricorn Orogen was formed between the Archean Pilbara and Yilgarn cratons during two main 

pulses of deformation and metamorphism (the Ophthalmian and Glenburgh orogenies), which took 

place in the course of the Paleoproterozoic era, resulting in the formation of the Western Australia 

Craton (WAC). The Ophthalmian Orogeny (ca. 2215-2145 Ma) records the collision between the 

Glenburgh Terrane and the southern margin of the Pilbara Craton (Johnson et al., 2011; Occhipinti et 

al., 2004; Rasmussen et al., 2005). Final closure of the oceanic tract between the Pilbara Craton-

Glenburgh Terrane (Pilboyne Craton, Johnson, 2013) and the Yilgarn Craton began ca. 2125-2080 Ma, 

with the initiation of northward-directed subduction and arc magmatism beneath the southern margin 

of the Glenburgh Terrane (Johnson et al., 2011). 

The Glenburgh Terrane comprises granitic rocks of the Halfway Gneiss (ca. 2660 to 2430 Ma), 

psammitic and pelitic rocks of the Moogie Metamorphics (ca. 2240 and 2125 Ma), and the Andean-
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type batholith Dalgaringa Supersuite (ca. 2005 to 1970 Ma; Johnson et al., 2011; Occhipinti et al., 2004; 

Sheppard et al., 2010b). During the Glenburgh Orogeny (ca. 2005 to 1960 Ma), the Pilboyne Craton 

converged and collided with the northwestern margin of the Yilgarn Craton, along the Errabiddy Shear 

Zone (Johnson et al., 2011; Occhipinti et al., 2004; Sheppard et al., 2004). This collision is attributed to 

have occurred ca. 1965–1950 Ma (Johnson et al., 2011; Sheppard et al., 2010b), encompassing the syn-

tectonic intrusion of the Bertibubba Supersuite (ca. 1960-1945 Ma, Sheppard et al., 2010b). The 

Glenburgh Terrane consists the basement of the Gascoyne Province, which comprises six fault-bounded 

zones of granitic and medium- to high-grade metamorphic rocks developed during the Paleo- to 

Neoproterozoic (Sheppard et al., 2010b). 

4.2.1 Regional Stratigraphy     

The Yilgarn Craton acted as the basement for the Paleoproterozoic basins developed on the southern 

part of the Capricorn Orogen. The craton represents an extensive piece of Archean continental crust in 

the southern part of the WAC, subdivided into six terranes and characterised by granitic rocks older 

than ca. 2600 Ma (Cassidy et al., 2006; Fig. 4.2). The western margin of the Yilgarn Craton comprises 

the Narryer and South West terranes, which are dominated by granite and granitic gneiss (Cassidy et 

al., 2006). In contrast, the Youanmi Terrane and Eastern Goldfields Superterrane are made of north-

south trending greenstone belts separated by extensive granite and granitic gneiss (Cassidy et al., 2006). 

The Narryer Terrane represents the oldest component of the Yilgarn Craton, bearing rocks as old as 

3730 Ma, and comprise high-grade gneisses mainly derived from granite, as well as minor sedimentary 

rocks and basic intrusions (Nutman et al., 1993; Nutman et al., 1991). The Yarlarweelor Gneiss 

Complex corresponds to granitic rocks from the eastern part of the Narryer Terrane, which was 

intensively reworked and intruded by voluminous granites during the Capricorn Orogeny (1820-1770 

Ma, Occhipinti et al., 1998b; Sheppard et al., 2003).  

The Marymia Inlier (Fig. 4.1) is a fault-bounded Archean granite-greenstone terrane considered to be a 

rifted part of the Yilgarn Craton that drifted north and was reworked during the Paleoproterozoic 

(Pirajno et al., 2004). The Marymia Inlier has been ascribed as an extension of both the Narryer and 

Youanmi terranes (Fig.4.2), and the Eastern Goldfields Superterrane (Bagas, 1999), or of solely the 

Eastern Goldfields Superterrane (Vielreicher et al., 2002). A recent study attributes to the granite 

magmatism of the Marymia Inlier ages as old as ca. 3330 Ma, correlating part of the inlier with the 

Narryer Terrane (Jahn, 2018).  

The Peak Hill Schist is a separate tectono-stratigraphic unit that outcrops in the southwestern tip of the 

Archean Marymia Inlier (Figs. 4.1 and 4.3) and was commonly attributed to the basement (e.g. Pirajno 

and Occhipinti, 1998; Pirajno et al., 2000; Thornett, 1995). The Peak Hill Schist is made of mylonitised 

and metamorphosed rocks, including phyllonite, quartz-muscovite schist, calc-silicate schist, sericite (-

quartz) schist, and quartz-muscovite-biotite-chlorite schist, which are derived from quartz-rich or 
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quartz-feldspathic precursors (Pirajno and Occhipinti, 1998; Pirajno et al., 2000). The Crispin 

Conglomerate is a metamorphosed and deformed matrix-supported metaconglomerate that consists of 

subrounded to slightly elongated quartz pebbles to cobbles, with a few boulder-sized clasts, within a 

fine- to medium-grained schistose matrix (Occhipinti et al., 2017; Pirajno et al., 2000; Wingate et al., 

2014a). 

 

Figure 4.2: Schematic map of the terrane subdivisions of the Yilgarn Craton (modified from Cassidy et al., 2006).  

Paleoproterozoic sedimentation in the region began with the deposition of sediments characteristic of a 

shallow low relief environment, which consist of siliciclastic, stromatolitic carbonate and evaporites 

rocks of the basal Juderina Formation within the Yerrida intracratonic sag basin (Occhipinti et al., 2017; 

Pirajno et al., 2004; Pirajno et al., 2000). The Juderina Formation is overlain by iron-rich siliciclastic 

rocks of the Johnson Cairns Formation (Pirajno et al., 2004). These formations together form the 

Windplain Group (Pirajno et al., 2000), or the lower Yerrida Basin. The continuing extension of the 

Yerrida sag basin led to the deposition of the Bryah and Mooloogool sub-basins in rifts located on the 

northern and southern parts of the Windplain Group, respectively (Occhipinti et al., 2017). 

The Bryah Rift Basin is made of the Bryah Group, which is divided from the base to the top into the 

Karalundi, Narracoota, Ravelstone and Horseshoe formations (Occhipinti et al., 2017; Pirajno et al., 

2000; Fig. 4.3). The two basal formations were deposited during the extension period and represent the 

syn-rift phase. Quartz conglomerate, quartz arenite, lithic wacke, and shale, as well as mafic rocks of 

the Karalundi Formation, are overlain by a thick mafic-ultramafic volcanic to subvolcanic sequence of 

the Narracoota Formation (Occhipinti et al., 2017; Pirajno et al., 2000; Fig. 4.3). The post-rift phase of 

the Bryah Rift Basin is made by the turbidite sequence of the Ravelstone Formation, overlain by 

ferruginous siliciclastic rocks and banded iron formation (BIFs) of the Horseshoe Formation (Pirajno 

et al., 2004; Pirajno and Occhipinti, 2000; Swager and Myers, 1999).  
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Figure 4.3: Stratigraphic column of the Bryah and Padbury groups, as well as of the Windplain Group in the north 

Yerrida Basin, with the indication of maximum depositional ages (detrital zircons) of previous studies. 

Interpreted geological map of the Bryah and Padbury basins (refer to Chapter 3), with the location of 

the samples analysed in this and previous studies. Sample 195866.1: maximum depositional age for 

metaconglomerate from the Crispin Conglomerate, attributed to the Peak Hill Schist (Wingate et al., 

2014a); Sample 195871.1: depositional age of detrital zircons host in lithic metasandstone from the 

Karalundi Formation (Wingate et al., 2014b); Sample 118958.1: maximum depositional age of meta-

quartz wacke from the Ravelstone Formation (Nelson, 1997a); Sample 118961.1: maximum 

depositional age for fragmental chert of the Wilthorpe Formation (Nelson, 1997b). 
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The Mooloogool Rift Basin comprises the Mooloogool Group, which outcrops in the central part of the 

Yerrida Basin, above the Windplain Group (Occhipinti et al., 2017), to the south of the Goodin Inlier. 

The Mooloogool Group is divided into Thaduna, Doolgunna, Killara and Maraloou formations (Pirajno 

et al., 2004; Pirajno and Occhipinti, 2000). The Thaduna and Doolgunna formations comprise 

conglomerates and turbidites centred around the Goodin Inlier and interdigitate with the mafic rocks of 

the Killara Formation (Pirajno et al., 2004; Pirajno and Occhipinti, 2000). The Maraloou Formation is 

made of siltstone, and ferruginous shale and is in transitional or unconformable contact with the 

underlying Killara Formation (Pirajno et al., 2004; Pirajno and Occhipinti, 2000).  

The lower sequence of the Padbury Group is made up of the Labouchere and Wilthorpe formations, 

which are interpreted to be lateral facies equivalents within the same turbidite depositional system 

(Martin, 1998). The Labouchere Formation is interpreted as an aggradational to progradational turbidite 

fan complex (Martin, 1998). The Labouchere Formation comprises quartz arenite, sericitic quartz 

wacke and siltstone, minor conglomerate, and BIFs in an upward-coarsening succession (Pirajno et al., 

2000). In the western part of the Padbury Basin, muscovite-quartz schist, developed from quartz wacke 

and siltstone in zones of high strain and higher metamorphic grade, as well as strongly foliated quartz 

wacke are in faulted contact with the Yarlarweelor Gneiss Complex (Martin, 1998; Pirajno et al., 2000). 

The Wilthorpe Formation was deposited as a retrogradational turbiditic clastic wedge (Martin, 1998). 

The Wilthorpe Formation comprises quartz- and chert-pebble conglomerate, quartz wacke, sericitic 

siltstone, chlorite-quartz shale, quartz-sericite-hematite schist, dolomitic sandstone, and finely 

laminated chert lenses (Pirajno et al., 2000). The upper sequence of the Padbury Group is made of the 

Robinson Range and Millidie Creek formations, which indicates a change from deep to shallow water 

deposition in a lacustrine or marine platform due to their characteristic fine-grained siliciclastic rocks 

and BIFs (Martin, 1998). 

4.3  Analytical Procedures    

In an attempt to better constrain the geological models in the southeastern part of the Capricorn Orogen, 

combined in situ U-Pb and Lu-Hf isotopic analysis in zircons, using the Laser Ablation-ICP-MS was 

performed on a muscovite-quartz schist sample from the Peak Hill Schist (sample L79) and a foliated 

quartz wacke sample from the western part of the Labouchere Formation (sample SAO; Fig. 4.3 and 

Tab. 4.1). The samples were collected from outcrops during fieldwork campaigns in 2015 and 2016. 

Geotrack International Pty Ltd undertook zircon mineral separation. Samples were initially reduced in 

size using a jaw crusher, followed by a disc pulveriser, to disaggregate the rock. Fine material was 

removed by hand washing and dried in a low-temperature oven. Frantz isodynamic magnetic separators 

and heavy liquid mineral separations were then used to separate mineral grains by magnetic 

susceptibility and gravity. The heavy non-magnetic fraction included zircon, barite, and rutile grains. 
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From this fraction, zircons were hand-picked under a binocular microscope, and then cast in epoxy 

mounts and polished.  

Table 4.1: Summary of the samples analysed.  

Sample UTM E* UTM N* Geological Unit Lithology # Zircons Analysed 

L79 673039 7162376 Peak Hill Schist Muscovite-quartz schist 120 

SAO 627562 7186877 Labouchere Formation (Padbury Group) Foliated quartz wacke 155 

          *Datum GDA, MGA Zone 50. 

Before isotopic analysis, cathodoluminesence (CL) and back-scattered electron (BSE) images were 

taken at the Centre for Microscopy, Characterisation and Analysis (CMCA) at the University of 

Western Australia (UWA) using a Tescan Vega 3. Operating parameters included acceleration voltage 

of 20 kV and beam intensity of 16 nA, with a working distance of around 15 mm. The images were 

used to identify crystal morphologies and internal structures (e.g. zoning), which helped in the selection 

of spot placements, and to avoid fractures, inclusions, and hydrothermal alteration.  

In-situ U-Pb isotopic analyses were carried out on 8 March 2018 using a laser ablation-inductively 

coupled plasma mass spectrometry (LA-ICPMS) with ‘split stream’ (Hf/U-Pb) at the GeoHistory 

facility in the John de Laeter Centre, Curtin University of Technology. In the laser ablation ‘split-

stream’ (LASS), the ablated sample aerosol is ‘split’ into two different mass spectrometers, one for U-

Pb age determination and the other for establishing Hf isotopic composition. This method has the 

advantage of being able to analyse the same volume and, hence, to be able to evaluate the agreement 

between the resulting ages from the U and Pb masses measurements and the Hf isotopic composition 

safely (Fisher et al., 2014).     

The analyses were carried out using 33-micron spot, 10Hz repetition rate and laser energy of 2.5J/cm2. 

Ablation times were 30 seconds. The primary dating reference materials used were 91500 (1062.4±0.4 

Ma; Wiedenbeck et al., 1995) and OG1 (3465.4±0.6 Ma; Stern et al., 2009), with Plesovice 

(337.13±0.37 Ma; Sláma et al., 2008) and GJ-1 (608.53±0.37 Ma; Jackson et al., 2004) analysed as 

secondary age standards. For Hf isotope analysis, all isotopes (180Hf, 179Hf, 178Hf, 177Hf, 176Hf, 175Lu, 

174Hf, 173Yb, 172Yb and 171Yb) were counted on the Faraday collector array. Time-resolved data were 

baseline subtracted and reduced using Iolite (DRS after Woodhead et al., 2004), where 176Yb and 176Lu 

were removed from the 176 mass signals using 176Yb/173Yb = 0.7962  (Chu et al., 2002) and 176Lu/175Lu 

= 0.02655 (Chu et al., 2002) with an exponential law mass bias correction assuming 172Yb/173Yb = 

1.35274 (Chu et al., 2002). The interference corrected 176Hf/177Hf was normalised to 179Hf/177Hf = 

0.7325 (Patchett and Tatsumoto, 1980) for mass bias correction. Zircons from the Mud Tank 

(Woodhead and Hergt, 2005) carbonatite were analysed together with the samples to evaluate the 
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accuracy and precision of the results. Zircon analyses of the standards OG1 (Kemp et al., 2017) and 

Plešovice (Sláma et al., 2008) were also used to validate the accuracy of the results.   

The U-Pb data were processed using IsoplotR (Vermeesch, 2018). Discordances in the U/Pb system 

was quantified by using the ratios 206Pb/238U and 207Pb/206Pb. The discordance filter was set to ± 5%, 

that is, values out of 5% of the concordia curve were considered discordant. The ratio 207Pb/206Pb was 

used for the isotopic age analysis, as suggested for zircons older than ~1.5 Ga (Spencer and Kirkland, 

2016). Characterisation of detrital zircon populations was made using the Kernel Density Estimator 

(KDE; Vermeesch, 2012) on the IsoplotR and DensityPlotter (Vermeesch, 2012) software. 

Determination of initial Hf isotope composition of zircon requires accurate knowledge of the 

crystallisation age of the analysed zircon domain (Fisher et al., 2014). Thus, the crystallisation ages of 

the individual zircon grains were used in all Hf-isotope calculations. Discordant zircons were not 

included in Hf isotopes analysis. Calculation of εHf values used the 176Lu decay constant of 

1.867x10−11/year (Scherer et al., 2001; Söderlund et al., 2004) and the Chondritic Uniform Reservoir 

(CHUR) values of 176Hf/177Hf = 0.282785 and 176Lu/177Hf = 0.0336 (Bouvier et al., 2008). The model 

depleted mantle values were calculated using the measured 176Lu/177Hf and the age of the zircon for the 

first stage, and an assumed 176Lu/177Hf value of 0.009 (Amelin et al., 1999). εHf content indicates the 

relative contributions of juvenile and reworked material, that is, assists in identifying if the zircons were 

sourced from magmatism derived from the mantle or (and) if a pre-existing crust was involved (Griffin 

et al., 2007). The variation of εHf versus zircon 207Pb/206Pb ages of the detrital zircon grains was used 

to recognise and compare the evolution of the terranes that sourced the detrital zircons (Griffin et al., 

2007).  

4.4  Sample Description 

4.4.1 Sample L79: Peak Hill Schist  

Petrographic Description 

Sample L79 comprises quartz-muscovite schist. It is made of abundant well-recrystallised quartz, 

muscovite, and chlorite, as well as zircon and opaque oxides as accessory minerals (Fig. 4.4). Quartz is 

present as inequigranular anhedral grains, ranging in size from 0.1 to 30 µm. Their contacts are sutured, 

indicating recrystallisation. Characteristically, quartz shows light beige pleochroism and grey to white 

interference colours, as well as undulose extinction. Muscovite shows a prismatic habit and well-

developed basal cleavage on the boards of the quartz grains. Muscovite is also present within quartz 

grains as euhedral prismatic or subhedral crystals. Zircon occurs enclosed in quartz and is not aligned 

to the foliation. The metamorphic assemblage is characterised by greenschist facies quartz and 

muscovite. Quartz-rich sedimentary rock, such as arenite, is a possible protolith for sample L79.  
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Figure 4.4: A. Photomicrograph of a thin section of sample SAO (Labouchere Formation) in cross-polarised light, 

showing recrystallised quartz and spaced foliation marked by muscovite plans; B. Foliated quartz 

wacke with quartz pebbles (Labouchere Formation) source of sample SAO (627562E 7186877N), 

showing a north-south striking direction and steeply west-dipping; C. Photomicrograph of a thin 

section of sample L79 (Peak Hill Schist) in cross-polarised light, showing inequigranular 

recrystallised grains; D. Quartz-muscovite schist (Peak Hill Schist) source of sample L79 (673039E 

7162376N). Qtz = quartz, Ms = muscovite, Bt = biotite; Op = opaque. 

Zircon Morphology 

The zircons grains vary in size from ~ 20 up to 160 µm (Fig. 4.5-A). They mainly show a sub-rounded 

to a rounded shape, although elongated zircons are also present. In general, elongated zircon show 

brighter colours, contrasting with the dark colour of the sub-rounded to rounded grains. Bright 

fluorescence CL zones are indicative of a lower content of U and Th, in comparison with the dark zones 

(Rubatto and Gebauer, 2000). The zircon grains present weak oscillatory zoning, as well as 

homogeneous zoning (unzoning), and fractures are common. Further, spread metamictisation on the 

edge of the grains, and zircon cores with one to two stages overgrowth rims are observed. Peripheral 

irregular domains bearing bright CL florescence are common and are considered to have been 

metamorphosed. The prismatic habit and oscillatory zoning present in mostly zircons grains analysed 

from sample L79 suggest a magmatic provenance. 
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Figure 4.5: CL images of representative detrital zircons from the samples: A. Sample L79 (Peak Hill Schist); B. 

Sample SAO (Labouchere Formation). The red line indicates the ablation sites for U-Pb and Lu-Hf. 
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4.4.2 Sample SAO: Labouchere Formation (Padbury Group)  

Petrographic Description 

Sample SAO comprises foliated quartz wacke (Fig. 4.4). It consists of fine to coarse-grained quartz 

dominated rock with a single foliation defined by weakly alternating thin muscovite layers and thicker 

quartz-dominated layers. Quartz is present as inequigranular anhedral recrystallised grains, ranging in 

size from 0.1 to 70 µm and often illustrating undulose extinction. Locally, quartz grains are elongated, 

and their orientation is sub-parallel with elongate muscovite defining the foliation in the rock.  

Muscovite is also present as small acicular grains within quartz, suggesting that quartz grains within 

the metasedimentary rock are, at least in part, metamorphic. Metamorphic biotite occurs as scattered 

small crystals oriented sub-parallel to the foliation. 

Zircon Morphology 

Zircon grains range in size from ~ 40 to 200 µm, and show a variable crystal morphology, with rounded 

to very angular shapes (Fig. 4.4). The latter consists of mainly broken, or corroded, grains in which 

concentric zoning truncate the grain edges (e.g. zircon#A5, Fig. 4.5-B). The zircons are mostly dark, 

indicating high contents of U and Th (Rubatto and Gebauer, 2000), and contain oscillatory and sector 

growth zoning, as well as being homogeneous (unzoned). Very thin (10 µm) overgrowth rims are 

observed mostly on larger grains. Fractures occur throughout the grains, and hydrothermal alteration is 

common as thin lines crossing the grains. Porous domains, voids and inclusions are observed on BSE 

images. Metamictisation occurs on the borders of a few grains. 

4.5  Results  

4.5.1 U-Pb Detrital Zircon Data  

Sample L79, Peak Hill Schist 

There were 120 analyses performed on 120 zircons in sample L79; 13 analyses were rejected and not 

included in the age calculation. Among the discarded analyses, 12 were discordant, and one yielded 

error due to analysis over a fracture, characterising a morphological defect. All accepted analyses 

resulted in Archean 207Pb/206Pb zircon ages (Fig. 4.6-A). The ages range between 3027 ± 35 and 2504 

± 30 Ma, with a major peak at ca. 2662 Ma (Fig. 4.6-A). The analytical results of the U-Pb zircon ages 

of all grains are shown in Appendix 4A.  
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Figure 4.6: KDE and weighted mean graphic showing single-grain U-Pb detrital age distributions. A. Sample L-

79, Peak Hill Schist; B. Sample SAO, Labouchere Formation. The turquoise colours in the weight 

mean graphic represents outlier zircons. 

The 2σ errors associated with the 207Pb/206Pb zircon ages range from 17 to 71 Ma and yield a median of 

28.7 Ma. The concentration of the detrital zircon spectra in a relatively narrow age dispersion, when 

compared with sample SAO (Fig. 4.6), was associated with a significant error measured, and this made 

it challenging to discriminate populations. The zircons are distinguished by age populations from 2810 

± 20 to 2504 ± 30 Ma, with a peak at 2668 ± 23 Ma, and between 3027 ± 35 to 2860 ± 30 Ma (Fig. 4.6-

A). Most analysed zircon grains were Neoarchean. There were a few Mesoarchean grains, which can 

be sub-divided into three populations, with peaks at 3027 ± 39 Ma, 2970 ± 21 Ma and 2917 ± 29Ma.  
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Sample SAO, Labouchere Formation 

There were 155 zircons analysed from sample SAO (Fig. 4.6-B); 6 analyses were rejected due to a >5% 

discordance and were not included in the age calculation. The 149 valid analyses resulted in Archean 

207Pb/206Pb zircon ages (Fig. 4.6-B). The youngest detrital zircon grain yielded an age of 2562 ± 26 Ma. 

Approximately 97% of the grains are Meso- to Paleoarchean. The dominant population ranges from 

3400 ± 17 to 2886 ± 23 Ma (MDSW = 0.63; n = 117), with a major peak at around 3201 ± 25 Ma, and 

a secondary sub-group peaks at about 3304 ± 18 Ma (Fig. 4.6-B). The five oldest grains yielded a mean 

of 3480 ± 9 Ma. Smaller dark zircon grains mostly resulted in older ages, and it is assumed to represent 

the core of the original zircon grains (e.g. zircon #A44, Fig 4.5-A). Analyses over the rims (e.g. zircon 

#A5, Fig. 4.5-B) were made in a few, mostly larger, grains. These zircons resulted in similar ages 

compared to analyses made over the cores and, therefore, were interpreted within the whole group. The 

zircons from sample SAO resulted in individual 2σ errors ranging from 15 to 34 Ma.  

The analytical results of the U-Pb zircon ages of all grains are shown in Appendix 4A.  

4.5.2 Hf Isotopic Data 

Sample L79, Peak Hill Schist 

Zircons from sample L79 show εHf values ranging from 4.95 to -7.96 (Fig. 4.7). From the 107 zircons 

grains, ca. 55 (51%) contain positive εHf values, implying a high concentration of juvenile material in 

the magmatic material from the source region. The two oldest zircons with ages of ca. 3027 Ma yield 

the highest εHf values of 4.95 and 4.32. Mesoarchean zircons with negative εHf values within the range 

of -0.7 and -6.6 and corresponding ages ranging from ca. 2976 - 2888 Ma are also present amongst the 

older group. However, most of the analyses are dated between ca. 2860 and 2504Ma and contain both 

positive and negative εHf values ranging from 4.94 to -7.96.  

Sample SAO, Labouchere Formation 

Zircons from sample SAO show εHf values ranging from 3.58 to extremely negative values (-18.75; 

Fig. 4.7). Most of the values are under the CHUR line, except for three outlier zircons that fall between 

the depleted mantle and CHUR lines (Fig. 4.7). Zircons showing positive εHf values have ages ranging 

from ca. 3540 - 3470 Ma. Two groups are identified: one composed of the four youngest zircon grains, 

which yield negative εHf values between -12.6 to -6.9 and corresponding ages ranging from ca. 2715 

to 2562 Ma, and another with older grains, with ages ranging from ca. 3540 to 2886 Ma and positive 

and negative εHf values (Fig. 4.7).   
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Figure 4.7: Plot of εHf versus zircon 207Pb/206Pb age for detrital zircon grains of the samples SAO (Labouchere 

Formation) and L79 (Peak Hill Schist). 

4.6  Discussion 

4.6.1 Constraints on Depositional Ages   

Peak Hill Schist 

The maximum deposition age of sample L79 from the Peak Hill Schist is constrained by the youngest 

concordant detrital zircon, which resulted in an age of 2504 ± 30 Ma (Fig. 4.6). This age is substantially 

older than the maximum depositional age of 2170 ± 18 Ma, attributed to the Crispin Conglomerate, 

although a more conservative estimation on the Crispin Conglomerate sample suggests a maximum age 

of deposition of 2642 ± 12 Ma (Wingate et al., 2014a; Fig. 4.8). The results do not improve the 

constraints on the formation of the precursor sedimentary rocks of the Peak Hill Schist, however, they 

support the existence of detrital zircons that must have been originated from terranes other than the 

Yilgarn Craton (or the Marymia Inlier), as the Yilgarn Craton and associated inliers are uncorrelated 

with zircons younger than 2600 Ma.  

Lower Padbury Basin 

The youngest detrital zircon grain of sample SAO from the Labouchere Formation resulted in an age of 

2562 ± 26 Ma (Fig. 4.6). This age is much older than the maximum depositional age attributed to the 



                            Chapter 4 - U-Pb and Lu-Hf in situ analysis of the Peak Hill Schist and Lower Padbury Group 

   
 

 

103 

 

Wilthorpe Formation of 1996 ± 35 Ma (Nelson, 1997b), which constrains the time of the deposition of 

the basal turbiditic system of the Padbury Group (Fig. 4.9). The age of 2562 ± 26 Ma is also much older 

than the inferred depositional age of the underlying Bryah Group, which is constrained by detrital 

zircons within the Ravelstone and Karalundi formations, dated at 2014 ± 22 Ma and 2045 ± 16 Ma, 

respectively (Fig. 4.9). Furthermore, syn-genetic VMS mineralisation hosted by the Karalundi 

Formation yields an age of 2027 ± 7 Ma (Hawke et al., 2015). 

The Padbury Group unconformably overlies the Bryah Group (Martin, 1998; Pirajno et al., 2000), and 

its genesis is associated with the thrust wedge/foreland basin system generated during the Glenburgh 

Orogeny (ca. 2005-1960 Ma; Occhipinti et al., 2004). Although the results do not allow 

geochronological constraints on the timing of deposition for the Labouchere Formation, they illustrate 

a marked difference in sedimentary provenance, both in their age distribution and Lu-Hf composition. 

 

Figure 4.8: Probability density diagram and histogram of a metaconglomerate from the Crispin Conglomerate, 

attributed to the Peak Hill Schist (GSWA sample 195866, Wingate et al., 2014a). Thick black curve 

and frequency histogram (bin width 25 Ma) include only data <5% discordant (45 analyses of 44 

zircons), whereas thin red curve includes all data (52 analyses of 51 zircons; Wingate et al., 2014a). 

4.6.2 Detrital Provenance  

The observation of rounded grains, as well as concentric zoning truncated at grain edges (e.g. zircon 

#58 from sample L79; Fig. 4.5A), is consistent with abrasion during sedimentary transport and suggests 

possible sedimentary transport from distant sources. Alternatively, rounded zircons grains could have 

been submitted to various cycles of erosion and deposition. To indicate the source terranes for the 

samples analysed, the zircon ages and their εHf content were compared with regional crystalline 

terranes (Figs. 4.10 and 4.11). 
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Figure 4.9: Left: Stratigraphic column of the Padbury (based on Martin, 1998) and Bryah groups; Right: KDE 

plots showing near concordant to concordant single-grain U-Pb detrital age distributions of the 

Wilthorpe (Nelson, 1997b), Labouchere (*this study), Ravelstone (Nelson, 1997a), and Karalundi 

(Hawke et al., 2015; Wingate et al., 2014b) formations, and the Peak Hill Schist (sample L79 from this 

study, plot together with the GSWA sample 195866, from the Crispin Conglomerate (Wingate et al., 

2014a).   
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Figure 4.10: KDE (bandwidth 10 Ma) of samples L79 and SAO, showing the distribution of the zircon ages 

together with the range of dates from potential granite terrane sources. 

 

 

Figure 4.11: Plot of εHf versus zircon 207Pb/206Pb age for detrital zircon grains of the samples SAO and L79 

compared with recent publish data (Jahn, 2018; Johnson et al., 2017; Mole, 2012) for igneous zircons 

from the Yilgarn Craton and Halfway Gneiss (Glenburgh Terrane). Samples are characterised 

accordingly to the compiled bibliography. YGC-Yarlarweelor Gneiss Complex; EGST-Eastern 

Goldfields Superterrane.  
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Sample L79 - Peak Hill Schist 

Detrital zircons with crystallisation ages within the time window ca. 2600-2700 Ma are comparable 

with ages of the predominant volcanism and plutonism developed in the eastern and western parts of 

the Yilgarn Craton, as well as in the Marymia Inlier (Tab. 4.2; Cassidy et al., 2006; Jahn, 2018; Mole, 

2012; Vielreicher et al., 2002; Wang, 1998). Granitoids in the Youanmi Terrane (Murchison and 

Southern Cross domains) and within the Eastern Goldfield Superterrane (Fig. 4.2), contain ages 

equivalent to approximately 62% of the detrital zircon grains analysed in sample L79 of the Peak Hill 

Schist (Figs. 4.10 and 4.11). Further, a portion of evolved Lu-Hf isotopic compositions implies 

synchronous magmatic activity which is confirmed in these terranes (e.g. Wang, 1998; Mole, 2012; 

Jahn, 2018). The εHf values ranging from -7.59 to 3.79, -12.92 to 8.35, and -8.76 to 6.09 for the 

Murchison and Southern Cross domains and the Eastern Goldfield Superterrane (Kalgoorlie Terrane; 

Mole, 2012), respectively, correspond well to the εHf values of sample L79 (Fig. 4.11).   

Table 4.2: Summary of the geochronology of volcanism and plutonism in the granite-greenstone terranes of the Yilgarn 

Craton. Modified from Wang (1998) with ages compiled from Nutman et al. (1993), Wang (1998), Mole (2012) and 

Jahn (2018). 

Province Volcanism (Ga) Plutonism (Ga) 

Eastern Goldfields Superterrane 2.91 - 2.97 2.8 2.66 - 2.75 - 2.8 2.63 - 2.77 

Southern Cross Domain* 2.90 – 3.0 - 2.64 - 2.73 2.97 2.72 - 2.8 2.63 - 2.72 

Murchison Domain* 2.93 - 2.96 2.8 2.71 - 2.73 2.92 - 2.95 2.8 2.60- 2.78 

South West Terrane    2.62-2.69 2.72 – 2.84 3.46 

Narryer Terrane    
3.73 

3.60 - 3.67 

3.28- 3.60 

2.92 – 3.25 
2.6 – 2.75 ** 

*Youanmi Terrane      ** Granite and gabbro sheets 

The detrital zircon peak at ca. 2778 Ma (Figs. 4.5 and 4.8) within the Peak Hill Schist correlates, within 

error, with episodes of volcanism and plutonism at ca. 2800 Ma in the Murchison and Southern Cross 

domains and the Eastern Goldfield Superterrane (Fig. 4.10). εHf values, however, show better 

correspondence with the latter two regions (Fig. 4.11). Similarly, peaks observed at ca. 2918 and 2976 

Ma correspond to the time of early magmatism in the Murchison and Southern Cross domains, which 

took place at ca. 2920 to 2950 Ma Ga and ca. 2970 Ma, respectively (Tab. 4.2, Wang, 1998; Mole, 

2012), although εHf values show compatibility with the Southern Cross Domain (Fig. 4.10). 

Magmatism also took place in the Southwest Terrane at around ca. 2800 and 2920 Ma (Tab. 4.2), 

corresponding to 3.21 to -5.05 εHf values (Mole, 2012; Fig. 4.11). However, due to its greater distance 

from the Peak Hill Schist, it is unlikely to be the detrital source for the precursor sedimentary rocks.    

The oldest detrital zircon grains in sample L79 contain ages of 3027 ± 43 and 3028 ± 36 Ma (Fig. 4.6), 

which are similar to the ages of magmatism delineated for the Narryer Terrane. These detrital zircons, 

however, contain Hf isotopic compositions that indicate crystallisation derived from juvenile sources 
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(εHf > 0; Fig. 4.7), whereas zircons from felsic rocks of the Narryer Terrane with similar magmatic 

crystallisation ages contain Hf isotopic compositions that indicate reworking of crustal protoliths with 

little mantle input (Fig. 4.11; Jahn, 2018). Positive εHf values are related to ca. 2936 Ma detrital zircon 

components of the Marymia Inlier (Jahn, 2018). However, due to the age discrepancy, the sources of 

the oldest detrital zircon grains in sample L79 are uncertain.      

From sample L79 from the Peak Hill Schist, 26 (~ 24%) detrital zircons yielded ages younger than ca. 

2600 Ma (Fig. 4.6). As errors are as high as 71 Ma (e.g. zircon #38), zircon grains that are part of the 

peak at ca. 2589 Ma could have originated from the Yilgarn Craton, despite their age distribution being 

younger than ca. 2600 Ma. The youngest zircons (2504 ± 31 to 2537 ± 25 Ma), however, are unlikely 

to have been sourced from the adjacent part of the Yilgarn Craton, although there are ca. 2500 Ma 

pegmatites present in the South West Terrane at Greenbushes (Partingtonn et al., 1995). In the southern 

part of the Capricorn Orogen, ages from ca. 2430 to 2555 Ma are limited to the heterogeneous granite 

gneisses of the Halfway Gneiss (Johnson et al., 2011; 2017; Jahn, 2018), which comprises the basement 

of the Glenburgh Terrane (Johnson et al., 2011).  

Zircon grains from sample L79 with ages between ca. 2504 and ca. 2553 Ma contain 176Hf/177Hf ratios 

within the range 0.281155 and 0.280921 and εHf values from 0.205 to -7.96 (Fig. 4.7). These values 

partially agree with the Hf isotopic compositions of the Halfway Gneiss, which indicates 176Hf/177Hf 

ratios between 0.281415 and 0.280960 and εHf values spanning from +4.5 and -6.8 (Johnson et al., 

2017; Jahn, 2018; Fig. 4.11). However, the Glenburgh Terrane is considered to have been amalgamated 

with the Pilbara Craton at the time of the deposition of the Peak Hill Schist (~ ca. 2170 Ma), and is 

believed to have accreted to the northwest margin of the Yilgarn Craton only during the Glenburgh 

Orogeny at ca. 2005-1950 Ma (Occhipinti et al., 2004; Johnson, 2013). Therefore, the source of these 

zircon grains could have originated from a microcontinent associated with the Glenburgh Terrane that 

was eroded or is buried. This source could also come from another eroded terrane existing at the time 

of the sedimentary deposition, or from another part of the Yilgarn Craton, perhaps similar to the South 

West Terrane, which has now been reworked or is covered by younger sedimentary basins.   

Combining samples L79 and GSWA 195866 (Crispin Conglomerate, Wingate et al., 2014a), illustrates 

that the detrital zircon age distributions for the precursor sedimentary rocks of the Peak Hill Schist 

mainly consist of Neoarchean (ca. 2500 to 2800 Ma) components, with most ages between ca. 2600 and 

2770 Ma (Fig. 4.9). The two main peaks of the sample 195866 (Crispin Conglomerate) are at ca. 2737 

and 2670 Ma (Fig. 4.8), which also corresponds to the peaks, within error, of sample L79. This 

coincidence suggests that, in part, the source region for the Crispin Conglomerate and the underlying 

sedimentary strata was likely to be similar and that zircon grains younger than 2600 Ma, exclusively 

present in sample L79, may occur due to a distinct stratigraphic position, which records an earlier stage 

of the Peak Hill Schist evolution with sediments derived from an additional source.  
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Sample SAO - Labouchere Formation  

The detrital zircon grains from sample SAO display Neo- to Paleoarchean ages (ca. 2562 to 3430 Ma; 

Fig. 4.6). Zircons bearing ages older than 3300 Ma are likely to be sourced from the Narryer Terrane. 

The Narryer Terrane contains abundant 3300 to 3730 Ma granites and gneisses in its eastern part, while 

its western part is made of gneisses bearing middle Archean protolith ages (ca. 2920-3000 Ma; Nutman 

et al., 1993; Nutman et al., 1991). Sample SAO has a minimum contribution of Mesoarchean zircons, 

suggesting that the eastern part of the Narryer Terrane had a more significant contribution. 

The early Archean tectonostratigraphy of the Narryer Terrane contains an association of two main 

gneisses, assembled between ca. 3280 and 3300 Ma, synchronous with the emplacement of granite and 

pegmatites (Nutman et al., 1991). The Nookawarra Gneiss includes ca. 3380 Ma granites, voluminous 

ca. 3600-3670 Ma granites, and ca. 3730 Ma tonalite, while the Eurada Gneiss is dominated by ca. 

3440-3490 Ma tonalites and granodiorites (Nutman et al., 1991). The peaks observed at ca. 3478 and 

3302 Ma in the detrital spectra of the Labouchere Formation sample SAO (Fig. 4.6), as well as the 

intermediate zircons with ages of ca. 3280-3300 Ma, precisely match with these granitic events (Fig. 

4.10). Further, zircons with ages between ca. 3300 and ca. 3500 Ma from sample SAO resulted in εHf 

values from -1.78 to -14.67, which are partially concordant with granites of the same age at the Narryer 

Terrane (Jahn, 2018; Fig. 4.11).   

The main detrital zircon population from sample SAO spans approximately between ca. 3000 and 3220 

Ma (Figs. 4.5 and 4.8). Zircons with ages between ca. 3000 and 3220 Ma are also found in the 

supracrustal rocks of the Narryer Terrane, such as the Mt. Narryer metasedimentary belt and the Jack 

Hills, as well as in the metasedimentary rocks from the Southern Cross Domain  (Nutman et al., 1991; 

Thern and Nelson, 2012). One of the main periods of granitie emplacement in the Narryer Terrane 

occurred at ca. 3190 Ma (Jahn, 2018), and it is the potential source for the main population of detrital 

zircons in sample SAO. The Narryer Terrane also presents rare granite with ages of ca. 3120 Ma and 

zircons with ages of ca. 3055 Ma that could have been intruded by pegmatites or partially melted 

(Nutman et al., 1991). Zircon grains of sample SAO with ages between ca. 3000 and ca. 3220 Ma 

contain εHf values from -4.30 to -18.75 (Fig. 4.7), implying that the zircons were formed from melts 

involving pre-existing crust. Negative εHf values also characterise the ca. 3190 Ma granites of the 

Narryer Terrane and detrital zircons from the Jack Hills metasedimentary belt  (Jahn, 2018; Kemp et 

al., 2010). 

The Yarlarweelor Gneiss Complex is a part of the Narryer Terrane that was deformed and 

metamorphosed during the Capricorn Orogen (Sheppard et al., 2003). It contains granitic components 

dated between ca. 3500 and 1800 Ma, including granite plutons dated from ca. 1960Ma and ca. 1620 

Ma (Jahn, 2018; Occhipinti et al., 1998b; Sheppard et al., 2003). The complex was exhumed from 

amphibolite into greenschist facies between ca. 1830 Ma and ca. 1800 Ma, respectively (Sheppard et 



                            Chapter 4 - U-Pb and Lu-Hf in situ analysis of the Peak Hill Schist and Lower Padbury Group 

   
 

 

109 

 

al., 2003). Consequently, at the time of the onset of the Padbury Basin, the Yarlarweelor Gneiss 

Complex is not thought to have been in its current position. A thickened lithosphere (thrust wedge) 

resulted from the eastward lateral spread of the Glenburgh Orogeny may have developed on the 

easternmost part of the Narryer Terrane. Zircon grains with ages between ca. 3162-3395 Ma and ca. 

3214-3322 Ma are also present in granite gneisses in the southern and central-northern part of the 

Yarlarweelor Gneiss Complex, respectively (Nelson, 1998a, b).  

Further, in the southwestern part of the complex, a zircon xenocryst within a foliated biotite 

monzogranite contains a concordant 207Pb/206Pb age of 3185 ± 3 Ma (Nelson, 1999), and analyses of 

metagranite cores indicate a weighted mean 207Pb/206Pb age of 3187 ± 12 Ma (Jahn, 2018). These data 

imply that the eastern part of the Narryer Terrane contained zircons with ages between ca. 3000 and 

3220 Ma. Also, the strong relationship between the thrust wedge and the sedimentary influx of foreland 

basins (Allen and Allen, 2013; Naylor and Sinclair, 2008), indicates a higher proportion of sediments 

derived from the mountain range, which in this case may be attributed to the rocks on the eastern part 

of the Narryer Terrane before their deformation during the Capricorn Orogeny.  

Young detrital zircons with ages ranging from ca. 2620 and 2720 Ma are plotted within negative εHf 

space, between -6.92 and -12.64 (Fig. 4.7). These zircons grains are likely to be derived from the later 

granitic sheet intrusions of the Narryer Terrane (ca. 2720-2780 and 2620-2690 Ma; Nutman et al., 

1991), which also show negative εHf values (Fig. 4.11; Jahn, 2018). Alternatively, these young detrital 

zircons could potentially have been sourced from the Southern Cross Domain, which reaches negative 

εHf values of -12 (Fig. 4.11; Mole, 2012). 

4.6.3 Depositional Settings  

Samples L79 and SAO display vastly different age spectra, indicating a sedimentary contribution from 

different sources (Figs. 4.5 and 4.8). The age distribution patterns resulting from detrital zircons reflect 

the tectonic setting of the basins in which the detrital zircon grains were deposited (Cawood et al., 2012; 

Fig. 4.12). Convergent plate margins are characterised by a significant proportion of zircons close to 

the depositional age of the sediment, while collisional, extensional and intracratonic settings contain 

significant proportions with older ages that reflect the history of the underlying basement (Cawood et 

al., 2012). 

The detrital zircon age spectra of the Karalundi and Ravelstone formations from the Bryah Rift Basin 

show a similar age dispersion, with a relatively narrow window and a normal curve peaking at around 

ca. 2700 Ma (Fig. 4.9). The zircon spectra suggest that they derived from a constant source along with 

the rift basin evolution, which is in agreement with the incorporation of detritus from uplifted areas 

during rifting, and reflects the restricted distributary province of rift basins (Cawood et al., 2012). 
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The zircon age spectra of the Peak Hill Schist also show a peak at ca. 2700 Ma and resembles the zircon 

age spectra of the Karalundi Formation, although the former present a greater proportional distribution 

of zircons between 2600 and 2800 Ma, and a scarcity of detrital grains younger than ca. 2500 Ma (Fig. 

4.9). A lack of felsic igneous activity concomitant with the sedimentary deposition may produce a 

minimum depositional age much older than the time the sediment accumulated (Cawood et al., 2012). 

The extensional tectonism on the northern margin of the Yilgarn Craton is only related to mafic 

magmatism (refer to Chapter 3), which uncommonly provides detrital zircons, and which may explain 

the lack of detrital zircons bearing ages younger than ca. 2500 Ma in sample L79.   

 

Figure 4.12: Summary plot that enables the prediction of the tectonic setting of sedimentary packages of unknown 

origin based on differences between the crystallisation and depositional ages (Cawood et al., 2012). 

The plot shows the cumulative probability density versus the difference between zircon 

crystallisation age and sedimentary depositional age for zircons of the samples SAO and L79, 

compared with the general fields for (A) convergent, (B) collisional and (C) extensional basins. The 

deposition age for the Labouchere Formation was determined for two scenarios: one as ca. 1996 Ma 

(Nelson, 1997b), the minimum depositional age attributed to the Wilthorpe Formation, and another 

as ca. 2562 Ma, the maximum depositional age yielded for sample SAO. Similarly, the deposition 

age for the Peak Hill Schist considered the age of ca. 2170 Ma, attributed to the Crispin Conglomerate 

(Wingate et al., 2014a), as well as the maximum deposition age from sample L79, constrained by an 

age of ca. 2504 Ma. 

The Peak Hill Schist and the Karalundi Formation are characterised by a large sedimentary contribution 

from the same underlying basement: the Yilgarn Craton. The similarity between the detrital zircon age 

spectra of the Peak Hill Schist (samples L79 and GSWA 195866.1 combined; Fig. 4.9) and the 

Karalundi Formation is consistent with a scenario in which these units were deposited during the 

evolution of the same extensional tectonic event, with the Peak Hill Schist representing deformed and 

metamorphosed rocks of the Juderina Formation (Occhipinti et al., 2017; Windh, 1992). The broader 
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zircon age spectra of the Peak Hill Schist are expected due to the wider sedimentary contribution related 

to intracratonic sag basins in comparison to rift basins. Further, the youngest 5% of detrital zircons in 

sample L79 are superior to 150 Ma older than the depositional age, if considering it as 2170 Ma, a 

pattern that is associated with extensional settings (Cawood et al., 2012; Fig. 4.12).  

Geological evidence indicates that the deposition of the Lower Padbury Basin was a turbidite succession 

that occurred in a foreland basin synchronous with deformation associated with contractional 

movements, caused by the convergence of the Glenburgh Terrane and the Yilgarn Craton during the 

Glenburgh Orogeny (Martin, 1998; Occhipinti et al., 2004). Foreland basins are generally associated 

with minor amounts of zircons bearing ages close to their time of sedimentary deposition, and a 

significant amount of much older zircons (Cawood et al., 2012). The detrital zircon ages derived from 

the sample SAO (Labouchere Formation) exhibits broad age spectra that range from the Neo- to 

Paleoarchean (Figs. 4.5 and 4.8). Sample SAO is made of much older grains, lacking detrital zircon 

grains with ages close to 1996 ± 35 Ma, which is the maximum depositional age attributed to the 

Wilthorpe Formation (Fig. 4.8). Detrital zircon with ages at around ca. 1996 Ma are supposedly derived 

from the syn-orogenic Dalgaringa Supersuite (ca. 2005–1970 Ma; Occhipinti et al., 2004; Sheppard et 

al., 2010b). 

Collision settings generate a low volume of magma, dominated by granites derived from partial melting 

of the crust (Hawkesworth et al., 2010). The lack of igneous activity with spatial association with the 

onset of the Padbury Basin may explain the absence of zircons showing ages close to the time attributed 

to the basin development. Further, the thrust wedge that resulted in the onset of the Padbury Basin may 

have acted as a barrier to the sediments from the syn-sedimentary Dalgaringa Supersuite from the west. 

The scarcity of synchronous zircons is also observed in sample GSWA 118961.1 of the Wilthorpe 

Formation (Nelson, 1997b), in which a single outlier zircon yielded 1996 ± 35 Ma (Fig. 4.9).   

Patterns with the youngest 5% of detrital zircons inferior to 150 Ma and the youngest 30% of detrital 

zircons superior to 100 Ma are indicative of collisional settings (Cawood et al., 2012; Fig. 4.12). If 

considering the depositional age of ca. 1996 Ma in the plot of the cumulative proportion versus the 

difference between the crystallisation and depositional ages, the curve for sample SAO is plotted over 

the extensional setting (Fig. 4.12). If the age of ca. 2562 Ma is considered, which represents the 

youngest zircon from the sample SAO, the curve falls in the extensional-collisional region (Fig. 4.12). 

The lack of zircons with ages close to ~2000 Ma, stratigraphically constrained by the underlying Bryah 

Group, explains the displacement of the curve in the plot.  
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4.6.4 Implication for Regional Geological Evolution 

Extensional Phase (ca. 2200 - 2000 Ma) 

Isotopic genetic associations revealed by detrital zircons older than ca. 2600 Ma from the Peak Hill 

Schist indicate that they are mainly sourced from the Yilgarn Craton, suggesting that the Archean 

terrane acted as the underlying basement and that the Peak Hill Schist is likely to be autochthonous. 

The Peak Hill Schist also contains zircons with ages younger than 2600 Ma, which indicates an origin 

from melts from a pre-existing continental crust (εHf < 0). These younger detrital zircons suggest the 

involvement of a ca. 2500 Ma terrane linked to the northern margin of the Yilgarn Craton at the time of 

the deposition of the precursor sediments of the Peak Hill Schist, attributed to the Juderina Formation 

(Yerrida Basin; Fig. 4.13). The existence of zircon grains with ages as young as ca. 2427 and 2531 Ma 

in the detrital zircon spectra of the Karalundi and Ravelstone formations (Bryah Group; Fig. 4.9), 

respectively, also supports the existence of a terrane bearing ages of ca. 2500 Ma connected to the 

Yilgarn Craton at the time of the rifting that originated the Bryah Rift Basin.  

The isotopic characteristics of the detrital zircons younger than ca. 2600 Ma in this study are correlated 

with isotopic data from the Halfway Gneiss of the Glenburgh Terrane (ca. 2440 to 2550 Ma; e.g. Jahn, 

2018; Johnson et al., 2017). The Glenburgh Terrane is considered exotic to the Pilbara and Yilgarn 

cratons (Johnson et al., 2010; Johnson et al., 2011; Occhipinti et al., 2004). However, the Glenburgh 

Terrane and the Yilgarn Craton show some degree of Lu-Hf isotopic similarity, which may suggest that 

the Yilgarn Craton (Youanmi and Kalgoorlie terranes) could have been a possible crustal source for the 

Glenburgh Terrane (Jahn, 2018). At the time of deposition of the Juderina Formation, the Glenburgh 

Terrane was attached to the Pilbara Craton. Therefore, the terrane suggested to have provided sediments 

to the extensional basins developed between ca. 2200 and 2000 Ma on the northern margin of the 

Yilgarn Craton could have been a detached fragment of the Glenburgh Terrane, or a synchronous 

unrelated microcontinent originated from reworked material (Fig. 4.13). Gravity data indicate the 

existence of a denser block north of the Marymia Inlier (Fig. 4.14), which may constitute the ca. 2500 

Ma terrane. This buried terrane seems to have acted as the basement for the sediments on the southern 

Collier Basin, in the southern-central part of the Capricorn Orogen. 

Collisional (Flexural) Phase (ca. 2000 - 1950 Ma)  

Foreland basin systems are dynamically linked to adjacent convergent orogenic belts, due to the 

influence of the latter on sources and rates of sediments supply as well as on basin subsidence (Allen 

and Allen, 2013; Cant and Stockmal, 1994). The Labouchere Formation in the westernmost part of the 

Padbury Basin, however, shows most of the detrital influx derived from the Narryer Terrane and 

Yarlarweelor Gneiss Complex, and a lack of zircons with ages synchronous with the syn-orogenic 
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Dalgaringa and Bertibubba supersuites (Fig. 4.10). Furthermore, the detrital spectra from sample SAO 

are scarce with zircons sourced from the Glenburgh Terrane (Fig. 4.10). 

 

Figure 4.13: A. Selected hypothetical geological scenario of the northern margin of the Yilgarn Craton at ca. 2200 

Ma and ca.1960 Ma. At ca. 2200 Ma, the sedimentary influx at the time of deposition of the Juderina 

Formation (ca. 2200 Ma), the precursor geological unit of the Peak Hill Schist, derived from the 

Yilgarn Craton, mainly from the Youanmi Terrane and the Eastern Goldfields Superterrane. This 

period coincides with the Ophthalmian Orogeny (ca. 2215-2145 Ma), which registers the collision 

between the Glenburgh Terrane and the Pilbara Craton. The schematic view of the Capricorn Orogen 

at ca. 1960 Ma shows the accretion of the block made of the Glenburgh Terrane and the Pilbara 

Craton (the Pilboyne Block; Johnson, 2011) with the Yilgarn Craton, recorded by the Glenburgh 

Orogeny (ca. 2005-1960 Ma; Occhipinti et al., 2004). The sedimentary influx to the western part of 
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the Padbury Basin is attributed to the Narryer Terrane, whereas the sedimentary load of the eastern 

part is mainly sourced from younger terranes, such as the Youanmi Terrane. The location of the 

geotectonic units is hypothetical and drawn according to the present-day locations. B. Regional cross-

section of a continent-continent collision forming a folded-thrust belt from Marshak & Wilkerson 

(2004) adapted to the study area. The cross section shows the post-collisional architecture of the 

Glenburgh Orogeny, and illustrates the lateral transfer of the thrust faults from the orogenic wedge, 

resulting from the collision of the Pilboyne Block and Yilgarn Craton, as far as the mafic volcanic 

rocks of the Bryah Group. Glenburgh Orogeny-age zircons, as from the Dalgaringa or Bertibubba 

Supersuite, were not found in the analysis of sample SAO, but are reported to be present in the Lower 

Padbury Group (Wilthorpe Formation, Nelson, 1997b). C. Schematic sections for the Yarlarweelor 

Gneiss Complex at ca. 1812 Ma and ca. 1800 Ma from Sheppard et al. (2003) adapted to show the 

erosion of the sediments of the Padbury Basin due to the exhumation of the Yarlarweelor Gneiss 

Complex during the Capricorn Orogeny. 

 

Figure 4.14: A. Bouguer gravity anomaly of the Capricorn Orogen and the margins of the Pilbara and Yilgarn 

cratons; B. Interpreted deep crustal terranes of the Capricorn Orogen (Occhipinti et al., in prep), in 

which the SE Gascoyne block located beneath the southern Collier Basin may constitute the ca. 2500 

Ma terrane that provided detrital zircons younger than ca. 2600 Ma for the sag-rift basin developed 

on the northern margin of the Yilgarn Craton. Black line indicates the Capricorn Orogen mapped 

margins (Martin, 2016). 

These provenance associations suggest a ‘time-lag’ between the onset of flexural subsidence and the 

deposition of orogen-derived sediments, which may be explained by the absence of significant early 

subaerial relief (e.g. Cant and Stockmal, 1994). Further, deep water-facies, such as shown by the Lower 

Padbury basin, have been attributed to low rates of sediment supply during the early stage of accretion 

and thrusting (Cant and Stockmal, 1994 and references therein), reflecting a subsidence-dominated 

basin. The detrital association in sample SAO supports a sedimentary load originating from a folded-

thrust belt propagated from the orogenic wedge throughout the Narryer Terrane (Fig. 4.13). Convergent 

orogens are a zone of considerable crustal shortening, achieved by translations along thrust faults and 

by ductile thickening (Allen et al., 2015), and related with the development of important compressional 

intraplate structures at distances up to 1600 km  (Ziegler, 1988). The folded-thrust belt developed on 
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the Narryer Terrane may have formed due to lateral transfer from the collision between the Pilboyne 

and Yilgarn cratons, and propagated until the contact with denser mafic rocks of the Bryah Group (Fig. 

4.13), which presented a crustal discontinuity that may have controlled the location of the intraplate 

deformation (e.g. Ziegler, 1988). Exhumation of the Yarlarweelor Gneiss Complex during the 

Capricorn Orogeny eroded the western part of the Narryer Terrane (Sheppard et al., 2003; Fig. 4.13), 

as well as the western part of the Padbury Basin (4.13), in which a possible higher syn-orogenic 

sedimentary content could have been present.      

The erosional flux derived from the thrust wedge developed on the rocks of the Narryer Terrane 

decreases towards the southern part of the Padbury Basin, where detrital zircons from the Wilthorpe 

Formation resulted mainly in associations with the younger terranes of the Yilgarn Craton (Fig. 4.9). 

The limited input of zircons from the collision zone and Glenburgh Terrane led to Johnson et al. (2011) 

suggesting that any foreland basins developed due to the collision between the Pilboyne and the Yilgarn 

cratons during the Glenburgh Orogeny may have been eroded during the subsequent deformation, 

reworking and uplift events. However, sedimentation in foreland basins may also have significant 

sediment discharges coming from the opposite side of the basin, especially during the early basin 

development (Allen and Allen, 2013) when subsidence takes place, and significant subaerial relief is 

absent across the thrust belt (Cant and Stockmal, 1994). Therefore, the direction of sediment supply of 

a deep-water deposit is not a critical criterion to determine the time of the onset of a foreland-basin 

(Cant and Stockmal, 1994). As such, paleocurrents measured from the turbidite sequence of the Lower 

Padbury Group indicate sediments derived from the southern and northern part of the Yilgarn Craton 

(Martin, 1998). The high content of detrital zircons originating from the younger parts of the Yilgarn 

Craton in the analysed sample of the Wilthorpe Formation (GSWA 118961.1) may occur because of its 

early deposition in a starved basin as well as its position, which due to posterior rotation may have been 

deposited further south (Fig. 4.3).    

4.7  Conclusion 

1. The absence of syn-sedimentary felsic igneous activity during the extensional tectonism that 

took place on the northern margin of the Yilgarn Craton between ca. 2200 and ca. 2005 Ma 

lead to a lack of detrital zircons contemporary to sedimentary accumulation, causing the detrital 

record of the units within the Yerrida Basin to contain much older zircons than the sedimentary 

strata where they are found. Consequently, the constraints of their maximum depositional ages 

are hindered. Similarly, the lack of syncollisional/synorogenic igneous activity spatially close 

to the thrust wedge that resulted in the onset of the Padbury Basin, make it difficult to constrain 

the maximum depositional age of the Labouchere Formation. Accordingly, the results of the 

analysis of the detrital zircons did not allow better geochronological constraints on the timing 

of deposition of the Peak Hill Schist, nor of the Labouchere Formation, as the zircons grains 
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yielded much older ages than previous geochronological data and the proposed stratigraphy for 

the region. The maximum deposition age for sample L79 of the Peak Hill Schist is constrained 

by the youngest concordant detrital zircon age of 2504 ± 30 Ma, whereas the youngest detrital 

zircon grain of sample SAO from the Labouchere Formation resulted in an age of 2562 ± 26 

Ma.  

 

2. The Yilgarn Craton is shown to have had a significant contribution to the sedimentary load of 

the Bryah Rift Basin, as seen on the compiled data of the Karalundi and Ravelstone formations. 

This significant contribution is also illustrated by zircons in the Peak Hill Schist, suggesting 

that its precursor sedimentary deposition is likely to be autochthone. The isotopic data from the 

Labouchere Formation (sample SAO), in the westernmost part of the Padbury Basin, show ages 

and an evolved εHf that agree with sedimentary contribution derived from the Narryer Terrane, 

the oldest component of the Yilgarn Craton. This pattern changes throughout the Padbury Basin 

in such a way that the southeast Wilthorpe Formation is characterised by a major detrital 

contribution from the younger rocks of the Yilgarn Craton, such as from the Youanmi Terrane.  

 

3. The detrital zircon record of the Peak Hill Schist (sample L79) agrees with the sedimentary 

distribution of extensional settings, supporting previous geological models in which the Peak 

Hill Schist comprises deformed and metamorphosed rocks of the Juderina Formation 

(Windplain Group; Occhipinti et al., 2017). The lack of zircons with ages close to the onset of 

the Padbury Group (ca. 1996 Ma) suggest an absence of syn-sedimentary felsic magmatism 

spatially close with the western part of the Padbury Basin, which hampers the correlation of the 

preserved sedimentary load and its depositional settings. However, the sample SAO contains 

much older zircons than its attributed time of deposition (ca. 1960 Ma), a characteristic common 

in detrital zircon populations in sedimentary rocks formed in response to continental collision 

settings such as foreland basins. 

 

4. The Peak Hill Schist contains zircons with an age of ca. 2500 Ma, which indicates an origin 

from reworking material (εHf < 0). These isotopic characteristics are correlated with isotopic 

data from the Halfway Gneiss (Glenburgh Terrane). This correlation suggests that a fragment 

of the Glenburgh Terrane, or a similar synchronous terrane, was linked to the northern margin 

of the Yilgarn Craton at the time of the Yerrida Basin onset (ca. 2200 Ma).  

 

5. The isotopic associations between the detrital zircons of the western part of the Labouchere 

Formation with the Narryer Terrane suggest the development of an orogenic wedge on the 

Narryer Terrane due to lateral transfer from the collision between the Pilboyne and Yilgarn 

cratons. The sediments derived from the orogenic wedge made by the Glenburgh Terrane, as 
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well as from rocks of the Dalgaringa Supersuite, were likely to have filled the western part of 

the basin, and later, eroded. Therefore, the actual lower Padbury Basin comprises non-eroded 

sediments from the east and most eastern parts of the original foreland basin, which were filled 

by sediments from the Narryer Terrane and younger parts of the Yilgarn Craton to the south, 

respectively. 
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Appendix 4A 

 

Laser Ablation ICPMS U-Pb Measurements 
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Analysis 
Ratios Apparent Ages Final Age Discordance 

% 
Approx. U 

ppm 
± ϭ 

Approx. Pb 
ppm 

± ϭ 

207Pb/206Pb ± ϭ 206Pb/238U ± ϭ 207Pb/206Pb ± ϭ 206Pb/238U ± ϭ 207Pb/206Pb ± ϭ 

Sample L-Jun-79 - Peak Hill Schist 

L79_1 0.1822 0.003 0.5059 0.019 2670 27 2639 80 2627.9 28.3 98.84 144.1 6 211.6 6.7 

L79_2 0.1827 0.0029 0.5181 0.02 2675 27 2690 84 2696.3 26.1 100.56 87.4 5.2 173.4 5.4 

L79_3 0.1833 0.0022 0.5078 0.019 2682 20 2647 81 2635.2 20.8 98.70 306.9 7 819 19 

L79_4 0.1847 0.0036 0.4965 0.019 2692 32 2598 81 2567.5 35.3 96.51 109.9 6.2 181.6 9.5 

L79_5 0.1891 0.0028 0.5195 0.019 2732 24 2697 81 2683.5 25.5 98.72 151 12 129 11 

L79_6 0.2231 0.0035 0.5801 0.022 3001 25 2949 88 2919.5 27 98.27 155.7 3.3 234.9 3.5 

L79_7 0.2249 0.0038 0.581 0.022 3013 27 2952 90 2917.7 29.3 97.98 115.4 6.4 139.9 4.4 

L79_8 0.181 0.0046 0.492 0.021 2662 43 2576 90 2553.5 45.5 96.77 51 3.6 113.2 9.6 

L79_9 0.1932 0.0061 0.5189 0.02 2769 52 2694 85 2666.8 55.7 97.29 122 13 355 52 

L79_10 0.1891 0.0032 0.5138 0.02 2736 27 2672 84 2651 29.7 97.66 104.2 5.3 135.7 4.4 

L79_11 0.2399 0.0026 0.5983 0.023 3118 17 3022 91 2962 19.6 96.92 283 14 333.1 8.1 

L79_12 0.1854 0.0034 0.5092 0.019 2703 29 2653 82 2636.6 31.8 98.15 84 1.7 115.9 5.2 

L79_13 0.1826 0.0019 0.5186 0.019 2675 17 2693 81 2699.5 17.3 100.67 376 20 500 14 

L79_14 0.1807 0.0022 0.4976 0.019 2658 20 2603 81 2585.7 21.5 97.93 246 14 370 19 

L79_15 0.1823 0.0024 0.504 0.018 2675 23 2631 79 2616.8 22.9 98.36 364 22 1558 75 

L79_16 0.179 0.0022 0.5037 0.019 2642 20 2629 81 2625.3 20.9 99.51 260 18 234 13 

L79_17 0.1815 0.0028 0.5044 0.019 2664 25 2632 82 2621.5 26.6 98.80 136.6 6.6 110.4 8.9 

L79_18 0.1849 0.003 0.5024 0.019 2695 27 2624 81 2599.8 28.9 97.37 230 15 377 24 

L79_19 0.1818 0.0025 0.5075 0.019 2668 23 2649 84 2638.2 23.5 99.29 238 8 453 14 

L79_21 0.1807 0.0023 0.4961 0.019 2661 22 2597 80 2577.3 22.6 97.59 169.5 9.8 224 11 

L79_22 0.1815 0.0034 0.4945 0.018 2663 31 2590 78 2565.9 33.4 97.26 130.9 5.4 351.5 9.7 

L79_23 0.1813 0.0021 0.4999 0.019 2663 19 2613 80 2596.8 20.4 98.12 382 16 609 14 

L79_24 0.1872 0.0026 0.5029 0.019 2719 24 2630 78 2595.6 25.1 96.73 218.4 9.9 136.1 6 

L79_25 0.1804 0.0025 0.4994 0.019 2654 23 2611 80 2596.7 24.2 98.38 242 13 592 29 

L79_26 0.1802 0.0049 0.4994 0.02 2661 48 2610 86 2597.3 47 98.08 57.2 2.8 80.8 3.7 

L79_27 0.1768 0.0043 0.4987 0.019 2624 43 2607 84 2603.7 41.1 99.35 53.6 3.7 73.1 2.7 

L79_28 0.1907 0.0036 0.5183 0.02 2744 31 2697 89 2671.5 32.9 98.29 73.9 2.3 91.6 2 

L79_29 0.1826 0.0025 0.4971 0.018 2675 23 2601 80 2577.1 24.5 97.23 200 12 516 24 

L79_30 0.1853 0.0049 0.5044 0.02 2694 44 2631 87 2609.8 46.6 97.66 42.1 2.5 40.9 1.9 

L79_31 0.1842 0.0025 0.5044 0.019 2689 23 2632 81 2613.2 23.9 97.88 226 14 358 19 

L79_32 0.1803 0.0024 0.4834 0.018 2657 23 2542 79 2508.1 24.7 95.67 276 13 314 24 

L79_33 0.1979 0.004 0.5231 0.02 2804 33 2712 84 2675.4 36.4 96.72 180 17 180 15 

L79_34 0.1806 0.0036 0.4901 0.018 2659 32 2570 80 2544.2 35.9 96.65 93.5 6 147.4 5 

L79_35 0.1814 0.0039 0.5045 0.02 2667 36 2632 88 2622.4 36.8 98.69 62.8 3.9 71.9 5.1 

L79_36 0.19 0.0045 0.5161 0.02 2742 38 2682 86 2661.2 41.3 97.81 89.3 9.3 120 12 

L79_37 0.1802 0.0034 0.5008 0.02 2650 32 2616 85 2605.2 32.5 98.72 87.2 6.8 129 11 

L79_38 0.1729 0.0071 0.486 0.021 2592 70 2550 93 2543.9 70.6 98.38 27.3 3.2 74.7 9.4 

L79_39 0.2003 0.004 0.5426 0.021 2824 33 2793 87 2779.9 33.9 98.90 80.9 6.6 72.3 5.3 

L79_40 0.1797 0.0025 0.4884 0.018 2648 23 2563 80 2537.4 25.2 96.79 235 14 391 19 

L79_41 0.1871 0.0045 0.5093 0.02 2718 41 2653 85 2631.8 42.2 97.61 55.3 3.5 97.7 5.2 

L79_42 0.1888 0.003 0.5259 0.02 2729 26 2724 83 2721.5 26.6 99.82 186.2 5.8 188.7 6.2 

L79_43 0.1853 0.0025 0.5128 0.019 2699 22 2668 81 2657.4 23.2 98.85 323 18 659 29 

L79_44 0.1833 0.0029 0.5122 0.019 2680 26 2666 82 2660.3 26.8 99.48 185 12 346 18 

L79_45 0.1836 0.0026 0.514 0.019 2683 23 2673 81 2669.7 23.9 99.63 221.1 8.1 346.3 3.7 

L79_46 0.1814 0.0035 0.5007 0.02 2662 32 2616 85 2601 33.6 98.27 71.4 3.4 79.8 3.8 

L79_47 0.1747 0.0029 0.4879 0.018 2600 28 2561 79 2549.2 28.9 98.50 206 12 298 14 

L79_48 0.1838 0.0029 0.5097 0.02 2685 26 2655 84 2644.5 27.1 98.88 183 14 261 26 

L79_49 0.1815 0.003 0.4833 0.018 2664 27 2541 79 2504.1 30.8 95.38 129 8 225 11 

L79_50 0.1807 0.0027 0.499 0.018 2657 24 2609 79 2593.5 26.1 98.19 200.5 9.4 798 28 

L79_51 0.1789 0.0025 0.4979 0.019 2640 23 2604 80 2592.8 24.2 98.64 308 17 353 14 
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L79_52 0.1811 0.0028 0.4845 0.019 2664 26 2546 82 2511.8 28.6 95.57 252 13 610 33 

L79_53 0.1842 0.0023 0.5107 0.019 2689 20 2659 82 2648.9 21.5 98.88 307 19 550 28 

L79_54 0.1843 0.0027 0.5327 0.02 2690 24 2753 83 2777 23.1 102.34 242 13 392 10 

L79_55 0.1828 0.0021 0.5105 0.019 2676 19 2662 86 2652.2 19.6 99.48 326 12 243.8 9 

L79_56 0.1821 0.003 0.5286 0.02 2675 29 2735 85 2760.1 25.9 102.24 169 14 198 16 

L79_57 0.1781 0.0021 0.4974 0.018 2634 20 2602 79 2592.4 20.4 98.79 317 20 320 22 

L79_58 0.1828 0.0031 0.511 0.019 2675 28 2661 81 2655 28.7 99.48 157.1 5.8 227.2 7 

L79_59 0.1811 0.0044 0.5163 0.021 2663 42 2682 87 2691 39.6 100.71 91.2 7.9 74.7 7 

L79_61 0.1793 0.0024 0.5071 0.019 2645 22 2644 81 2643.8 22.5 99.96 282 15 402 18 

L79_62 0.1845 0.0027 0.5082 0.019 2695 23 2648 81 2633.8 25.4 98.26 303.5 2.6 357.9 5.1 

L79_63 0.1858 0.0034 0.5195 0.02 2717 29 2701 87 2694.3 30.6 99.41 152 11 221 14 

L79_64 0.1828 0.0028 0.5144 0.019 2679 24 2675 80 2674.6 25.6 99.85 246 25 646 65 

L79_65 0.1883 0.0032 0.5235 0.02 2724 28 2714 84 2709.2 28.5 99.63 218 19 199 18 

L79_66 0.1807 0.0029 0.4975 0.019 2656 27 2602 82 2585.1 28.2 97.97 145.6 7.4 576 24 

L79_67 0.1814 0.0025 0.5158 0.019 2664 23 2681 82 2687.2 22.7 100.64 335 12 666 12 

L79_68 0.2041 0.0045 0.5629 0.021 2854 36 2878 87 2888.4 35.3 100.84 107 10 84 8.9 

L79_69 0.1815 0.0032 0.5125 0.019 2664 29 2667 82 2667.8 29.4 100.11 226.5 9.7 424 15 

L79_70 0.1844 0.0034 0.5342 0.021 2689 30 2765 82 2785.7 28.7 102.83 127.3 4.5 204.4 3.5 

L79_71 0.1812 0.0026 0.5134 0.019 2661 24 2671 81 2673.9 23.8 100.38 259 14 412 17 

L79_72 0.1957 0.0032 0.5369 0.02 2788 27 2770 84 2762.4 27.5 99.35 155.6 9.2 311 15 

L79_73 0.1792 0.0027 0.5167 0.02 2643 25 2685 84 2699.5 24.3 101.59 137.7 6.5 170.9 5.1 

L79_75 0.1822 0.0032 0.5226 0.02 2674 28 2709 86 2724.2 28.2 101.31 152.3 7.8 214 10 

L79_77 0.1976 0.0043 0.525 0.022 2802 36 2726 96 2687.2 38.8 97.29 127 17 111 20 

L79_78 0.1906 0.0041 0.5087 0.019 2742 36 2651 81 2617.5 38.8 96.68 139 11 290 23 

L79_79 0.1814 0.0023 0.5051 0.018 2664 21 2636 79 2625.8 21.8 98.95 336 19 1133 55 

L79_80 0.1842 0.0059 0.4987 0.02 2697 53 2607 85 2581.3 57.2 96.66 75.5 6.6 99.6 8.6 

L79_81 0.1832 0.0035 0.5116 0.02 2678 31 2663 83 2657.2 32.3 99.44 115.2 6.5 164.9 6.2 

L79_82 0.1782 0.0031 0.4872 0.019 2633 29 2558 82 2535.1 31.2 97.15 128.9 8.9 152.1 8.3 

L79_83 0.186 0.0031 0.5132 0.019 2712 27 2670 81 2657.5 28.7 98.45 220 11 272.5 9.8 

L79_84 0.1859 0.0023 0.5242 0.019 2704 20 2717 82 2721.3 20.5 100.48 333 18 163.7 7.4 

L79_85 0.1787 0.0027 0.4975 0.019 2642 26 2603 80 2591.1 26.2 98.52 277 15 234.4 9.4 

L79_86 0.1739 0.0042 0.4995 0.02 2596 42 2610 87 2617 39.8 100.54 55.9 2.6 93.2 3.8 

L79_87 0.1835 0.0041 0.5146 0.02 2690 36 2675 84 2673.5 37.4 99.44 107.1 5 154 4.8 

L79_89 0.185 0.0025 0.5155 0.019 2700 23 2680 82 2673.8 22.9 99.26 255 26 375 47 

L79_90 0.1828 0.0051 0.516 0.022 2679 48 2682 93 2683.8 46.1 100.11 41.4 4.7 28.1 3.2 

L79_91 0.1834 0.0024 0.5376 0.02 2686 22 2773 86 2809.7 20.1 103.24 278 14 315 13 

L79_92 0.2274 0.0031 0.592 0.022 3035 21 2997 89 2976 23 98.75 212 15 400 26 

L79_94 0.1844 0.0044 0.527 0.021 2687 40 2728 91 2742.8 38.2 101.53 82.4 7.1 44 3.4 

L79_96 0.1923 0.0046 0.5409 0.022 2756 39 2786 90 2798.1 38.4 101.09 74.4 4.2 82 5.4 

L79_97 0.1913 0.0064 0.5311 0.021 2764 60 2745 90 2743.5 55.4 99.31 29.74 0.84 8.83 0.9 

L79_98 0.1807 0.0043 0.5106 0.02 2653 39 2664 81 2659.4 39.6 100.41 83.9 8.8 169 16 

L79_99 0.1928 0.004 0.531 0.02 2761 34 2745 83 2737.8 34.9 99.42 126.9 2.8 80.4 2.7 

L79_100 0.1827 0.0026 0.5111 0.019 2676 23 2661 82 2655.9 24.1 99.44 301 24 354 24 

L79_101 0.1845 0.0032 0.5097 0.019 2696 27 2655 81 2642.3 29.9 98.48 126 12 249 22 

L79_102 0.1693 0.0059 0.5087 0.02 2538 58 2657 80 2684.6 53.3 104.69 38.7 2.1 36.9 1.2 

L79_105 0.1942 0.0049 0.5389 0.021 2778 43 2778 88 2779.5 41.4 100.00 72.7 7.7 42.2 4.5 

L79_107 0.2172 0.0061 0.593 0.024 2952 46 2998 97 3027 43.3 101.56 37.5 4.8 39 5.5 

L79_108 0.1796 0.0034 0.5249 0.02 2646 32 2719 86 2746.5 29.5 102.76 148 17 218 27 

L79_110 0.1759 0.0029 0.5008 0.019 2611 27 2616 82 2618.3 27.6 100.19 161 17 169 13 

L79_112 0.1835 0.0022 0.5272 0.019 2686 20 2729 82 2747 19.3 101.60 325 12 287 7 

L79_113 0.1976 0.0038 0.5544 0.021 2803 32 2843 88 2860.7 30.5 101.43 122.6 2.3 132 2 

L79_114 0.2185 0.005 0.594 0.026 2971 38 3002 100 3027.9 35.6 101.04 36.2 1.8 32.8 1.3 

L79_115 0.1831 0.0023 0.5213 0.019 2683 20 2704 81 2713.6 20.6 100.78 337 20 476 23 

L79_117 0.175 0.0064 0.4874 0.019 2620 63 2558 84 2545.5 63.6 97.63 49.9 2.5 53.6 2.7 

L79_118 0.1774 0.0053 0.5159 0.02 2638 49 2681 87 2700.7 47.3 101.63 52.7 2.8 54.1 2.1 

L79_119 0.1994 0.0038 0.5315 0.021 2818 31 2747 88 2718.4 33.6 97.48 121 12 202 30 

L79_120 0.1854 0.0047 0.5025 0.02 2695 42 2623 84 2598.9 45.1 97.33 96.5 2.7 128.1 8.6 
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Analysis 
Ratios Apparent Ages Final Age Discordance 

% 
Approx. U 

ppm 
ϭ 

Approx. Pb 
ppm 

ϭ 

207Pb/206Pb ± ϭ 206Pb/238U ± ϭ 207Pb/206Pb ± ϭ 206Pb/238U  ±ϭ 207Pb/206Pb ± ϭ 

Sample SAO - Labouchere Formation (Padbury Group) 

SAOA_1 0.301 0.0034 0.72 0.026 3474 17 3496 99 3540.6 17.1 100.63 277 17 266 12 

SAOA_2 0.2661 0.0031 0.6636 0.025 3284 19 3280 97 3279.7 18.7 99.88 231 11 240.8 9.5 

SAOA_3 0.2727 0.0035 0.6546 0.025 3320 20 3245 98 3173.1 22.6 97.74 146.8 9 149.7 6.6 

SAOA_4 0.3015 0.0061 0.716 0.029 3490 30 3481 110 3488.2 31.3 99.74 45.5 3.3 34.5 2.2 

SAOA_5 0.2685 0.0038 0.66 0.024 3295 22 3267 94 3236.8 23.5 99.15 171.9 9.8 173.6 6.1 

SAOA_6 0.268 0.003 0.6609 0.024 3293 18 3270 95 3246.7 18.6 99.30 253 17 207 12 

SAOA_7 0.2646 0.0036 0.6663 0.026 3276 22 3291 99 3311.5 21.2 100.46 118 10 164 15 

SAOA_8 0.2658 0.0044 0.6214 0.024 3279 26 3122 100 2990.3 32.2 95.21 143 12 195 13 

SAOA_9 0.2633 0.0034 0.6547 0.025 3268 19 3246 98 3227.5 21.2 99.33 109.5 5 145.8 5.7 

SAOA_10 0.2695 0.0025 0.6555 0.024 3302.2 15 3253 90 3197.6 16.1 98.51 424 27 241 13 

SAOA_11 0.2702 0.0024 0.6612 0.024 3306.4 14 3271 94 3235.7 15.1 98.93 602 33 502 22 

SAOA_12 0.27 0.0032 0.674 0.025 3304 19 3321 96 3340.4 18.5 100.51 179.7 4.1 212.6 5.4 

SAOA_13 0.2724 0.0041 0.6702 0.025 3318 24 3306 97 3292.4 24.3 99.64 166.2 8.5 544 22 

SAOA_14 0.2683 0.0039 0.67 0.025 3297 24 3305 97 3317.9 22.8 100.24 132.5 7.2 181.3 7.5 

SAOA_15 0.2664 0.0033 0.6685 0.025 3283 20 3300 96 3318 19.4 100.52 240 29 375 33 

SAOA_16 0.2657 0.0026 0.6595 0.024 3280 15 3265 94 3249.9 16.2 99.54 453 25 406 17 

SAOA_17 0.2696 0.0039 0.676 0.026 3302 23 3328 98 3360.9 22.1 100.79 161 9.3 179.7 5.8 

SAOA_18 0.1827 0.0024 0.5214 0.019 2675 22 2705 82 2715.5 21.4 101.12 363 16 705 95 

SAOA_19 0.2693 0.0039 0.6636 0.025 3303 22 3280 97 3259.6 23.7 99.30 147 15 225 27 

SAOA_20 0.3001 0.0043 0.698 0.027 3469 23 3412 100 3330.6 24.8 98.36 147.2 7.8 168.1 9.6 

SAOA_21 0.2647 0.0032 0.671 0.025 3273 19 3309 97 3351.4 18.4 101.10 276 14 357 15 

SAOA_22 0.2725 0.0038 0.6565 0.024 3321 21 3253 95 3187.8 24.3 97.95 209.7 9.1 350.9 8.8 

SAOA_23 0.2678 0.0031 0.668 0.025 3294 19 3298 95 3304.5 18.4 100.12 321 28 463 29 

SAOA_24 0.2644 0.0029 0.6541 0.024 3274 18 3244 94 3216.6 18.3 99.08 323 12 431 13 

SAOA_25 0.2719 0.0039 0.664 0.026 3315 22 3280 100 3246.8 23.9 98.94 159 10 314.5 4.3 

SAOA_26 0.305 0.004 0.7175 0.027 3497 20 3486 100 3470.7 21 99.69 182 12 157.2 8.3 

SAOA_27 0.2706 0.0034 0.6421 0.024 3308 20 3197 95 3099 23.2 96.64 152 5.5 194.5 5.7 

SAOA_28 0.2228 0.0026 0.5922 0.022 3002 19 2998 90 2997.1 19.1 99.87 310 16 430 18 

SAOA_29 0.2775 0.0033 0.6805 0.025 3347 19 3346 96 3343.8 19 99.97 337 17 39.4 2.3 

SAOA_30 0.2671 0.0026 0.6625 0.024 3288 15 3277 94 3264.7 16 99.67 431 19 651 15 

SAOA_31 0.2721 0.0041 0.6628 0.025 3319 23 3278 96 3236.4 25.3 98.76 154.1 8.3 315 12 

SAOA_32 0.2789 0.0029 0.6788 0.025 3356 16 3340 96 3319.6 17.1 99.52 370 22 12.3 2.3 

SAOA_33 0.2962 0.0057 0.669 0.027 3451 29 3301 100 3142.1 37.4 95.65 88.6 4.3 81.9 3.7 

SAOA_34 0.2692 0.0038 0.6567 0.025 3300 22 3259 90 3208.1 23.9 98.76 164.7 7.5 228.5 9.9 

SAOA_35 0.2698 0.0026 0.656 0.025 3304 15 3251 95 3199.5 16.7 98.40 315 14 514 13 

SAOA_36 0.3043 0.0053 0.6844 0.026 3493 26 3360 100 3200.7 33.4 96.19 99 5.3 158.2 7.5 

SAOA_37 0.2658 0.0037 0.664 0.025 3283 23 3282 96 3284.8 22.1 99.97 197 18 271 24 

SAOA_38 0.2979 0.0041 0.7021 0.027 3458 21 3434 110 3382.3 22.9 99.31 275 12 251 15 

SAOA_39 0.2682 0.0036 0.6677 0.026 3294 21 3302 97 3299.4 21.3 100.24 221 17 435.6 8.1 

SAOA_40 0.1829 0.0024 0.5072 0.019 2681 23 2645 80 2633.1 22.7 98.66 265 17 311 17 

SAOA_41 0.2689 0.0032 0.6571 0.024 3300 18 3255 95 3212.7 20.2 98.64 318 8.7 667.9 9.5 

SAOA_42 0.1861 0.0027 0.4963 0.019 2709 23 2597 81 2562.2 26.7 95.87 426 19 284 20 

SAOA_43 0.2683 0.003 0.6579 0.025 3295 18 3258 96 3222.2 18.9 98.88 221 11 387 20 

SAOA_44 0.2684 0.003 0.6743 0.026 3295 17 3327 96 3354.3 17.3 100.97 404 26 266 12 

SAOA_45 0.2679 0.0036 0.6596 0.025 3292 21 3265 97 3237.4 22.3 99.18 175.6 7.4 325.7 9.5 

SAOA_46 0.2679 0.0031 0.6568 0.024 3292 18 3254 95 3216.3 19.5 98.85 202 3.9 551.7 4.9 

SAOA_47 0.3021 0.0047 0.6974 0.026 3479 24 3410 100 3311.7 27.4 98.02 77.4 1.4 141.6 5.1 

SAOA_48 0.269 0.0033 0.6622 0.025 3298 19 3275 97 3250.6 20.3 99.30 165.3 4 317 12 

SAOA_49 0.3035 0.0034 0.7088 0.027 3487 17 3453 100 3398.5 18.9 99.02 210.9 9.4 431 16 

SAOA_50 0.2655 0.0036 0.6579 0.025 3281 20 3258 96 3238.8 22.2 99.30 159 9.2 363 14 
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SAOA_52 0.2721 0.0028 0.6691 0.025 3317 16 3302 95 3285.5 16.9 99.55 447 29 520 27 

SAOA_53 0.2676 0.0032 0.6591 0.025 3290 19 3263 98 3235.4 19.9 99.18 225 28 574 78 

SAOA_54 0.302 0.0034 0.7045 0.026 3481 17 3437 99 3371.8 19.2 98.74 342 29 487 36 

SAOA_55 0.2627 0.0036 0.6419 0.025 3265 20 3195 99 3138.4 23.8 97.86 162 13 347 19 

SAOA_56 0.2617 0.0056 0.651 0.026 3253 33 3230 100 3209 35 99.29 116 15 183 25 

SAOA_57 0.3029 0.0033 0.7127 0.026 3484 17 3468 99 3440.8 17.8 99.54 234.4 8.3 473 7.2 

SAOA_58 0.2652 0.0032 0.6507 0.024 3279 20 3231 94 3187.1 20.6 98.54 290 21 470 23 

SAOA_59 0.2681 0.0032 0.6753 0.025 3296 19 3326 96 3365.5 18.2 100.91 247 13 454 30 

SAOA_60 0.2677 0.0039 0.6628 0.025 3290 23 3277 98 3263.3 23.6 99.60 151 12 359 11 

SAOA_61 0.2707 0.0056 0.6504 0.025 3311 32 3235 100 3154.7 36.4 97.70 63.7 4.7 119.6 6.8 

SAOA_62 0.266 0.0027 0.647 0.024 3281 16 3216 95 3156.4 17.8 98.02 291 13 361 26 

SAOA_63 0.2655 0.0031 0.6273 0.024 3281 20 3143 90 3028.4 22.2 95.79 264 17 393 22 

SAOA_64 0.2671 0.0033 0.6316 0.024 3290 18 3160 97 3048.1 23.3 96.05 233 13 471 27 

SAOB_1 0.2689 0.0037 0.6499 0.024 3298 21 3227 95 3161 24.1 97.85 118.3 7.7 642 29 

SAOB_2 0.2684 0.0037 0.6534 0.025 3298 23 3240 98 3188.6 23.6 98.24 134 7.6 321 11 

SAOB_3 0.2699 0.0031 0.6507 0.024 3307 19 3230 95 3161.1 20.3 97.67 253 14 297 14 

SAOB_4 0.27 0.0033 0.6504 0.025 3304 19 3229 98 3158.5 21.6 97.73 109.6 7.3 264 16 

SAOB_5 0.3045 0.0045 0.6965 0.026 3491 23 3407 100 3288.2 26.7 97.59 138 10 146.8 8.7 

SAOB_6 0.2708 0.0037 0.6431 0.024 3309 22 3200 96 3104.6 25.1 96.71 131.7 5.4 312 14 

SAOB_7 0.2243 0.0026 0.5861 0.022 3010 19 2973 88 2951.9 19.7 98.77 308 20 433 24 

SAOB_8 0.2677 0.0033 0.6587 0.025 3291 19 3266 99 3231.7 20.5 99.24 205.6 5.4 209.2 5.3 

SAOB_9 0.2995 0.0041 0.7135 0.027 3466 21 3471 100 3480.3 21.4 100.14 176 10 230 9.3 

SAOB_10 0.2692 0.0032 0.6702 0.025 3300 18 3306 97 3313.5 18.9 100.18 223 12 255 15 

SAOB_11 0.2708 0.0038 0.6616 0.025 3309 22 3273 98 3235.2 23.5 98.91 151.2 7.7 181.1 8.6 

SAOB_12 0.2621 0.004 0.6213 0.024 3257 24 3114 94 3006.6 29 95.61 148.9 9.1 310 20 

SAOB_13 0.2863 0.0049 0.669 0.026 3395 27 3306 100 3198 30.9 97.38 84.6 4.7 214 10 

SAOB_14 0.2612 0.003 0.6289 0.024 3252 18 3145 94 3059.1 21.1 96.71 160.5 8.5 409 16 

SAOB_15 0.2673 0.003 0.6595 0.024 3289 17 3265 95 3240.2 18.6 99.27 154.6 9.3 321 15 

SAOB_16 0.262 0.0034 0.6336 0.024 3257 21 3163 94 3085.9 23.4 97.11 131.4 7 276 11 

SAOB_17 0.2677 0.003 0.6564 0.024 3291 18 3252 95 3214.5 19 98.81 228 24 345 21 

SAOB_18 0.2729 0.0045 0.6339 0.025 3320 26 3164 98 3034.8 31.9 95.30 92.4 5.5 191 11 

SAOB_19 0.2704 0.0042 0.6441 0.025 3306 24 3204 96 3113.3 28.2 96.91 159.9 8.7 341 23 

SAOB_20 0.2694 0.0034 0.6557 0.024 3301 20 3250 95 3199.6 21.6 98.46 134.3 7.6 254.3 9.7 

SAOB_21 0.2648 0.0033 0.6541 0.025 3280 18 3243 96 3214.2 20.8 98.87 165 16 280 19 

SAOB_22 0.2686 0.003 0.6354 0.024 3296 17 3171 93 3065.2 21 96.21 171 13 424 44 

SAOB_23 0.2235 0.003 0.5749 0.021 3004 21 2928 87 2886.1 23.7 97.47 209.1 8.2 295.1 7.3 

SAOB_24 0.3083 0.004 0.7072 0.026 3511 20 3447 99 3347.4 22.9 98.18 120 7.3 113.7 6.5 

SAOB_25 0.2738 0.0041 0.6508 0.025 3326 23 3230 98 3140.8 27 97.11 109.8 8.1 234 12 

SAOB_26 0.2675 0.0038 0.6424 0.024 3289 23 3198 95 3116.8 25.5 97.23 109.6 5.3 102.8 4.9 

SAOB_27 0.2651 0.0033 0.6435 0.024 3278 19 3202 95 3136.9 21.9 97.68 177.6 7.8 181 12 

SAOB_28 0.2659 0.0034 0.648 0.025 3280 20 3226 100 3163.9 22.2 98.35 93.1 4.6 115.8 3.9 

SAOB_29 0.2688 0.0035 0.6569 0.024 3297 20 3255 94 3211.8 22 98.73 199 11 320 15 

SAOB_30 0.2674 0.0028 0.6415 0.024 3290 16 3194 94 3111.3 19 97.08 168.5 8.5 252 11 

SAOB_31 0.2701 0.0034 0.6575 0.025 3305 20 3257 96 3208.7 21.5 98.55 209 17 360 27 

SAOB_32 0.2642 0.0038 0.6557 0.024 3270 23 3250 95 3229.7 23.6 99.39 81 3.5 154.2 3.5 

SAOB_33 0.2754 0.0045 0.659 0.026 3334 26 3272 110 3189.3 28.6 98.14 49.3 1.6 54.5 1.9 

SAOB_34 0.2701 0.0036 0.6552 0.025 3305 21 3248 96 3192 23 98.28 109.2 8.6 212 14 

SAOB_35 0.2642 0.0035 0.6317 0.024 3273 22 3156 94 3062.7 24.4 96.43 143.5 8.1 208.4 7.1 

SAOB_36 0.2684 0.0036 0.6476 0.024 3298 20 3218 94 3147.6 23.7 97.57 129.2 6.9 104 4.6 

SAOB_37 0.2618 0.0032 0.6459 0.024 3256 19 3212 96 3171.4 20.8 98.65 122.2 7.9 118.3 4.5 

SAOB_38 0.2674 0.0034 0.6518 0.025 3289 20 3234 96 3182.7 21.9 98.33 115.5 7 204.8 7.2 

SAOB_39 0.2655 0.0035 0.6436 0.024 3278 21 3203 94 3135.4 23.2 97.71 130 6.9 179.6 7.8 

SAOB_40 0.2683 0.0031 0.6515 0.025 3295 18 3233 96 3175.5 20.1 98.12 123.6 4.2 128.9 5.5 

SAOB_41 0.3003 0.0041 0.6811 0.026 3470 21 3348 98 3201.4 25.9 96.48 116 3.8 95.5 5.3 

SAOB_42 0.2668 0.0033 0.6371 0.024 3286 19 3177 94 3085.1 22.7 96.68 117.5 7.4 239 11 

SAOB_43 0.2678 0.0025 0.6303 0.023 3292.3 15 3150 92 3036.5 17.9 95.68 193 14 422 25 

SAOB_44 0.2644 0.0026 0.6451 0.024 3272 16 3209 94 3151.7 17.2 98.07 299 19 536 25 
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SAOB_45 0.2669 0.0032 0.6781 0.026 3286 19 3341 95 3400.6 17.8 101.67 128.3 9.4 223 16 

SAOB_46 0.2647 0.004 0.6426 0.025 3276 23 3198 97 3132.8 26.5 97.62 89.2 3.5 105.1 2.3 

SAOB_47 0.2594 0.0039 0.6602 0.026 3241 24 3267 100 3294.8 23.1 100.80 70.7 4.9 149.5 4.6 

SAOB_48 0.305 0.0035 0.6926 0.026 3494 18 3392 99 3255.4 21.4 97.08 131.2 4 181.8 2.6 

SAOB_49 0.267 0.003 0.6378 0.024 3287 18 3184 98 3088.7 20.7 96.87 220 14 351 17 

SAOB_50 0.2644 0.0037 0.656 0.026 3275 21 3252 100 3230.8 23 99.30 118 12 103 10 

SAOB_51 0.302 0.0047 0.6975 0.026 3482 25 3411 100 3313.2 27.4 97.96 78.1 2.3 49.9 1.1 

SAOB_52 0.3024 0.0035 0.7012 0.026 3481 18 3425 98 3340.6 20.2 98.39 157 7.3 147.1 7.5 

SAOB_53 0.2685 0.0026 0.6466 0.024 3296 15 3215 93 3140.2 17.4 97.54 443 27 280 11 

SAOB_54 0.2668 0.004 0.665 0.025 3285 24 3286 98 3286.5 23.8 100.03 115.6 5.8 92.6 4.2 

SAOB_55 0.2679 0.0028 0.6513 0.024 3295 15 3238 100 3176.3 18.2 98.27 268 27 323 25 

SAOB_56 0.2644 0.0032 0.649 0.024 3277 19 3224 94 3179.3 20.7 98.38 167 13 240 14 

SAOB_57 0.2666 0.0032 0.6461 0.024 3285 19 3212 95 3146.9 21.1 97.78 122.2 6.2 202.4 7.8 

SAOB_58 0.2951 0.0036 0.6795 0.025 3446 18 3342 97 3221.2 22.5 96.98 226 12 205.3 7.5 

SAOB_59 0.2651 0.004 0.6337 0.024 3279 24 3164 94 3071.3 27.7 96.49 135.5 8.2 158.4 6.5 

SAOB_60 0.2679 0.0035 0.6381 0.024 3292 20 3181 93 3086.2 24 96.63 173 9.1 207.7 8 

SAOB_61 0.3018 0.0035 0.7069 0.026 3480 18 3446 99 3394.9 19.4 99.02 297 19 197 10 

SAOB_62 0.2648 0.0032 0.6513 0.024 3276 18 3233 94 3193.6 20.5 98.69 168.7 8 237.5 7.6 

SAOB_63 0.2673 0.0034 0.6355 0.023 3289 20 3171 93 3072.2 23.6 96.41 306 10 339.3 6.7 

SAOB_64 0.2636 0.0035 0.6385 0.023 3267 21 3183 92 3110.6 23.6 97.43 227 13 176.4 9.2 

SAOB_65 0.2695 0.0035 0.6346 0.024 3301 20 3167 94 3055.6 24.5 95.94 172.4 8.8 237.7 7.6 

SAOB_66 0.2697 0.0029 0.6297 0.023 3303 17 3148 92 3023.7 20.9 95.31 270 17 191 14 

SAOB_67 0.267 0.0032 0.6455 0.024 3287 19 3210 95 3140.6 21.2 97.66 174.6 8.5 261.4 5.3 

SAOB_68 0.2682 0.0027 0.6408 0.024 3294 16 3191 96 3102.5 18.5 96.87 241 20 302 16 

SAOB_69 0.2638 0.0036 0.6599 0.025 3268 21 3266 95 3264.6 21.9 99.94 236 13 282 12 

SAOB_70 0.2719 0.0029 0.6588 0.024 3316 16 3262 94 3207.9 18.4 98.37 365 16 343.3 9.7 

SAOB_72 0.2667 0.0035 0.6365 0.024 3289 21 3175 95 3081.7 24.1 96.53 137 15 153 11 

SAOB_73 0.2671 0.0027 0.6503 0.024 3288 16 3229 93 3173.6 17.6 98.21 359 27 530 31 

SAOB_74 0.2692 0.0042 0.6339 0.023 3302 24 3165 92 3052.6 29.4 95.85 141.3 2 212.7 4.4 

SAOB_75 0.2697 0.003 0.6398 0.024 3303 18 3188 94 3088.3 20.7 96.52 179.6 7.1 291.2 6.9 

SAOB_76 0.2637 0.004 0.6264 0.024 3270 23 3135 93 3031.2 28.5 95.87 169.3 8.7 234.2 7.6 

SAOB_77 0.2703 0.0033 0.646 0.024 3306 19 3212 94 3126.6 22.1 97.16 213 19 295 26 

SAOB_79 0.2667 0.0028 0.6431 0.024 3285 16 3201 95 3125.7 18.8 97.44 296 12 621 16 

SAOB_80 0.2698 0.0032 0.6308 0.023 3304 19 3152 92 3030.1 22.9 95.40 204 10 339 11 

SAOB_82 0.2673 0.0033 0.6287 0.023 3289 19 3144 93 3028.7 23.6 95.59 283 23 323 21 

SAOB_83 0.2649 0.0033 0.6512 0.024 3274 19 3232 95 3192.4 21.1 98.72 314 32 372 30 

SAOB_85 0.1869 0.0024 0.5077 0.019 2716 22 2646 82 2623.4 22.8 97.42 467 21 331.9 9.2 

SAOB_86 0.2684 0.0031 0.6419 0.024 3295 18 3196 93 3108.9 21 97.00 453 23 980 46 

SAOB_87 0.3005 0.0047 0.6943 0.026 3470 25 3399 98 3298 27.7 97.95 192 21 120.5 8.2 

SAOB_88 0.2673 0.0043 0.6404 0.024 3292 24 3190 96 3104.5 29 96.90 182 15 447 32 

SAOB_89 0.2641 0.0036 0.6399 0.024 3269 21 3192 97 3117.5 24.2 97.64 238 7.8 463.8 7.4 

SAOB_90 0.3015 0.003 0.6802 0.025 3477 16 3345 96 3188 19.3 96.20 548 22 653 16 
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Appendix 4B 

 

Lu-Hf isotope Data Results 
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Analysis 
Ratios 

Age (Ma) CHUR 176 Hf/177Hf (t) ± 2 ϭ ε Hf (t) ± 2 ϭ 

176 Hf/177Hf ± 2ϭ 178Hf/177Hf ± 2ϭ 180Hf/177Hf ± 2ϭ 176Lu/177Hf ± 2ϭ 176Yb/177Hf ± 2ϭ 

Sample L-Jun-79 - Peak Hill Schist 
 

L79_1 0.280998 0.000058 1.46718 0.00016 1.88688 0.00018 0.0007771 0.0000049 0.0193 0.000051 2628 0.281095 0.280959 0.000058 -4.85 2.064 

L79_2 0.281094 0.00004 1.46711 0.0002 1.88697 0.00025 0.000795 0.000012 0.02004 0.00029 2696 0.281050 0.281053 0.000040 0.10 1.423 

L79_3 0.281134 0.000053 1.46704 0.00027 1.88688 0.00017 0.000967 0.000016 0.02636 0.00028 2635 0.281091 0.281085 0.000053 -0.19 1.886 

L79_4 0.281098 0.000045 1.46698 0.00022 1.88662 0.0002 0.0004068 0.0000045 0.01015 0.00014 2568 0.281135 0.281078 0.000045 -2.03 1.601 

L79_5 0.281086 0.000046 1.46706 0.00018 1.88683 0.00018 0.000683 0.000023 0.01711 0.0007 2684 0.281059 0.281051 0.000046 -0.28 1.637 

L79_6 0.280841 0.000063 1.46714 0.00024 1.88686 0.00025 0.001554 0.00005 0.0398 0.0011 2920 0.280903 0.280754 0.000063 -5.30 2.244 

L79_7 0.28095 0.000048 1.46707 0.0002 1.88685 0.00022 0.001179 0.000069 0.0284 0.0018 2918 0.280904 0.280884 0.000048 -0.71 1.709 

L79_8 0.280924 0.00005 1.4671 0.00015 1.88684 0.00022 0.0000705 0.0000019 0.002005 0.000059 2554 0.281144 0.280921 0.000050 -7.96 1.780 

L79_9 0.281152 0.000041 1.46692 0.00024 1.88704 0.00017 0.000972 0.000081 0.0245 0.0023 2667 0.281070 0.281102 0.000041 1.16 1.459 

L79_10 0.281151 0.000043 1.46699 0.00018 1.88683 0.00014 0.002565 0.000031 0.05778 0.00079 2651 0.281080 0.281021 0.000043 -2.11 1.530 

L79_11 0.280784 0.000062 1.46706 0.00014 1.88679 0.00021 0.001681 0.000042 0.0415 0.001 2962 0.280875 0.280688 0.000062 -6.63 2.209 

L79_12 0.281114 0.000043 1.46704 0.00021 1.88669 0.00021 0.00082 0.0001 0.0182 0.0024 2637 0.281090 0.281073 0.000043 -0.61 1.530 

L79_13 0.281079 0.00004 1.46695 0.00026 1.88693 0.00022 0.0004266 0.0000068 0.01013 0.00012 2700 0.281048 0.281057 0.000040 0.31 1.423 

L79_14 0.281136 0.000065 1.46712 0.00023 1.8867 0.0002 0.001337 0.000015 0.03089 0.00044 2586 0.281123 0.281070 0.000065 -1.90 2.313 

L79_15 0.281249 0.000059 1.46709 0.00019 1.88659 0.00027 0.002538 0.000019 0.06656 0.0006 2617 0.281103 0.281122 0.000059 0.68 2.099 

L79_16 0.28091 0.00005 1.46706 0.00016 1.88694 0.00013 0.0007116 0.0000039 0.01695 0.00017 2625 0.281097 0.280874 0.000050 -7.93 1.780 

L79_17 0.281082 0.00006 1.46711 0.00022 1.88685 0.00019 0.0003 0.000036 0.00628 0.00097 2622 0.281100 0.281067 0.000060 -1.16 2.135 

L79_18 0.281131 0.00006 1.46688 0.00021 1.88697 0.00018 0.0005787 0.0000072 0.0138 0.00028 2600 0.281114 0.281102 0.000060 -0.42 2.134 

L79_19 0.281101 0.000054 1.46714 0.00019 1.88703 0.00019 0.000963 0.000034 0.02234 0.00066 2638 0.281089 0.281052 0.000054 -1.29 1.921 

L79_21 0.281155 0.000052 1.46711 0.0002 1.88677 0.0002 0.0005089 0.0000015 0.012173 0.000086 2577 0.281129 0.281130 0.000052 0.04 1.850 

L79_22 0.281074 0.000047 1.46692 0.00025 1.88696 0.00024 0.0006159 0.0000043 0.014655 0.000042 2566 0.281136 0.281044 0.000047 -3.29 1.672 

L79_23 0.281161 0.000065 1.46703 0.00029 1.88666 0.00026 0.000608 0.000021 0.01601 0.00052 2597 0.281116 0.281131 0.000065 0.53 2.312 

L79_24 0.281105 0.000052 1.46702 0.00023 1.8869 0.00018 0.001648 0.000022 0.03312 0.00037 2596 0.281117 0.281023 0.000052 -3.33 1.850 

L79_25 0.281111 0.00007 1.467 0.00016 1.8868 0.00024 0.00116 0.000062 0.0279 0.0015 2597 0.281116 0.281053 0.000070 -2.23 2.491 

L79_26 0.281099 0.000059 1.46716 0.00027 1.88693 0.00026 0.000592 0.000012 0.01245 0.0002 2597 0.281116 0.281070 0.000059 -1.63 2.099 

L79_27 0.281151 0.000038 1.46715 0.00019 1.88684 0.00023 0.00125 0.00013 0.0273 0.0036 2604 0.281111 0.281089 0.000038 -0.80 1.352 

L79_28 0.281136 0.000046 1.46699 0.00017 1.88689 0.00021 0.002227 0.000072 0.0499 0.0014 2672 0.281067 0.281022 0.000046 -1.58 1.637 

L79_29 0.281112 0.000067 1.46715 0.00025 1.88661 0.00021 0.000768 0.0000079 0.01821 0.0002 2577 0.281129 0.281074 0.000067 -1.95 2.384 

L79_30 0.28107 0.000046 1.46697 0.0002 1.88688 0.00017 0.000776 0.000014 0.01641 0.00029 2610 0.281107 0.281031 0.000046 -2.71 1.637 

L79_31 0.281096 0.000046 1.46709 0.00022 1.88668 0.00023 0.0004968 0.0000055 0.01105 0.00017 2613 0.281105 0.281071 0.000046 -1.21 1.637 

L79_32 0.281078 0.000046 1.46697 0.00021 1.88699 0.00023 0.000882 0.000026 0.0183 0.0011 2508 0.281174 0.281036 0.000046 -4.93 1.637 

L79_33 0.280955 0.000045 1.46712 0.00018 1.88677 0.00021 0.00115 0.000065 0.0236 0.0015 2675 0.281064 0.280896 0.000045 -5.98 1.602 

L79_34 0.281142 0.000057 1.46696 0.00023 1.8868 0.00022 0.00059 0.0000091 0.01323 0.00014 2544 0.281150 0.281113 0.000057 -1.32 2.028 

L79_35 0.281129 0.000056 1.46696 0.00016 1.88692 0.00021 0.000308 0.000016 0.00557 0.00033 2622 0.281099 0.281114 0.000056 0.52 1.992 

L79_36 0.2811 0.000038 1.4671 0.00014 1.88664 0.00022 0.00165 0.0001 0.0359 0.0022 2661 0.281073 0.281016 0.000038 -2.05 1.352 

L79_37 0.281168 0.000044 1.46692 0.00024 1.8868 0.00021 0.000475 0.000017 0.0099 0.00038 2605 0.281110 0.281144 0.000044 1.21 1.565 

L79_38 0.281178 0.000053 1.46706 0.00022 1.88696 0.00021 0.001524 0.000087 0.0333 0.0022 2544 0.281151 0.281104 0.000053 -1.66 1.885 

L79_39 0.281097 0.000051 1.46693 0.00025 1.88697 0.00015 0.001188 0.000024 0.0231 0.00049 2780 0.280995 0.281034 0.000051 1.37 1.815 

L79_40 0.281049 0.00003 1.46699 0.0002 1.88684 0.00017 0.0009277 0.0000068 0.02004 0.00022 2537 0.281155 0.281004 0.000030 -5.37 1.068 

L79_41 0.281128 0.000047 1.46704 0.00023 1.88699 0.00018 0.000879 0.000024 0.01854 0.00067 2632 0.281093 0.281084 0.000047 -0.32 1.672 

L79_42 0.281122 0.000042 1.4671 0.00016 1.88678 0.00021 0.002064 0.000074 0.0432 0.0015 2722 0.281034 0.281014 0.000042 -0.68 1.495 

L79_43 0.281169 0.000051 1.467 0.00013 1.88672 0.00025 0.0007873 0.0000018 0.01729 0.00011 2657 0.281076 0.281129 0.000051 1.89 1.814 

L79_44 0.281152 0.000059 1.46711 0.00027 1.88661 0.00017 0.0006656 0.0000034 0.013561 0.000064 2660 0.281074 0.281118 0.000059 1.57 2.099 

L79_45 0.281168 0.000036 1.46699 0.00021 1.88682 0.00019 0.000614 0.00002 0.01201 0.0004 2670 0.281068 0.281137 0.000036 2.45 1.281 

L79_46 0.281095 0.000043 1.46708 0.00021 1.88677 0.00022 0.00169 0.000017 0.0341 0.00049 2601 0.281113 0.281011 0.000043 -3.64 1.530 

L79_47 0.281184 0.000043 1.46703 0.00018 1.88663 0.00021 0.001019 0.000014 0.01605 0.00019 2549 0.281147 0.281134 0.000043 -0.46 1.530 

L79_48 0.281199 0.000056 1.46692 0.00022 1.88691 0.00024 0.001533 0.000075 0.0293 0.0013 2645 0.281084 0.281121 0.000056 1.32 1.992 

L79_49 0.281132 0.000041 1.46689 0.00015 1.88666 0.00021 0.0007576 0.000002 0.01593 0.00012 2504 0.281177 0.281096 0.000041 -2.88 1.459 

L79_50 0.281125 0.000054 1.46708 0.00024 1.88683 0.00024 0.0014252 0.000008 0.031246 0.000046 2594 0.281118 0.281054 0.000054 -2.27 1.921 

L79_51 0.281094 0.000057 1.46705 0.00021 1.88683 0.0002 0.001391 0.000012 0.02902 0.00044 2593 0.281118 0.281025 0.000057 -3.33 2.028 
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L79_52 0.28118 0.000054 1.46698 0.0002 1.88681 0.0002 0.001339 0.00005 0.027 0.0011 2512 0.281172 0.281116 0.000054 -1.99 1.921 

L79_53 0.28113 0.000048 1.46715 0.00024 1.88691 0.00017 0.0011338 0.0000018 0.023799 0.000087 2649 0.281082 0.281073 0.000048 -0.32 1.708 

L79_54 0.281138 0.00005 1.46702 0.00024 1.88687 0.00024 0.000806 0.000027 0.01632 0.00052 2777 0.280997 0.281095 0.000050 3.49 1.779 

L79_55 0.28097 0.000052 1.46703 0.00024 1.88699 0.00022 0.000551 0.000034 0.00971 0.00072 2652 0.281079 0.280942 0.000052 -4.89 1.851 

L79_56 0.281142 0.000057 1.46713 0.00022 1.88681 0.00016 0.0004359 0.000007 0.00841 0.00016 2760 0.281008 0.281119 0.000057 3.94 2.028 

L79_57 0.28108 0.000051 1.46709 0.00021 1.88693 0.00019 0.0006995 0.0000092 0.01487 0.0003 2592 0.281119 0.281045 0.000051 -2.61 1.815 

L79_58 0.281175 0.000037 1.46698 0.00021 1.88669 0.0002 0.001298 0.000031 0.02299 0.00055 2655 0.281078 0.281109 0.000037 1.12 1.316 

L79_59 0.281169 0.000055 1.46708 0.00019 1.88668 0.00015 0.0004015 0.0000096 0.00759 0.0002 2691 0.281054 0.281148 0.000055 3.36 1.956 

L79_61 0.28122 0.000054 1.46699 0.0002 1.88658 0.00025 0.000838 0.000022 0.01864 0.00061 2644 0.281085 0.281178 0.000054 3.30 1.920 

L79_62 0.281078 0.000049 1.46703 0.00019 1.88693 0.00019 0.00058 0.000021 0.01182 0.00036 2634 0.281091 0.281049 0.000049 -1.52 1.743 

L79_63 0.280943 0.000054 1.46693 0.00014 1.8869 0.00018 0.0003809 0.0000058 0.00883 0.00019 2694 0.281052 0.280923 0.000054 -4.56 1.922 

L79_64 0.281166 0.000059 1.46692 0.00018 1.88691 0.00024 0.000553 0.00003 0.01362 0.00085 2675 0.281065 0.281138 0.000059 2.60 2.099 

L79_65 0.28115 0.000038 1.46699 0.00017 1.887 0.00016 0.00146 0.000045 0.03299 0.00071 2709 0.281042 0.281074 0.000038 1.16 1.352 

L79_66 0.281135 0.000057 1.46702 0.00025 1.88691 0.00027 0.000974 0.000017 0.02525 0.00053 2585 0.281124 0.281087 0.000057 -1.31 2.028 

L79_67 0.281119 0.00006 1.46705 0.0002 1.88709 0.00019 0.00051 0.000014 0.01261 0.0003 2687 0.281056 0.281093 0.000060 1.30 2.135 

L79_68 0.280928 0.000043 1.46692 0.00022 1.8868 0.00023 0.000515 0.000015 0.01257 0.00037 2888 0.280923 0.280899 0.000043 -0.85 1.531 

L79_69 0.281106 0.000048 1.46703 0.00015 1.88679 0.00019 0.000431 0.0000011 0.011184 0.00006 2668 0.281069 0.281084 0.000048 0.53 1.708 

L79_70 0.281153 0.00004 1.46711 0.00024 1.88675 0.00019 0.000732 0.000022 0.01866 0.00052 2786 0.280991 0.281114 0.000040 4.37 1.423 

L79_71 0.281166 0.000053 1.46712 0.00016 1.88705 0.00021 0.0006069 0.0000047 0.016 0.00014 2674 0.281065 0.281135 0.000053 2.49 1.885 

L79_72 0.281082 0.000051 1.46711 0.00027 1.88703 0.00023 0.001145 0.000028 0.02778 0.00076 2762 0.281007 0.281021 0.000051 0.52 1.815 

L79_73 0.281133 0.000047 1.46687 0.00023 1.88687 0.00021 0.000361 0.000019 0.00856 0.00045 2700 0.281048 0.281114 0.000047 2.35 1.672 

L79_75 0.281113 0.000044 1.46701 0.00022 1.88672 0.00018 0.0004119 0.0000069 0.01119 0.0002 2724 0.281032 0.281092 0.000044 2.12 1.565 

L79_77 0.281046 0.000044 1.46704 0.00017 1.88683 0.00018 0.001022 0.000017 0.02838 0.00064 2687 0.281056 0.280993 0.000044 -2.24 1.566 

L79_78 0.281198 0.000046 1.46701 0.0002 1.8867 0.0002 0.000814 0.000021 0.02476 0.00082 2618 0.281102 0.281157 0.000046 1.96 1.636 

L79_79 0.281186 0.000067 1.46691 0.00022 1.88671 0.00023 0.0012031 0.0000057 0.04045 0.0003 2626 0.281097 0.281126 0.000067 1.02 2.383 

L79_80 0.281069 0.000048 1.46693 0.00021 1.88686 0.00021 0.000346 0.000014 0.0108 0.00051 2581 0.281126 0.281052 0.000048 -2.64 1.708 

L79_81 0.281139 0.000055 1.46702 0.00024 1.88675 0.00025 0.0001996 0.000006 0.00713 0.00023 2657 0.281076 0.281129 0.000055 1.88 1.956 

L79_82 0.281139 0.000042 1.46704 0.00014 1.88676 0.00024 0.0006667 0.0000065 0.02206 0.00022 2535 0.281156 0.281107 0.000042 -1.77 1.494 

L79_83 0.281126 0.000048 1.4671 0.00018 1.88679 0.00018 0.0003212 0.0000021 0.011256 0.000051 2658 0.281076 0.281110 0.000048 1.20 1.708 

L79_84 0.281017 0.000054 1.46706 0.00019 1.88687 0.00023 0.000503 0.000011 0.01515 0.00043 2721 0.281034 0.280991 0.000054 -1.53 1.922 

L79_85 0.280967 0.000039 1.4671 0.0002 1.88692 0.0002 0.000516 0.00001 0.0196 0.00039 2591 0.281120 0.280941 0.000039 -6.34 1.388 

L79_86 0.281179 0.000043 1.46712 0.00018 1.88681 0.00018 0.000727 0.000031 0.0273 0.0012 2617 0.281103 0.281143 0.000043 1.42 1.529 

L79_87 0.281178 0.000062 1.46707 0.00018 1.88672 0.00018 0.0003057 0.0000045 0.01211 0.00014 2674 0.281065 0.281162 0.000062 3.45 2.205 

L79_89 0.281144 0.000048 1.46692 0.00018 1.88692 0.0002 0.00047 0.000031 0.0184 0.0014 2674 0.281065 0.281120 0.000048 1.95 1.707 

L79_90 0.281101 0.000035 1.46705 0.0002 1.88689 0.00018 0.000308 0.000012 0.01189 0.00053 2684 0.281059 0.281085 0.000035 0.95 1.245 

L79_91 0.281105 0.000048 1.46695 0.00024 1.88685 0.00021 0.000825 0.000037 0.0323 0.0014 2810 0.280975 0.281061 0.000048 3.03 1.708 

L79_92 0.280758 0.000041 1.46682 0.00015 1.88677 0.00016 0.000705 0.000013 0.02877 0.00064 2976 0.280865 0.280718 0.000041 -5.25 1.461 

L79_94 0.281138 0.000044 1.467 0.00022 1.88678 0.00022 0.000585 0.000026 0.0228 0.0012 2743 0.281020 0.281107 0.000044 3.12 1.565 

L79_96 0.281076 0.000046 1.46714 0.00019 1.88681 0.00025 0.000851 0.000017 0.0367 0.00097 2798 0.280983 0.281030 0.000046 1.68 1.637 

L79_97 0.281079 0.000052 1.4669 0.0002 1.88668 0.00021 0.0003659 0.0000067 0.01099 0.00015 2744 0.281019 0.281060 0.000052 1.45 1.850 

L79_98 0.281121 0.000054 1.46703 0.00021 1.88692 0.00022 0.000417 0.000014 0.02082 0.00075 2659 0.281075 0.281100 0.000054 0.90 1.921 

L79_99 0.281126 0.000042 1.46693 0.00023 1.88667 0.00023 0.00041 0.00001 0.01756 0.00049 2738 0.281023 0.281104 0.000042 2.90 1.494 

L79_100 0.28118 0.000053 1.46697 0.00021 1.88683 0.00019 0.0003439 0.0000023 0.01553 0.00016 2656 0.281077 0.281163 0.000053 3.05 1.885 

L79_101 0.281128 0.000043 1.46697 0.00022 1.88687 0.00017 0.0005 0.000038 0.0241 0.0019 2642 0.281086 0.281103 0.000043 0.60 1.530 

L79_102 0.28111 0.000036 1.4671 0.00023 1.88684 0.00022 0.000327 0.0000025 0.01573 0.00026 2685 0.281058 0.281093 0.000036 1.25 1.281 

L79_105 0.281131 0.000053 1.46694 0.00023 1.88692 0.00022 0.000861 0.000048 0.0392 0.0025 2780 0.280995 0.281085 0.000053 3.20 1.886 

L79_107 0.280979 0.000052 1.46718 0.00024 1.8869 0.00021 0.000449 0.000042 0.023 0.0024 3027 0.280831 0.280953 0.000052 4.32 1.851 

L79_108 0.281063 0.000054 1.46696 0.0003 1.88691 0.0002 0.000262 0.000024 0.0141 0.0015 2747 0.281017 0.281049 0.000054 1.14 1.921 

L79_110 0.281127 0.000036 1.46702 0.00019 1.88674 0.00023 0.0005564 0.0000021 0.02604 0.00017 2618 0.281102 0.281099 0.000036 -0.09 1.281 

L79_112 0.281089 0.000054 1.467 0.00021 1.88677 0.00021 0.000542 0.000018 0.02801 0.00072 2747 0.281017 0.281060 0.000054 1.55 1.921 

L79_113 0.28108 0.000052 1.46717 0.00018 1.88698 0.00018 0.000549 0.000011 0.02574 0.00049 2861 0.280942 0.281050 0.000052 3.85 1.850 

L79_114 0.280992 0.00005 1.46696 0.00019 1.88707 0.00016 0.0003797 0.000009 0.01907 0.00035 3028 0.280831 0.280970 0.000050 4.95 1.780 

L79_115 0.2812 0.000057 1.46691 0.00026 1.88665 0.00025 0.0004262 0.0000049 0.02153 0.00011 2714 0.281039 0.281178 0.000057 4.95 2.027 

L79_117 0.281173 0.000042 1.46717 0.00024 1.88668 0.00018 0.0003617 0.0000082 0.01812 0.0005 2546 0.281150 0.281155 0.000042 0.21 1.494 

L79_118 0.281107 0.000061 1.46699 0.00024 1.88692 0.00022 0.0002788 0.0000065 0.01308 0.00027 2701 0.281047 0.281093 0.000061 1.61 2.170 

L79_119 0.281132 0.000046 1.46709 0.0002 1.88695 0.0002 0.00125 0.00014 0.0692 0.008 2718 0.281036 0.281067 0.000046 1.11 1.637 

L79_120 0.281143 0.000048 1.46688 0.00019 1.88676 0.00021 0.000251 0.000019 0.01184 0.00094 2599 0.281114 0.281131 0.000048 0.57 1.707 
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Analysis 
Ratios 

Age (Ma) CHUR 176 Hf/177Hf (t) ± 2 ϭ ε Hf (t) ± 2 ϭ 

176 Hf/177Hf ± 2ϭ 178Hf/177Hf ± 2ϭ 180Hf/177Hf ± 2ϭ 176Lu/177Hf ± 2ϭ 176Yb/177Hf ± 2ϭ 

Sample SAO - Labouchere Formation (Padbury Group) 
 

SAOA_1 0.280614 0.00005 1.46701 0.0002 1.88701 0.00018 0.001413 0.000014 0.0752 0.00043 3540.6 0.280489 0.280517 0.000050 1.02 1.782 

SAOA_2 0.280569 0.000052 1.46693 0.00017 1.88687 0.00019 0.0004697 0.0000043 0.0237 0.00013 3279.7 0.280663 0.280539 0.000052 -4.42 1.854 

SAOA_3 0.280609 0.000048 1.46697 0.00022 1.8868 0.00031 0.000601 0.000019 0.02983 0.0009 3173.1 0.280734 0.280572 0.000048 -5.77 1.711 

SAOA_4 0.280659 0.000064 1.46701 0.00017 1.88655 0.00015 0.000513 0.0000018 0.02533 0.00024 3488.2 0.280524 0.280624 0.000064 3.58 2.281 

SAOA_5 0.280578 0.000051 1.46694 0.00018 1.88681 0.00022 0.000548 0.000017 0.02675 0.00076 3236.8 0.280692 0.280544 0.000051 -5.27 1.818 

SAOA_6 0.280562 0.000042 1.467 0.00021 1.88661 0.00015 0.0004284 0.0000082 0.01828 0.00045 3246.7 0.280685 0.280535 0.000042 -5.35 1.497 

SAOA_7 0.280499 0.000045 1.46707 0.00016 1.88679 0.00023 0.000373 0.000019 0.0181 0.0011 3311.5 0.280642 0.280475 0.000045 -5.95 1.604 

SAOA_8 0.280548 0.000055 1.46689 0.00019 1.88656 0.00019 0.000319 0.000017 0.01569 0.00087 2990.3 0.280856 0.280530 0.000055 -11.61 1.961 

SAOA_9 0.280515 0.000048 1.46687 0.00022 1.88684 0.00025 0.0002744 0.0000047 0.01318 0.00021 3227.5 0.280698 0.280498 0.000048 -7.13 1.711 

SAOA_10 0.280635 0.000034 1.46698 0.00021 1.88684 0.00021 0.000718 0.0000059 0.03285 0.00043 3197.6 0.280718 0.280591 0.000034 -4.53 1.212 

SAOA_11 0.280595 0.000043 1.4669 0.00026 1.88682 0.00021 0.0014044 0.0000066 0.067511 0.000068 3235.7 0.280693 0.280508 0.000043 -6.59 1.533 

SAOA_12 0.280611 0.000049 1.46695 0.00028 1.88683 0.00022 0.000838 0.000042 0.0392 0.0016 3340.4 0.280623 0.280557 0.000049 -2.34 1.747 

SAOA_13 0.280484 0.000052 1.46721 0.00024 1.88692 0.00013 0.00078292 0.00000098 0.03867 0.00022 3292.4 0.280655 0.280434 0.000052 -7.86 1.854 

SAOA_14 0.280484 0.000039 1.46701 0.00015 1.88691 0.00025 0.0003206 0.0000049 0.01509 0.00016 3317.9 0.280638 0.280464 0.000039 -6.21 1.391 

SAOA_15 0.280539 0.000048 1.46697 0.00018 1.88671 0.00019 0.000504 0.000039 0.0232 0.0018 3318 0.280638 0.280507 0.000048 -4.67 1.711 

SAOA_16 0.280533 0.000041 1.46678 0.00015 1.88669 0.00017 0.0006083 0.0000046 0.02782 0.00019 3249.9 0.280683 0.280495 0.000041 -6.71 1.462 

SAOA_17 0.280559 0.000044 1.46703 0.0002 1.88691 0.00022 0.000454 0.000012 0.01952 0.00023 3360.9 0.280609 0.280530 0.000044 -2.83 1.568 

SAOA_18 0.280918 0.000054 1.46703 0.00015 1.88689 0.00019 0.00144 0.00022 0.068 0.011 2715.5 0.281038 0.280843 0.000054 -6.92 1.923 

SAOA_19 0.28053 0.000055 1.46703 0.00025 1.88672 0.00018 0.000378 0.000024 0.0172 0.0013 3259.6 0.280677 0.280506 0.000055 -6.07 1.961 

SAOA_20 0.2806 0.000058 1.46695 0.00021 1.88693 0.00025 0.001448 0.000051 0.0661 0.0029 3330.6 0.280629 0.280507 0.000058 -4.36 2.068 

SAOA_21 0.280549 0.000037 1.46691 0.00022 1.88692 0.00017 0.0005716 0.000002 0.02288 0.00011 3351.4 0.280615 0.280512 0.000037 -3.68 1.319 

SAOA_22 0.280578 0.000042 1.467 0.00022 1.88671 0.00017 0.0006798 0.0000057 0.02875 0.00024 3187.8 0.280725 0.280536 0.000042 -6.71 1.497 

SAOA_23 0.280594 0.000043 1.46698 0.00026 1.88703 0.00016 0.001366 0.000087 0.0558 0.0038 3304.5 0.280647 0.280507 0.000043 -4.98 1.533 

SAOA_24 0.280563 0.000045 1.46692 0.00022 1.88678 0.00016 0.000821 0.0000033 0.03329 0.00021 3216.6 0.280705 0.280512 0.000045 -6.88 1.604 

SAOA_25 0.280563 0.000043 1.46712 0.00017 1.88676 0.00021 0.00037 0.000011 0.0149 0.00035 3246.8 0.280685 0.280540 0.000043 -5.18 1.533 

SAOA_26 0.280591 0.000052 1.46701 0.00021 1.88687 0.00023 0.0007096 0.0000041 0.028689 0.000044 3470.7 0.280536 0.280543 0.000052 0.28 1.854 

SAOA_27 0.280492 0.000053 1.46705 0.00024 1.88697 0.00021 0.0004787 0.0000094 0.01942 0.00035 3099 0.280784 0.280463 0.000053 -11.40 1.890 

SAOA_28 0.280621 0.000053 1.46693 0.00028 1.88705 0.0002 0.0005015 0.0000017 0.02166 0.00017 2997.1 0.280851 0.280592 0.000053 -9.23 1.889 

SAOA_29 0.2806 0.000048 1.46706 0.00022 1.88679 0.0002 0.0004562 0.0000029 0.01695 0.0001 3343.8 0.280621 0.280571 0.000048 -1.78 1.711 

SAOA_30 0.280639 0.00004 1.4671 0.0002 1.88672 0.00024 0.001961 0.000015 0.07261 0.00038 3264.7 0.280673 0.280516 0.000040 -5.61 1.426 

SAOA_31 0.280553 0.000046 1.46703 0.00023 1.88694 0.00014 0.0007073 0.0000072 0.02742 0.00041 3236.4 0.280692 0.280509 0.000046 -6.53 1.640 

SAOA_32 0.280516 0.000044 1.46682 0.00021 1.8867 0.00019 0.000518 0.000011 0.01789 0.00037 3319.6 0.280637 0.280483 0.000044 -5.48 1.569 

SAOA_33 0.28052 0.000044 1.46694 0.00024 1.88671 0.00017 0.0008051 0.0000053 0.02969 0.00012 3142.1 0.280755 0.280471 0.000044 -10.10 1.569 

SAOA_34 0.280572 0.000052 1.46708 0.00022 1.88688 0.00023 0.000805 0.000021 0.02878 0.00072 3208.1 0.280711 0.280522 0.000052 -6.72 1.854 

SAOA_35 0.280557 0.000039 1.46703 0.00023 1.88687 0.0002 0.001603 0.00002 0.05893 0.00067 3199.5 0.280717 0.280458 0.000039 -9.21 1.391 

SAOA_36 0.280546 0.000045 1.46705 0.00022 1.88682 0.0002 0.0017416 0.0000097 0.06481 0.00016 3200.7 0.280716 0.280439 0.000045 -9.87 1.605 

SAOA_37 0.280536 0.000048 1.467 0.00024 1.88685 0.00021 0.000576 0.000026 0.0193 0.001 3284.8 0.280660 0.280500 0.000048 -5.71 1.711 

SAOA_38 0.280548 0.000036 1.46685 0.0002 1.88688 0.00022 0.00135 0.00011 0.0456 0.0034 3382.3 0.280595 0.280460 0.000036 -4.80 1.284 

SAOA_39 0.280499 0.000055 1.46679 0.00021 1.88687 0.00022 0.001057 0.000019 0.03516 0.00086 3299.4 0.280650 0.280432 0.000055 -7.78 1.961 

SAOA_40 0.280826 0.000043 1.46695 0.00031 1.8868 0.00018 0.0007697 0.0000025 0.02532 0.00012 2633.1 0.281092 0.280787 0.000043 -10.84 1.531 

SAOA_41 0.280555 0.000052 1.46698 0.0002 1.88695 0.00021 0.000683 0.000083 0.0192 0.0022 3212.7 0.280708 0.280513 0.000052 -6.95 1.854 

SAOA_42 0.280812 0.000049 1.4669 0.00019 1.88684 0.00015 0.00059 0.000063 0.0144 0.0018 2562.2 0.281139 0.280783 0.000049 -12.65 1.745 

SAOA_43 0.280609 0.000051 1.467 0.00025 1.88692 0.00018 0.001407 0.00003 0.03735 0.00089 3222.2 0.280702 0.280522 0.000051 -6.41 1.818 

SAOA_44 0.280601 0.000049 1.46679 0.0002 1.88676 0.00018 0.001723 0.000012 0.04322 0.00051 3354.3 0.280614 0.280490 0.000049 -4.41 1.747 

SAOA_45 0.280534 0.00005 1.46692 0.0002 1.88686 0.00018 0.00101 0.000039 0.02519 0.00091 3237.4 0.280692 0.280471 0.000050 -7.85 1.783 

SAOA_46 0.280546 0.000043 1.46698 0.00021 1.8869 0.00022 0.001811 0.000075 0.0451 0.0017 3216.3 0.280706 0.280434 0.000043 -9.68 1.533 

SAOA_47 0.280574 0.000046 1.46697 0.0002 1.8867 0.00019 0.001321 0.000092 0.0318 0.0022 3311.7 0.280642 0.280490 0.000046 -5.42 1.640 

SAOA_48 0.280517 0.000059 1.46708 0.00028 1.88674 0.00015 0.000838 0.000041 0.01901 0.00087 3250.6 0.280683 0.280465 0.000059 -7.77 2.104 

SAOA_49 0.280641 0.000064 1.46705 0.00025 1.88693 0.00017 0.003306 0.000042 0.07583 0.00061 3398.5 0.280584 0.280424 0.000064 -5.69 2.282 
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SAOA_50 0.280568 0.000043 1.467 0.00018 1.88686 0.00017 0.0009845 0.0000035 0.020579 0.000067 3238.8 0.280691 0.280507 0.000043 -6.55 1.533 

SAOA_52 0.280587 0.000034 1.46708 0.00021 1.88689 0.0002 0.000652 0.0000019 0.011158 0.000051 3285.5 0.280659 0.280546 0.000034 -4.05 1.212 

SAOA_53 0.28058 0.00005 1.46691 0.0002 1.88674 0.00021 0.00203 0.00012 0.0392 0.0029 3235.4 0.280693 0.280454 0.000050 -8.52 1.783 

SAOA_54 0.280607 0.00004 1.46691 0.00029 1.88679 0.00018 0.002701 0.000019 0.05038 0.00062 3371.8 0.280602 0.280432 0.000040 -6.07 1.426 

SAOA_55 0.280566 0.00007 1.46689 0.00018 1.88684 0.00021 0.000737 0.000024 0.01329 0.00051 3138.4 0.280757 0.280522 0.000070 -8.40 2.495 

SAOA_56 0.280589 0.000049 1.46714 0.00022 1.88712 0.00017 0.001198 0.000095 0.0199 0.0017 3209 0.280710 0.280515 0.000049 -6.96 1.747 

SAOA_57 0.280621 0.000057 1.46682 0.0002 1.88655 0.00023 0.00422 0.00033 0.0651 0.0049 3440.8 0.280556 0.280341 0.000057 -7.65 2.033 

SAOA_58 0.280508 0.000046 1.46707 0.0002 1.88687 0.00015 0.0013517 0.0000062 0.01976 0.00022 3187.1 0.280725 0.280425 0.000046 -10.68 1.640 

SAOA_59 0.2806 0.000064 1.46708 0.00025 1.88662 0.00016 0.001543 0.000024 0.02176 0.00045 3365.5 0.280606 0.280500 0.000064 -3.78 2.282 

SAOA_60 0.280599 0.00005 1.46692 0.0002 1.88701 0.00022 0.002213 0.000037 0.03208 0.00065 3263.3 0.280674 0.280460 0.000050 -7.63 1.783 

SAOA_61 0.280539 0.000052 1.467 0.00032 1.88672 0.00019 0.002215 0.000066 0.0237 0.0007 3154.7 0.280747 0.280405 0.000052 -12.18 1.854 

SAOA_62 0.280614 0.000055 1.46699 0.00017 1.88677 0.00018 0.0044 0.00013 0.0467 0.0012 3156.4 0.280745 0.280347 0.000055 -14.20 1.962 

SAOA_63 0.280554 0.000038 1.46705 0.00019 1.88699 0.00019 0.0006839 0.0000067 0.02285 0.00022 3028.4 0.280831 0.280514 0.000038 -11.26 1.355 

SAOA_64 0.280565 0.000052 1.46715 0.00022 1.88686 0.00022 0.000804 0.000021 0.02755 0.00091 3048.1 0.280817 0.280518 0.000052 -10.67 1.854 

SAOB_1 0.280558 0.000047 1.46693 0.00024 1.88682 0.00018 0.004078 0.000092 0.04276 0.00082 3161 0.280742 0.280310 0.000047 -15.40 1.677 

SAOB_2 0.28052 0.000048 1.46691 0.00024 1.88682 0.00021 0.003223 0.000051 0.03126 0.00031 3188.6 0.280724 0.280322 0.000048 -14.31 1.712 

SAOB_3 0.280569 0.00005 1.46688 0.00023 1.88677 0.00016 0.003145 0.00005 0.02889 0.00037 3161.1 0.280742 0.280378 0.000050 -12.98 1.783 

SAOB_4 0.280514 0.00005 1.46691 0.00017 1.887 0.00018 0.00247 0.00017 0.0224 0.0018 3158.5 0.280744 0.280364 0.000050 -13.54 1.783 

SAOB_5 0.28057 0.000054 1.46705 0.00026 1.8871 0.00017 0.003526 0.000022 0.0302 0.00035 3288.2 0.280658 0.280347 0.000054 -11.08 1.926 

SAOB_6 0.280585 0.000047 1.46688 0.00022 1.88674 0.00016 0.00352 0.0002 0.0312 0.0017 3104.6 0.280780 0.280375 0.000047 -14.42 1.676 

SAOB_7 0.280636 0.000053 1.4669 0.00029 1.88669 0.0002 0.00178 0.000037 0.0158 0.00045 2951.9 0.280881 0.280535 0.000053 -12.32 1.889 

SAOB_8 0.28056 0.000041 1.46702 0.00021 1.88688 0.00015 0.00282 0.00024 0.0222 0.0018 3231.7 0.280695 0.280385 0.000041 -11.07 1.462 

SAOB_9 0.280546 0.000049 1.46696 0.00018 1.88698 0.00016 0.004042 0.000013 0.030836 0.000095 3480.3 0.280529 0.280275 0.000049 -9.08 1.748 

SAOB_10 0.280536 0.000034 1.46698 0.00019 1.88688 0.00021 0.00378 0.00011 0.02766 0.00066 3313.5 0.280641 0.280295 0.000034 -12.33 1.213 

SAOB_11 0.280575 0.000043 1.4669 0.00023 1.88671 0.00021 0.00378 0.00028 0.0266 0.0019 3235.2 0.280693 0.280340 0.000043 -12.59 1.534 

SAOB_12 0.280547 0.000067 1.46688 0.00024 1.88678 0.00028 0.001892 0.00008 0.01372 0.00047 3006.6 0.280845 0.280438 0.000067 -14.50 2.389 

SAOB_13 0.280572 0.00006 1.46712 0.00028 1.88696 0.00022 0.00454 0.00011 0.033 0.00073 3198 0.280718 0.280293 0.000060 -15.14 2.141 

SAOB_14 0.280539 0.000051 1.46695 0.00021 1.88677 0.00027 0.00359 0.00013 0.02575 0.00082 3059.1 0.280810 0.280328 0.000051 -17.17 1.819 

SAOB_15 0.280596 0.000043 1.46698 0.00017 1.8867 0.00019 0.00553 0.00012 0.03361 0.00078 3240.2 0.280690 0.280251 0.000043 -15.62 1.534 

SAOB_16 0.280517 0.000043 1.46702 0.00025 1.88662 0.00023 0.00178 0.000018 0.012565 0.000073 3085.9 0.280792 0.280411 0.000043 -13.56 1.533 

SAOB_17 0.280538 0.000033 1.46693 0.00026 1.88685 0.00014 0.003142 0.000094 0.0218 0.0007 3214.5 0.280707 0.280344 0.000033 -12.94 1.177 

SAOB_18 0.280536 0.000064 1.46699 0.00022 1.88675 0.00024 0.00236 0.00013 0.01559 0.00086 3034.8 0.280826 0.280398 0.000064 -15.24 2.282 

SAOB_19 0.280554 0.00004 1.46691 0.0002 1.88701 0.00022 0.00412 0.00023 0.0286 0.0017 3113.3 0.280774 0.280307 0.000040 -16.62 1.427 

SAOB_20 0.280518 0.000039 1.4669 0.00024 1.88678 0.00019 0.003114 0.000083 0.02144 0.00058 3199.6 0.280717 0.280326 0.000039 -13.91 1.391 

SAOB_21 0.28049 0.000048 1.46689 0.00023 1.88676 0.00022 0.002049 0.000093 0.01473 0.00074 3214.2 0.280707 0.280363 0.000048 -12.24 1.712 

SAOB_22 0.280511 0.000066 1.46706 0.00025 1.88672 0.00019 0.00393 0.00023 0.029 0.002 3065.2 0.280806 0.280280 0.000066 -18.75 2.355 

SAOB_23 0.280572 0.000032 1.46711 0.00018 1.88662 0.0002 0.002247 0.00004 0.01702 0.00029 2886.1 0.280925 0.280448 0.000032 -16.99 1.141 

SAOB_24 0.280572 0.000048 1.4669 0.0002 1.88686 0.00022 0.005669 0.000073 0.03973 0.00037 3347.4 0.280618 0.280206 0.000048 -14.67 1.713 

SAOB_25 0.280592 0.000049 1.46698 0.00022 1.88687 0.00018 0.002232 0.000068 0.01662 0.00059 3140.8 0.280756 0.280457 0.000049 -10.64 1.747 

SAOB_26 0.280549 0.000052 1.46697 0.0002 1.88674 0.00018 0.001464 0.000014 0.01044 0.00011 3116.8 0.280772 0.280461 0.000052 -11.06 1.854 

SAOB_27 0.280559 0.000043 1.46692 0.00021 1.88681 0.00024 0.00333 0.00029 0.0245 0.0021 3136.9 0.280758 0.280358 0.000043 -14.26 1.534 

SAOB_28 0.280593 0.000045 1.46697 0.00029 1.8867 0.00022 0.001063 0.00001 0.008146 0.000076 3163.9 0.280740 0.280528 0.000045 -7.56 1.604 

SAOB_29 0.28047 0.000039 1.46699 0.00022 1.88683 0.0002 0.002274 0.000095 0.01745 0.00058 3211.8 0.280709 0.280329 0.000039 -13.50 1.391 

SAOB_30 0.28055 0.000049 1.46695 0.00023 1.88663 0.00021 0.00449 0.000035 0.03555 0.00025 3111.3 0.280775 0.280281 0.000049 -17.59 1.748 

SAOB_31 0.280522 0.000064 1.46698 0.00026 1.88683 0.00022 0.003991 0.000061 0.03339 0.00067 3208.7 0.280711 0.280276 0.000064 -15.50 2.283 

SAOB_32 0.280501 0.000045 1.46707 0.00024 1.88672 0.00026 0.001884 0.000074 0.01402 0.00052 3229.7 0.280697 0.280384 0.000045 -11.14 1.605 

SAOB_33 0.280625 0.000071 1.4669 0.00024 1.88679 0.00017 0.00326 0.00015 0.0243 0.001 3189.3 0.280724 0.280425 0.000071 -10.64 2.532 

SAOB_34 0.280609 0.000047 1.46696 0.00023 1.88687 0.00017 0.002492 0.000057 0.02102 0.00035 3192 0.280722 0.280456 0.000047 -9.47 1.676 

SAOB_35 0.280609 0.000055 1.46705 0.00017 1.88681 0.00018 0.00241 0.000011 0.02057 0.0001 3062.7 0.280808 0.280467 0.000055 -12.13 1.961 

SAOB_36 0.280578 0.00005 1.46707 0.00027 1.88655 0.00018 0.002256 0.000031 0.0197 0.00016 3147.6 0.280751 0.280441 0.000050 -11.04 1.783 

SAOB_37 0.280574 0.000046 1.46687 0.00019 1.88683 0.00016 0.002243 0.000091 0.01961 0.0008 3171.4 0.280735 0.280437 0.000046 -10.63 1.640 

SAOB_38 0.28048 0.000045 1.46693 0.00027 1.88681 0.00017 0.002358 0.000021 0.02193 0.0002 3182.7 0.280728 0.280336 0.000045 -13.97 1.605 

SAOB_39 0.280524 0.000075 1.46692 0.00021 1.88652 0.00021 0.001855 0.000037 0.01998 0.0004 3135.4 0.280759 0.280412 0.000075 -12.37 2.675 

SAOB_40 0.280557 0.000044 1.46687 0.00024 1.88691 0.00014 0.00215 0.00013 0.0234 0.0015 3175.5 0.280733 0.280426 0.000044 -10.94 1.569 

SAOB_41 0.280595 0.000052 1.46692 0.00023 1.88696 0.0002 0.00357 0.00026 0.0396 0.0031 3201.4 0.280715 0.280375 0.000052 -12.13 1.855 

SAOB_42 0.280545 0.000046 1.46702 0.00018 1.8867 0.00016 0.002688 0.00004 0.03113 0.00056 3085.1 0.280793 0.280386 0.000046 -14.50 1.641 

SAOB_43 0.280581 0.000051 1.46695 0.00017 1.88661 0.00021 0.002858 0.000062 0.03491 0.00066 3036.5 0.280825 0.280414 0.000051 -14.63 1.819 
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SAOB_44 0.280591 0.000036 1.46691 0.00015 1.88681 0.00019 0.000788 0.000016 0.00823 0.00013 3151.7 0.280749 0.280543 0.000036 -7.31 1.283 

SAOB_45 0.280513 0.000044 1.46704 0.00021 1.88668 0.00023 0.002285 0.000054 0.02793 0.00088 3400.6 0.280583 0.280363 0.000044 -7.82 1.569 

SAOB_46 0.280533 0.000048 1.46691 0.00021 1.88691 0.00026 0.001574 0.000021 0.01957 0.00033 3132.8 0.280761 0.280438 0.000048 -11.50 1.712 

SAOB_47 0.280541 0.000042 1.4669 0.00026 1.88698 0.00016 0.00163 0.00021 0.02 0.0027 3294.8 0.280653 0.280438 0.000042 -7.68 1.498 

SAOB_48 0.280552 0.000053 1.46703 0.00022 1.88689 0.00022 0.00382 0.00016 0.0533 0.002 3255.4 0.280680 0.280313 0.000053 -13.07 1.891 

SAOB_49 0.280547 0.000047 1.46695 0.00018 1.88694 0.00017 0.00187 0.000033 0.02332 0.00054 3088.7 0.280790 0.280436 0.000047 -12.62 1.676 

SAOB_50 0.28059 0.000062 1.46696 0.00022 1.88686 0.00021 0.00132 0.00013 0.0174 0.0017 3230.8 0.280696 0.280508 0.000062 -6.70 2.210 

SAOB_51 0.280521 0.000053 1.46698 0.00021 1.88673 0.00028 0.002075 0.000045 0.02701 0.00048 3313.2 0.280641 0.280389 0.000053 -8.99 1.890 

SAOB_52 0.280489 0.000058 1.46693 0.00023 1.8868 0.00022 0.0025883 0.0000091 0.03677 0.0002 3340.6 0.280623 0.280322 0.000058 -10.70 2.069 

SAOB_53 0.280596 0.000055 1.46704 0.00015 1.88688 0.00017 0.003717 0.000099 0.0539 0.0014 3140.2 0.280756 0.280372 0.000055 -13.70 1.962 

SAOB_54 0.280574 0.000047 1.46694 0.00017 1.88685 0.00019 0.0011601 0.0000025 0.01698 0.00012 3286.5 0.280659 0.280501 0.000047 -5.64 1.676 

SAOB_55 0.280553 0.000056 1.4669 0.00023 1.88695 0.00022 0.001601 0.000029 0.02403 0.00028 3176.3 0.280732 0.280455 0.000056 -9.87 1.997 

SAOB_56 0.280508 0.000074 1.4672 0.00029 1.88682 0.00028 0.00105 0.000023 0.01625 0.0004 3179.3 0.280730 0.280444 0.000074 -10.20 2.639 

SAOB_57 0.280465 0.000051 1.46687 0.00019 1.88701 0.00023 0.001363 0.000049 0.02161 0.00072 3146.9 0.280752 0.280383 0.000051 -13.15 1.819 

SAOB_58 0.280582 0.000065 1.46699 0.0002 1.88677 0.00016 0.00407 0.000023 0.06846 0.00015 3221.2 0.280702 0.280330 0.000065 -13.27 2.319 

SAOB_59 0.280582 0.000034 1.46694 0.00017 1.887 0.00017 0.0015177 0.0000037 0.02792 0.00018 3071.3 0.280802 0.280492 0.000034 -11.03 1.212 

SAOB_60 0.280564 0.000049 1.46704 0.0003 1.8869 0.00023 0.001787 0.000015 0.03253 0.00026 3086.2 0.280792 0.280458 0.000049 -11.90 1.747 

SAOB_61 0.280562 0.000044 1.46704 0.00022 1.88708 0.00021 0.002539 0.000021 0.05182 0.00025 3394.9 0.280586 0.280396 0.000044 -6.79 1.569 

SAOB_62 0.280558 0.000056 1.46698 0.0002 1.88678 0.00017 0.001351 0.000014 0.02664 0.0004 3193.6 0.280721 0.280475 0.000056 -8.75 1.997 

SAOB_63 0.280534 0.000041 1.46706 0.0002 1.88696 0.00016 0.0010895 0.000006 0.02163 0.00014 3072.2 0.280801 0.280470 0.000041 -11.81 1.462 

SAOB_64 0.280587 0.000042 1.46697 0.00024 1.88702 0.00016 0.002211 0.000017 0.03753 0.00029 3110.6 0.280776 0.280455 0.000042 -11.44 1.498 

SAOB_65 0.280577 0.000036 1.46708 0.00025 1.88696 0.0002 0.0017362 0.0000072 0.03622 0.00022 3055.6 0.280812 0.280475 0.000036 -12.01 1.284 

SAOB_66 0.280583 0.000045 1.46716 0.00022 1.88707 0.00021 0.001755 0.000045 0.0369 0.0012 3023.7 0.280834 0.280481 0.000045 -12.55 1.604 

SAOB_67 0.280512 0.000052 1.46706 0.00023 1.88672 0.00015 0.001403 0.00003 0.02966 0.00061 3140.6 0.280756 0.280427 0.000052 -11.71 1.854 

SAOB_68 0.280525 0.000049 1.46684 0.0002 1.88685 0.00017 0.0006389 0.0000063 0.01395 0.00011 3102.5 0.280781 0.280487 0.000049 -10.48 1.747 

SAOB_69 0.280601 0.00005 1.46707 0.00022 1.88684 0.00017 0.001102 0.000018 0.02311 0.0003 3264.6 0.280673 0.280532 0.000050 -5.05 1.782 

SAOB_70 0.280636 0.000037 1.46701 0.00019 1.8867 0.00019 0.001982 0.000056 0.0437 0.0011 3207.9 0.280711 0.280514 0.000037 -7.04 1.319 

SAOB_72 0.280569 0.000048 1.46693 0.00023 1.88673 0.00018 0.001265 0.000055 0.0298 0.0013 3081.7 0.280795 0.280494 0.000048 -10.72 1.711 

SAOB_73 0.280525 0.000043 1.46694 0.00021 1.88708 0.00018 0.002089 0.000051 0.0496 0.0013 3173.6 0.280734 0.280397 0.000043 -11.99 1.534 

SAOB_74 0.280503 0.000058 1.46703 0.00025 1.88686 0.0002 0.001199 0.000072 0.0302 0.0017 3052.6 0.280814 0.280433 0.000058 -13.59 2.068 

SAOB_75 0.280521 0.000053 1.46715 0.00022 1.88683 0.00019 0.001057 0.000029 0.02794 0.00062 3088.3 0.280791 0.280458 0.000053 -11.84 1.890 

SAOB_76 0.280464 0.000043 1.46698 0.00022 1.88696 0.00028 0.0006914 0.0000078 0.01795 0.0002 3031.2 0.280829 0.280424 0.000043 -14.42 1.533 

SAOB_77 0.280541 0.000048 1.46706 0.00026 1.887 0.00018 0.000919 0.00005 0.0234 0.0013 3126.6 0.280765 0.280486 0.000048 -9.96 1.711 

SAOB_79 0.280569 0.000063 1.46716 0.00029 1.88696 0.00016 0.001099 0.000015 0.03299 0.00044 3125.7 0.280766 0.280503 0.000063 -9.36 2.246 

SAOB_80 0.280512 0.000038 1.46698 0.00024 1.88687 0.00017 0.001 0.000013 0.02751 0.00026 3030.1 0.280829 0.280454 0.000038 -13.37 1.355 

SAOB_82 0.280589 0.000058 1.46704 0.0002 1.88677 0.00023 0.000921 0.000062 0.0271 0.0019 3028.7 0.280830 0.280535 0.000058 -10.50 2.067 

SAOB_83 0.28058 0.000061 1.46682 0.00022 1.88672 0.00021 0.001265 0.00004 0.0378 0.0013 3192.4 0.280721 0.280502 0.000061 -7.81 2.175 

SAOB_85 0.280815 0.000042 1.4669 0.00023 1.88683 0.00015 0.0006095 0.0000053 0.01824 0.00038 2623.4 0.281098 0.280784 0.000042 -11.17 1.496 

SAOB_86 0.280506 0.000058 1.4669 0.00025 1.88699 0.0002 0.000886 0.000011 0.02941 0.0003 3108.9 0.280777 0.280453 0.000058 -11.54 2.068 

SAOB_87 0.280555 0.000067 1.46687 0.00021 1.8868 0.0002 0.000927 0.000053 0.0276 0.0015 3298 0.280651 0.280496 0.000067 -5.52 2.389 

SAOB_88 0.280515 0.000054 1.46699 0.00027 1.8871 0.00021 0.0007025 0.0000078 0.02268 0.00034 3104.5 0.280780 0.280473 0.000054 -10.93 1.925 

SAOB_89 0.280543 0.00005 1.46695 0.00026 1.88681 0.00017 0.0009798 0.0000069 0.03219 0.00017 3117.5 0.280771 0.280484 0.000050 -10.22 1.783 

SAOB_90 0.280568 0.000056 1.46692 0.00017 1.8869 0.00016 0.001451 0.000045 0.0501 0.0016 3188 0.280724 0.280479 0.000056 -8.74 1.997 
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CHAPTER 5 

Structures and Magmatic Centres of the Bryah Rift from New 

Interpretation of Geophysical Data: Insights into Controls on VMS and 

Gold mineralisation 

Abstract 

The interaction of structure development and magmatism in rift-settings provide systemic controls on 

the emplacement of ore deposits both during rifting, and a knowledge of these may help to predict the 

likely locations of major deposits. The Paleoproterozoic Bryah Rift includes substantial mafic 

magmatism and deep-crust penetrating structures and possesses syn-rift VMS and later gold 

mineralisation which provide a good opportunity to study interactions between magmatism, structures, 

and mineralisation. The volcano-sedimentary Bryah Group was deposited in a continental rift developed 

within the broader Yerrida Basin on the northern margin of the Yilgarn Craton at ca. 2030 Ma. Multi-

scale interpretation of gravity and magnetic data was applied to characterise the magmatic and structural 

patterns of the Bryah Group, providing a better understanding of its tectono-magmatic development, 

and controls on VMS and gold mineralisation. The interpretation highlights the extensional faults and 

the inward-deepening structural pattern of the Bryah Rift Basin that reflects the initial rift geometry. 

Deep-rooted gravity sources represent focused magmatism in the southern part of the basin, with a 

maximum thickness estimated by depth-to-basement techniques at around 6 km. At shallower levels, 

the rift magmatism extends into the east to east-northeast trending magmatic corridors with an en-

echelon arrangement along the rift, oblique to major structures. These magmatic corridors have an 

intrinsic relationship with the internal structure of the rift. VMS mineralisation associated with mafic 

magmatism shows a spatial connection with magmatic corridors and with major syn-rift faults, whereas 

VMS mineralisation associated with felsic volcanic rocks are associated with off-axis volcanism and 

regional pre-rift faults. Later orogenic gold mineralisation also is spatially associated with the borders 

of the magmatic extrusion centres throughout the basin, despite occurring ~200 Ma later. The long-

lived influence of the rift architecture on later events is likely a consequence of rheological and 

compositional contrasts developed during rifting. 

 

Keywords: Bryah Rift Basin, Magmatic Centres, Gravity Anomaly, VMS and Gold mineralisation  
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5.1  Introduction 

Magmatism and extensional faults are fundamental elements in controlling the genesis, and evolution 

of continental rift-basins, and their mineralization (e.g. Corti, 2012; Pagli et al., 2015; Pirajno and 

Santosh, 2015; White and McKenzie, 1989; Ziegler and Cloetingh, 2004). Magmatism has been 

demonstrated to decrease the force required to initiate extension, focuses strain, alters the crustal 

rheology and heat flux and can increase locally crustal density (Buck, 2004; Corti, 2012; Ebinger and 

Scholz, 2012), affecting basins’ subsidence and sedimentation rates. Extensional faults control the 

initial basin evolution, influencing basins’ geometry and their volcano-sedimentary deposition and 

magmatism (Corti, 2012; Ziegler and Cloetingh, 2004). Rift magmatism and structures are intrinsically 

related, as the former influences both the local fault pattern at crustal scale and extension within the 

continental lithosphere, at the same time that its spatial distribution is strongly influenced by rifting 

dynamics and structural patterns (e.g. Aitken et al., 2013; Corti et al., 2003; Corti et al., 2004; Ebinger 

et al., 2010). 

The investigation of magmatism and structures in volcano-sedimentary rift basins is therefore essential 

to better understand how rifts formed and evolved. It is also particularly important to comprehend 

controls on Volcanogenic Massive Sulphide (VMS) mineralization in rift systems. Identifying 

magmatism in rift settings is key for VMS mineral systems, as both a fluid source and host rock, whereas 

permeable syn-rift structures act as pathways for both magmatic and hydrothermal mineralized fluids. 

The northern margin of the Yilgarn Craton, Western Australia, was the site of a continental rift during 

the Paleoproterozoic that led to the deposition of the Bryah Group (2027-2000; Hynes and Gee, 1986; 

Pirajno and Occhipinti, 1998), setting up the Bryah Rift Basin within the broader Yerrida Basin 

(Occhipinti et al., 2017; Fig. 5.1). The Bryah Rift Basin contains the most voluminous mafic magmatic 

event in the region (Occhipinti et al., 2017), which occurred, associated with extension, and hosts VMS 

mineralization (e.g. DeGrussa deposit, Hawke et al., 2015; Pirajno et al., 2016). VMS mineralization is 

mainly related with an interfingering sequence of sedimentary and mafic volcanic rocks in the basal 

sequence of the Bryah Group (Hawke et al., 2015; Pirajno, 2004; Pirajno et al., 2016). The main VMS 

deposits in the region are close to the major bounding structures of the Bryah Rift Basin (Pirajno et al., 

2016).  

Contractional movements during the Glenburgh Orogeny at ca 2000 Ma, may have ceased the extension 

of the Bryah Rift Basin (Occhipinti et al., 2017; Occhipinti et al., 2004). Some 200 Ma later, the 

intraplate Capricorn Orogeny (ca. 1820-1770 Ma) affected the region, developing widespread gold 

mineralization (Pirajno, 2004).  

In this study, an integrated analysis of anomalous gravity and magnetic sources is conducted to examine 

the rift-related magmatism and structures of the Bryah Rift Basin. Mafic volcanic rocks in the Bryah 
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Group present contrasting properties with the sedimentary infill and the granitic basement, which 

favours characterization by gravity and magnetic images. Magnetic and gravity data were interpreted 

in a qualitative fashion (e.g. Aitken and Betts, 2009), as well as quantitative interpretation with semi-

automatic depth estimation techniques (e.g. Ferraccioli et al., 2009), seeking the identification and 

characterization of magmatic and structural features, and setting up the basin’s geological framework. 

A better understanding of these features portrays the genesis and evolution of the basin, as well as 

controls on VMS and gold mineralization. 

 

Figure 5.1:  Geotectonic map of the Capricorn Orogen showing the major tectonic units. Modified from Sheppard 

et al. (2016) and Johnson (2013). YGC: Yarlarweelor Gneiss Complex. 

5.2  Geological Context 

The Bryah Rift Basin is part of the Paleoproterozoic volcano-sedimentary basins that developed on the 

north margin of the Yilgarn Craton, in the south-eastern part of the Capricorn Orogen (Fig. 5.1). The 

orogen is exposed in an east-southeast trending belt extending for 1000 km between the Pilbara and 

Yilgarn cratons (Cawood and Korsch, 2008; Fig. 5.1). The Capricorn Orogen developed due to tectonic 

movements marked by the Ophthalmian Orogeny (ca. 2215-2145 Ma) that recorded the collision 

between the Glenburgh Terrane and the Pilbara Craton, whilst the Glenburgh Orogeny (ca. 2005-1960 

Ma; Occhipinti et al., 2004) reflects the collision of the Glenburgh Terrane and the Yilgarn Craton. 

During the ca. 1820-1770 Ma intraplate Capricorn Orogeny, the entire Capricorn Orogen was reworked 

by deformation, metamorphism and magmatism (Johnson et al., 2013; Occhipinti et al., 2004; Sheppard 

et al., 2010a; Sheppard et al., 2010b; Tyler and Thorne, 1990). 
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The Paleoproterozoic basins developed on the north margin of the Yilgarn Craton comprise the Yerrida 

Basin, which includes the Bryah and Mooloogool sub-basins, the Padbury Basin, and the Earaheedy 

Basin (Occhipinti et al., 2017; Pirajno et al., 2004; Pirajno and Occhipinti, 2000; Fig. 5.1). These basins 

are surrounded by Archean terranes (Figs. 5.1 and 5.2). To the south, the Yilgarn Craton is in fault 

contact with or unconformably overlain by the Yerrida and Earaheedy basins. The craton comprises a 

series of north-trending terranes of greenstone belts separated by extensive granite and granitic gneiss 

(Cassidy et al., 2006), which final amalgamation is attributed to have occurred at ca. 2650 Ma (Mole, 

2012). To the west, the Bryah and Padbury basins are in fault contact with the Yarlarweelor Gneiss 

Complex (Figs. 5.1 and 5.2). The complex represents a fault bounded fragment of the Narryer Terrane 

(Yilgarn Craton) that was structurally reworked and intruded by voluminous felsic magmas during the 

Paleoproterozoic (Occhipinti et al., 1998b; Sheppard et al., 2003). To the north, the Marymia Inlier 

comprises a northeasterly trending Neoarchean granite-greenstone terrane in faulted and non-

conformable contact with the northern part of the Yerrida Basin (Adamides, 1998; Bagas, 1999; 

Vielreicher and McNaughton, 2001). The inlier represents a fragment of the Yilgarn Craton, which was 

reworked and uplifted during the Capricorn Orogeny (Bagas, 1999; Jahn, 2018; Vielreicher and 

McNaughton, 2001).  

The Paleoproterozoic volcano-sedimentary and sedimentary basins record periods of sedimentation, 

rifting, volcanism, and terrane-accretion (Johnson et al., 2013; Occhipinti et al., 2017; Occhipinti et al., 

2004; Pirajno et al., 2000). The initial development of these basins occurred with the deposition of low 

relief sediments within a sag basin that formed over the northern margin of the Yilgarn Craton 

(Occhipinti et al., 2017; Pirajno and Occhipinti, 2000). Continued extension resulted in the development 

of two distinct rifts (Occhipinti et al., 2017). The volcano-sedimentary rocks of the Bryah Rift Basin 

(Bryah Group, ca. 2017 Ma) were deposited on the northern part of the Windplain Group, whereas the 

Mooloogool Rift Basin (Mooloogool Group) was deposited on its southern part (Occhipinti et al., 2017). 

Siliciclastic and carbonatic shales of the overlying Maraloou Formation (Mooloogool Group) ceased 

the Yerrida Basin development (Occhipinti et al., 2017; Pirajno and Occhipinti, 2000). 

A change of geological setting from extension to contraction during the Glenburgh Orogeny (ca. 2005-

1960 Ma) concluded lithospheric extension of the northern margin of the Yilgarn Craton, resulting in  

cessation of mafic volcanism in the Bryah Rift Basin (Occhipinti et al., 2017). Contractional tectonics 

also caused downward flexure of the Bryah Rift Basin region, providing space for the deposition of the 

basal siliciclastic rocks of the Padbury Group in a foreland peripheral basin (Martin, 1998; Occhipinti 

et al., 2017). Siliciclastic rocks of the Padbury Group include the Labouchere and Wilthorpe formations, 

which are considered to be part of the same turbidite system (Martin, 1998).  
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Northeast-southwest rifting further east developed the Earaheedy Basin (Occhipinti et al., 2017). 

Banded iron-formation and granular iron-formation of the Robinson Range and Frere formations 

(Padbury and Earaheedy basins, respectively) was deposited later (ca. 1890 Ma) in a large basin that 

deepened from east to west (Occhipinti et al., 2017), whereas chemical, siliciclastic and dolomite rocks 

of the Millidie Creek conformably overlay the Robinson Range Formation in the Padbury Basin 

(Martin, 1998; Occhipinti et al., 2017). Deposition in the Padbury Basin ceased with the initiation of 

the Capricorn Orogeny (Occhipinti et al., 2017).  

 

Figure 5.2:  Interpreted geological map of the Bryah and Padbury basins (refer to Chapter 3). 

5.2.1 The Bryah Rift Basin 

The Bryah Rift Basin contains the Bryah Group that is made of the basal Karalundi Formation, followed 

by the Narracoota, Ravelstone and Horseshoe formations (Occhipinti et al., 2017; Pirajno et al., 1998; 

Figs. 5.2 and 5.3). The pre-rift sequence of the Bryah Rift Basin is here considered the basal 
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stratigraphic sequence of the Yerrida Basin, made of the Windplain Group (Pirajno and Occhipinti, 

2000; Pirajno et al., 1998). The syn-rift sequence is made of the Karalundi and Narracoota formations, 

which was succeed by a thermal subsidence, and the deposition of the post-rift sediments of the 

Ravelstone and Horseshoe formations. Although formally part of the Bryah Group, in this chapter, we 

exclude the Trillbar Formation (Fig. 5.2) from the rift sequence, as it is of uncertain origins, and dates 

to 2069 ± 9 Ma (Olierook et al., 2018), older than the Bryah Group. The western part of the Bryah Rift 

Basin has a strong secondary structural framework derived from fold-and-thrust propagation and strike-

slip deformation and is not representative of rift structure. 

 

Figure 5.3: Schematic stratigraphy column of the Windplain and Bryah groups, with the pre-rift, syn-rift, and 

post-rift tectonic stages represented. Ages sources: I. Stromatolite taxa in the Bubble Well Member 

(Grey and Pirajno, 2012); II. U-Pb ages of detrital zircons from lithic metasandstone (Wingate et al., 

2014b); III. Syngenetic VMS mineralisation at DeGrussa deposit, hosted by the upper sequence of the 

Karalundi Formation (Hawke et al., 2015); IV Pb-Pb detrital ages for meta-quartz wacke (Nelson, 

1997a). 

Pre-Rift Sequence 

The pre-rift stage is attributed to the deposition of the sedimentary rocks of the Windplain Group (Lower 

Yerrida Basin) within an intracontinental sag basin (Occhipinti et al., 2017; Pirajno et al., 1998), which 

was already under the influence of the subsidence related to far field forces within the lithosphere, but 

was deposited before syn-rift faults. The onset of the pre-rift stage is constrained by the stromatolitic 

carbonatic rocks of the Bubble Well Member, deposited at ca. 2200-2100 Ma in accordance with 

stromatolite taxa correlation (Grey and Pirajno, 2012). The pre-rift stage may have lasted until around 

ca. 2045 Ma, if constrained by the maximum depositional age attributed to the early syn-rift sediments 

of the Karalundi Formation (Wingate et al., 2014b).   
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The Windplain Group is divided in the Juderina and Johnson Cairn formations (Pirajno and Occhipinti, 

2000), denominated as lower Yerrida Basin. The Juderina Formation contains quartz arenite and 

stromatolitic carbonate of the Bubble Well Member, while the Johnson Cairn Formation comprises a 

fine-grained iron rich siliciclastic sequence (Occhipinti et al., 2017; Pirajno and Occhipinti, 2000). 

Basalts intercalated within both formations of the Windplain Group indicate the incipient rifting on the 

northern margin of the Yilgarn Craton (Occhipinti et al., 2017; refer to Chapter 3).  

The Peak Hill Schist comprises metasediments derived from quartz-rich and/or quartz feldspathic rocks, 

tectonically interleaved with the eastern part of the Marymia Inlier (Occhipinti et al., 1998c; Pirajno 

and Occhipinti, 1998; Fig. 5.2). The rocks of the Peak Hill Schist were mylonitised and metamorphosed 

at upper greenschist to middle amphibolite grade (Occhipinti et al., 1998c). Recent geochronological 

data (Wingate et al., 2014a) correlate the Peak Hill Schist with the basal sediments of the Yerrida Basin 

(Occhipinti et al., 2017; refer to Chapter 4).  

Syn-rift Sequence 

The Karalundi Formation includes immature clastic sedimentary rocks, containing angular quartz and 

lithic fragments in a sericite–clay-rich matrix, suggestive of a high-energy environment (Occhipinti et 

al., 2017; Pirajno and Occhipinti, 2000). The upper sedimentary package of the Karalundi Formation is 

intermingling with basalts, known to host VMS mineralisation, e.g. DeGrussa deposit (Hawke et al., 

2015; Occhipinti et al., 2017; Pirajno et al., 2016).  

The early syn-rift siliciclastic sequence of the Karalundi Formation is followed by the voluminous 

magmatism of the Narracoota Formation, assigned to have extruded in a submarine setting due to the 

occurrence of preserved pillow basalts in regions of low strain (Hynes and Gee, 1986; Pirajno and 

Occhipinti, 1998; refer to Chapter 3). The Narracoota Formation includes metabasalts, metabasalt 

hyaloclastites, high-Mg basalts, mafic-ultramafic schists, and minor volcaniclastic rocks (Blandthorn, 

2015; Occhipinti et al., 2017; Pirajno et al., 2004; Pirajno and Occhipinti, 1998; Pirajno and Occhipinti, 

2000; Fig. 5.2). Small amount of chert and siliciclastic sedimentary rocks are found associated with the 

igneous rocks (Pirajno and Occhipinti, 1998). Metabasalts are attributed for mafic volcanic rocks with 

considered variation in their texture and mineralogy (Blandthorn, 2015), as well as in their petrophysical 

properties (refer to Chapter 3). The hyaloclastite basalts form extensive outcrops in the southern part of 

the basin, and typically contains volcanic breccia texture (Blandthorn, 2015; Pirajno and Occhipinti, 

1998). They are suggested to have been erupted in shallow waters, near the Bryah Rift margins (Pirajno 

and Occhipinti, 1998; Pirajno et al., 2000). Poorly exposed mafic-ultramafic schists (after basalts) 

dominate the central part of the basin. High-Mg basalts occur as lenses within the mafic-ultramafic 

schist domain, in the northeast border of the Bryah Rift Basin, and in the Dimble area (Fig. 5.2), to the 

west (Occhipinti et al., 2017; Pirajno et al., 2000).  
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Ages of the magmatic rocks in the Bryah Rift Basin are poorly constrained. Re-Os data of the syngenetic 

VMS mineralisation hosted within the volcanic and sedimentary uppermost units of the Karalundi 

Formation yielded ages of 2027 ± 7 Ma (Hawke et al., 2015). Upper constraint for the rift magmatism 

comes from the overlying Ravelstone Formation, in which Pb-Pb detrital data for meta-quartz wacke 

yielded maximum depositional age of 2015 Ma ± 22 (Nelson, 1997a).   

Post-rift Sequence 

The voluminous magmatism of the Narracoota Formation was succeeded by a thermal subsidence, and 

the deposition of siliciclastic and chemical sediments of the Ravelstone and Horseshoe formations. The 

Narracoota Formation is disconformably overlain by, and locally interfingers with the Ravelstone 

Formation (Pirajno et al., 1998). Intermediate-felsic magmatism occurs intercalated with the siliciclastic 

rocks of the overlying Ravelstone Formation, present locally on the northern part of the basin 

(Occhipinti et al., 2017; refer to Chapter 3). Felsic rocks also host VMS mineralisation in the Bryah 

Group (refer to section 5.4). The post-magmatic sequence of the Bryah Group fines upwards, with the 

deposition of deep water turbidites represented by lithic and quartz wacke, shale and siltstone of the 

Ravelstone Formation, conformably overlaid by shales and banded iron formations of the Horseshoe 

Formation (Pirajno and Occhipinti, 1998; Pirajno and Occhipinti, 2000).  

5.3  Deformation Events  

5.3.1 Glenburgh Orogeny (2005-1960 Ma) 

The Glenburgh Orogeny reflects the convergence and collision of the southern margin of the Glenburgh 

Terrane with the Yilgarn Craton, along the Errabiddy Shear Zone (Occhipinti et al., 2004). Regionally, 

the Glenburgh Orogeny is associated with two discrete episodes of deformation, extensive granitic 

magmatism, and high grade metamorphism (Cawood and Tyler, 2004; Johnson et al., 2010; Kinny et 

al., 2004; Occhipinti et al., 2004; Sheppard et al., 2010b). The first deformation event (D1g, 2005-1985 

Ma) is restricted to the Glenburgh Terrane (Fig. 5.1), synchronous with the ca. 2003 Ma Dalgarina 

Supersuite, and involves sub-horizontal gneissic foliations and isoclinal folds at granulite and 

amphibolite facies (Cawood and Tyler, 2004; Occhipinti et al., 2004). The second stage of deformation 

(D2g, 1965-1950 Ma) extends into the Errabiddy Shear Zone, the Yarlarweelor Gneiss Complex, and 

the Bryah and Padbury basins (Cawood and Tyler, 2004; Occhipinti et al., 2004). D2g is associated with 

the intrusion of the ca. 1960 Ma Bertibubba Supersuite, and is characterised by regional upright faulting 

and, mostly, tight or isoclinal folding (e.g. Robinson Range Syncline, Occhipinti et al., 2004; Reddy 

and Occhipinti, 2004a). The collision and accretion of the Glenburgh Terrane and the Yilgarn Craton 

resulted in north to north-northeast trending faults in the western part of the Bryah and Padbury basins, 
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which point out the large-scale tectonic interleaving between these basins and the Yarlarweelor Gneiss 

Complex (Occhipinti and Myers, 1999; Occhipinti et al., 2004; Swager and Myers, 1999; Fig. 5.2).  

5.3.2 Capricorn Orogeny (1820-1770 Ma) 

The Capricorn Orogeny is characterised by widespread tectonomagmatic activity, being responsible for 

overprinting and reactivation of pre-existing faults and regional prograde and retrograde greenschist 

facies metamorphic episodes (Occhipinti et al., 1998c; Pirajno and Occhipinti, 1998; Sheppard et al., 

2010a; Sheppard et al., 2010b). Deformation events during the Capricorn Orogeny are recognised as 

D1n, D2n and D3n (Sheppard et al., 2010a; Sheppard et al., 2010b). The early deformation of the 

Capricorn Orogeny (D1n) is characterised by north-south compression and a ductile character, resulting 

in large scale upright, close to isoclinal folds, which is accompanied by a regional greenschist facies 

metamorphic grade (Occhipinti et al., 2004; Occhipinti et al., 1998c; Sheppard et al., 2010a). The 

second deformation phase of the Capricorn Orogeny (D2n) is associated with brittle-ductile easterly 

trending sub-vertical shear zones forming at greenschist facies mineral assemblages (Reddy and 

Occhipinti, 2004b; Sheppard et al., 2003). In the eastern part of the Bryah and Padbury basins, D2n 

includes mesoscopic chevron folds, kinks, shear zones, and faults locally developed (Occhipinti et al., 

1998c). Westward, D2n is developed in the Archaean terranes and in the contact between these terranes 

and the Bryah and Padbury basins as conjugate ductile shear zones and faults (Sheppard et al., 2010b; 

Swager and Myers, 1999), such as the dextral strike-slip Seabrook and Kerba faults. This strike-slip 

faulting was succeeded by the exhumation of the Yarlarweelor Gneiss Complex at ca. 1800 Ma 

(Sheppard et al., 2003). The final deformation phase of the Capricorn Orogeny (D3n) is only recognised 

in the northwestern part of the Capricorn Orogen (Sheppard et al., 2010b).  

5.4  VMS and Gold Mineralisation 

VMS deposits are syngenetic accumulations of massive to semi-massive sulphides formed during the 

association of metal-enriched fluids and hydrothermal convection, and are important sources of copper, 

zinc, lead, gold, and silver (Galley et al., 2007; Gibson et al., 2007; Shanks et al., 2012). In the Bryah 

Group, VMS mineralisation is either hosted within the interfingering sequence of sedimentary and 

mafic volcanic rocks of the Karalundi Formation or is related to felsic volcanic rocks of the Ravelstone 

Formation (Hawke et al., 2015; Pirajno et al., 2016; Pirajno et al., 2004). Based on their host 

stratigraphy, they may represent pelitic-mafic and felsic-siliciclastic VMS deposits types (Franklin et 

al., 2005), respectively, which implies in two distinct tectonic settings (Galley et al., 2007). VMS 

mineralisation related to mafic rocks was synchronous with rifting, mafic magmatism (~2027 Ma, 

Hawke et al., 2015) and the development of submarine troughs that provided seawater to interact with 

the rift volcanic activity. On the eastern part of the Bryah Rift Basin, the upper sequence of the 

Karalundi Formation host the world-class VMS DeGrussa Deposits (Fig. 5.2), and the high grade Monty 
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and Red Bore VMS deposits (Agangi et al., 2018; Hawke et al., 2015; Pirajno et al., 2016), as well as 

other Cu occurrences. Pirajno et al. (2016) consider these deposits indicative of a Besshi-type 

environment due to their intimate association with terrigenous clastic rocks and dominantly marine 

mafic volcanic and subvolcanic rocks. 

VMS mineralisation associated with felsic volcanic rocks occurs only in the northern part of the basin, 

where it is represented by the supergenic Horseshoe Lights deposit (Fig. 5.2). In this site, mineralisation 

is hosted by mylonitised chloritic and sericitic schist (Pirajno, 2004), and can be attributed to the 

Kuroko-type environment (e.g. Cox and Singer, 1986; Yamada and Yoshida, 2011). Felsic porphyries 

intersected by new drilling close to the Horseshoe Lights deposit, questions the genesis of its 

mineralization (refer to Chapter 3). 

Gold occurrences in the region are known in the Bryah and Padbury groups, and in the Peak hill Schist 

(Fig. 5.2). Gold mineralisation is both structurally and stratigraphically controlled, and is associated 

with hydrothermal fluid transport through shear zones during the last stages of deformation and 

metamorphism of the Capricorn Orogeny (~1820-1770 Ma; Hawke et al., 2015; Pirajno, 2004). The 

source of the metals is unknown, but it is possible that they were derived from either the volcano-

sedimentary rocks within the basin or the underlying Archaean basement (Pirajno, 2004). In the Bryah 

Group, gold occurs within the Narracoota and Ravelstone formations, or at the contact between these 

formations (Pirajno et al., 2000). In the Padbury Group, gold is hosted by the metasediments of the 

Labouchere and Wilthorpe formations, and along contacts between these formations and the 

metavolcanic rocks of the Narracoota Formation (Pirajno et al., 2000). The Peak Hill Schist has a gold 

exploration history that goes back to the 1890’s, when gold was mined in shallow open pits. The unit 

host gold mineralisation within high-strain shear zones in greenschist facies metasedimentary and 

metavolcanic rocks, or along contact zones between these rock units (Pirajno et al., 2004; Pirajno and 

Occhipinti, 1998). 

5.5  Magnetic and Gravity Datasets 

Geophysical data were obtained from open file surveys of the GADDS system from the Geoscience 

Australia. The regional Glengarry-Peak Hill-Robinson River airborne magnetic survey flown in 1994 

covers the Bryah Rift Basin with flight lines 400 m spaced. Over the study area, this survey comprises 

the Peak Hill Area B and Peak Hill Area C sub-surveys, which have line direction at 180° and 45°, 

respectively (refer to Chapter 2). The Bangemall Basin survey encompasses the westernmost area of 

the basin, as well as the Trillbar Complex and the western part of the Yarlarweelor Gneiss Complex, 

with north-south trending flight lines 500 m spaced. All surveys were flown at a nominal height of 60 

meters. These magnetic airborne surveys were undertaken for and on behalf of the Geological Survey 

of Western Australia (GSWA). 
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For interpretation 100 and 125 meter cell size grids were generated from the line data using minimum 

curvature technique (Briggs, 1974). Transformed grids, such as the Reduced to the Pole (RTP), vertical 

and horizontal derivatives, tilt derivative (TDR), and upward continuation (UP) were derived from the 

Total Magnetic Intensity (TMI) grid (Fig. 5.4). These grids assist the interpretation by detecting the 

edges of magnetic bodies at distinct frequencies. Regional magnetic grids with 400 meters grid cell size 

downloaded from the DMIRS Data Centre of the GSWA were also used. 

 

Figure 5.4: A. 1Dz magnetic image overlyed by the interpreted dykes (green lines) that generally show east to 

northeast trending; B. TDR magnetic image upward continued to 1km overlaid by the interpreted 

gravity structures (black lines); C. Magnetic RTP image and the main faults showed in dashed black 

lines. Grids are north to northeast-directed sun-shaded. White lines are the outline of the Bryah and 

Padbury Basins.  

Terrain-corrected Bouguer gravity data come from the Peak Hill-Collier and the Gascoyne South 

ground surveys, which cover the eastern and western parts of the Bryah Rift Basin, respectively. 

Additionally, the Sandstone survey adds ground gravity data on the southern part of the basin. All 

gravity surveys have approximately 2.5 km by 2.5 km square grid spacing, which covers the area with 

information from approximately 930 stations. The gravity surveys were funded by and acquired for the 
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Geological Survey of Western Australia (GSWA) under Geoscience Australia projects. The survey data 

were merged and gridded using kriging interpolation and a cell size of 400 meters (Fig. 5.5). The terrain 

corrected Bouguer anomaly aided the characterization of amplitude contrasts and boundaries and 

supported the interpretation of deep structures. Terrain-corrected Bouguer grid were filtered to enhance 

or suppress particular wavelength bands. Shallow crustal sources were mainly interpreted from the 

horizontal and tilt derivatives (HD, TDR), and deeper sources from upward continued grids. 

 

Figure 5.5: Terrain-corrected Bouguer anomaly image overlaying the TDR magnetic image. White lines are the 

main tectonic units modified from Martin (2016). The inflection point that marks the Bryah Rift 

changing of direction is coincident with inferred Archean boundaries of the Murchison and Southern 

Cross domains, in the Youanmi Terrane of the Yilgarn Craton. 

5.6  Methods 

5.6.1 Geological and Geophysical Interpretation 

Geological information from 1:100,000 maps sheets of the Moorarie, Milgun, Padbury and Bryah 

(Occhipinti and Myers, 1999; Occhipinti et al., 1998a; Pirajno and Occhipinti, 1998; Swager and Myers, 

1999), as well as the latest Bryah and Padbury Basins’ geological map (Occhipinti et al., 2017), were 

used as base maps to interpretation. The prior geological information was added to new field 
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observations and to the petrophysical data (magnetic susceptibility and density, refer to Chapter 3) to 

constrain the qualitative interpretation of magnetic, gravity and radiometric data, as well of the Landsat8 

remote sensing imagery, from which an updated geological map was generated (Fig. 5.2). 

Magnetic features were identified over the TMI and filtered images. Faults and shear zones were 

interpreted when magnetic lineaments were truncated, or when contact areas with different pronounced 

gradients were observed. Folds were drawn according to direct observation of stratigraphic layers being 

curved around fold hinges. The interpretation of structures from aeromagnetic data was also based on 

the structural observations from the 1:100,000 map sheets above cited, as well as previous regional 

studies (e.g. Occhipinti et al., 2004; Sheppard et al., 2010a; Sheppard et al., 2010b). Dykes were 

identified mainly in the first vertical derivative (1Dz), in accordance with distinct magnetic anomaly 

amplitudes and patterns, compared to the rocks they intrude, such as shallow, narrow features, and lack 

of offsets or truncated anomalies (Airo, 1999).    

Gravity trends were defined according to contrasting amplitudes in the horizontal gradient images, 

which suppress broad gravity anomalies, enhancing lateral changes in upper crustal density. Upward 

continuation and TDR grids also helped the structural gravity grain delineation and the interpretation 

of the rift magmatism. The qualitative analysis at distinct crustal levels was mainly recognized by 

applying the upward continuation filter. Shallow gravity sources were interpreted from residual gravity 

images generated by upward-continued grids (from 2.5 to 7km) subtracted from grids upward continued 

to 100 meters (used to remove short wavelength noise).   

5.6.2 Depth to Basement Techniques  

Depth estimate methods can determine the position, depth and intensity of magnetic and gravity sources 

for geological interpretation (Blakely, 1995; Cooper and Cowan, 2004; Gunn, 1997b; Li, 2003). 

Automatic depth solutions were generated by Euler deconvolution (Thompson, 1982), Werner 

deconvolution (Ku and Sharp, 1983) and Source Parameter Imaging (SPI, Thurston and Smith, 1997) 

techniques, using the 400m cell size Bouguer anomaly grid, and the 100m cell size total magnetic 

intensity grid (TMI). These estimations were performed using the extensions Grav/Mag Interpretation 

and Depth to Basement from Geosoft®, Version 9.7.1. 

The Euler deconvolution estimates the shape of the potential field data within a window and calculates 

three-dimensional source locations based on a structural index (Davis and Li, 2009; Li, 2003). Standard 

Euler deconvolution using a structural index (SI) of 0 and 1, and variable window sizes were performed 

for the gravity and magnetic data. The SI0 better mapped the edge of contrasting densities. The window 

size of 15 cells (6.0 km) was chosen for the gravity data, as it is the smallest value that respected the 

Euler process, which rules that the deconvolution window size must be at least twice the original data 

spacing (Reid et al., 2014). Depths greater than twice the window size are unreliable (Reid et al., 2014), 
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and hence, a maximum depth of 12 km is expected as a cut-off for a window of 15 cells. A window size 

of 20 cells (2.0 km) and SI 0 were selected for the magnetic data. Maximum reliable depths for magnetic 

Euler deconvolution solutions is 4km, according to the parameters chosen. Solutions showing unreliable 

values, and identified not as part of a cluster were eliminated from the results of both methods, in 

agreement with Reid et al. (2014).  

The Werner deconvolution was carried out over a northeast-southwest profile extracted from the gravity 

grid (Fig. 5.2), in an attempt to obtain tighter gravity cluster solutions, and more accurate depth and 

contacts estimations (Li, 2003). The Werner deconvolution also uses the moving window concept to 

estimate depth solutions, although it introduces a polynomial background in each window, and it permit 

the inclusion of contacts and thin dykes as idealized sources within a single window (Li, 2003). After 

several interactions, a moving window size ranging from 10 to 20km for the gravity data was selected.  

The moving window causes scattering of the solutions when interference from adjacent sources is 

present  (Li, 2003; Reid et al., 2014). With the view to overcoming difficulties which emerged by the 

moving window concept, the Source Parameter Imaging (SPI) method was applied. The SPI does not 

require an assumption of the geometry of the potential field sources, and therefore, the method surpasses 

the choice of ideal window size (Li, 2003). The SPI estimates edge locations, depths, dips, and contrasts 

automatically from a gridded data by assuming sources models as a 2D contact or 2D thin-sheet 

(Thurston and Smith, 1997). It is based on the local wavenumber of the analytical signal, and thus, it is 

independent of the magnetic inclination, declination, dip, strike and remanent magnetisation (Thurston 

and Smith, 1997).   

5.7  Results 

5.7.1 Magnetic Signatures  

Based on the magnetic field, 15 magnetic domains (MD) were distinguished in the Bryah and Padbury 

basins and surroundings terranes (Fig. 5.6 and Tab. 5.1). These domains were named following their 

spatial relationship to tectonic units and/or lithologies and were defined in accordance with similar 

magnetic amplitudes and frequencies, which may indicate a common evolution (e.g. Aitken et al., 

2014). As such, structures in the basin are not present or developed with the same intensity on the 

different magnetic domains. Further, their limits are commonly bound by major faults formed during 

the rift/extension phase and posterior deformation events during the Glenburgh and Capricorn 

orogeneses.  
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Table 5.1: Magnetic domains characterisation.  

Magnetic Domain Symbol Characterisation 

North Yarlarweelor NYMD 
Overall low magnetic amplitudes and relief. Localised moderate to high amplitudes 

associated with higher frequencies are attributed to easterly-northeasterly mafic dykes.  

West Yarlarweelor WYMD 
High to moderate magnetic amplitudes, and high relief. The contact between NYMD and 
WYMD is marked by the Morris Fault, from which a sharp change of the magnetic patterns 

occurs, becoming higher towards the south (or the WYMD).  

East Yarlarweelor EYMD 

Very low magnetic amplitudes and relief. Localised north-south linear high magnetic 
features to the west, toward the contact with the Padbury Basin. An isolated high amplitude 

peak (>6000 nT) of a 5km length north-south trending feature, folded southward, is 

highlighted to the west. Easterly trending dykes overprint the entire domain.  

Murchison MHMD 
Low magnetic amplitudes and relief on the northern part, closer to the contact with the YDM 

and TDM. Localised high amplitudes associated with higher relief in the southern part of 

the domain are roughly coincident with foliated metagranites outcrop and BIFs.   

Durlacher DUMD 

Association with two granite bodies of the Durlacher Supersuite. The western intrusion 

presents a ring shape magnetic relief and high amplitudes, while the eastern shows vestige 

of a ring shape, with high amplitudes mainly on the northern border. Easterly trend weak to 

negative magnetic dykes cut the granitic bodies.   

Trillbar Complex TMD 

Complex magnetic pattern showing dominated easterly trending with high magnetic 

amplitudes and frequencies, associated with the Trillbar Syncline. Easterly high magnetic 
trending marks the northern border, pointing out the Kerba Fault. Overall low to moderate 

magnetic amplitude and low relief is observed to the south, associated with rocks of the 

Windplain Group.  

Dimble Member DMD 
Low to moderate magnetic amplitude and relief. Easterly trending faults associated with 

increasing of magnetic amplitude.  

Padbury Syncline PSMD 

North-south trend anomaly bearing very high magnetic amplitude, related with the BIFs of 

the Robinson Range Formation. The trend direction changes to the east-west southward, and 

ends sharply towards the north, in contact with the CMD. This contact is marked by the 

Cooinbar-Fortnum fault system.  

Yerrida YMD 
Overall low magnetic relief and amplitude. High frequencies with moderate amplitudes 

characterise mafic dykes on the central part. 

Narracoota NMD 
Low to very low magnetic relief and amplitude. Localised high frequencies associated with 

medium amplitudes on the central part are interpreted to be the response of mafic schist 

rocks.   

Robinson Range RRMD 

Easterly trending domain that encompasses folds and faults well enhanced by very high 

magnetic amplitudes from BIFs of the Robinson Range Formation. The central part of the 

domain is marked by a discontinuity of these high amplitudes, showing an amplitude 

decrease and medium relief disturbance.  

Padbury PMD 

Overall low magnetic amplitudes and relief. Localised high amplitudes are observed 

associated with BIFs of the Horseshoe Formation, marked by a northwestern-southeast high 
magnetic strip of the Horseshoe Range (Horseshoe Syncline - northeast axial fold), as well 

as with iron-rich layers of the Labouchere Formation.  

Peak Hill PHMD 

Overall low to very low magnetic amplitude. Localised high amplitudes are observed related 
to the contact between the Peak Hill Schist and the Bryah Group. Slices trending northwest-

southeast with moderate magnetic amplitude and high frequencies cut the domain, with 

extension that can achieve 13 km. Close to the contact with the Marymia Inlier, north-south 

elongated features associated with high magnetic amplitude with circular shape are present.     

Collier CMD 

Overall low to very low magnetic amplitudes. The eastern part presents northeasterly 

direction trends, while to the west, the overall trend is northwest-southeast. To the north of 
the Cooinbar-Fortnum fault system, high magnetic amplitude related to the PSMD 

decreases, and its north-south trend slightly changes to the northwest. Positive and negative 

magnetic dykes showing east-west and north-south directions cut the CMD.     

Goodin GMD Low magnetic amplitude and relief, which increase on the borders of the Goodin Inlier.  

 



                                                                               Chapter 5 - Structures and Magmatic Centres of the Bryah Rift 

   
 

 

150 

 

 

Figure 5.6: Magnetic domains defined based on magnetic amplitudes and frequencies, overlaid by the interpreted 

major faults, and overlying the TDR image. MD-Magnetic Domain.   

5.7.2 Gravity Signatures 

The total Bouguer anomaly values at the Bryah Rift Basin range from -110 mGal to -33 mGal (Figs. 

5.5 and 5.7A). The east-west to northeast regional gravity anomaly reaches its maximum (-33 mGal) in 

the central-southern part of the Bryah Rift Basin, where it is coincident with the voluminous rift 

magmatism of the Narracoota Formation. Easterly trending gravity lineaments are delineated sub-

parallel to the margins of the basins and are interpreted as imaging the magmatism rift borders. To the 

west, gravity anomaly values ranging from -55 and -79 mGal is associated with the Trillbar Complex 

and the mafic rocks of the Narracoota Formation (previous Dimble Member). 

The easterly high gravity anomaly stands out in the southeastern part of the Capricorn Orogen and 

represents a disruption of the north-south trending and overall low gravity response of the Yilgarn 

Craton to the south (Fig. 5.5). North-south trending greenstones of the Yilgarn Craton are present, 

however, with high gravity and magnetic signatures, which are traced beneath the sedimentary cover in 

the southern part of the Yerrida Basin, and eastward, beneath the Earaheedy Basin (Fig. 5.5). The high 

gravity anomaly within the Bryah Rift Basin also contrasts with a long-wavelength low amplitude to 

the north (Fig. 5.5). This low gradient occurs spatially associated with the sedimentary rocks of the 

northern part of the Bryah and the Padbury basins (mainly the Ravelstone and Labouchere formations), 

the Mesoproterozoic Edmund and Collier Basins, the Marymia Inlier, and the northern part of the 
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Yarlarweelor Gneiss Complex. The lack of correlation between the low gravity amplitude and the 

surface geology suggests deep gravity sources. Hackney (2004) assigns this low gravity amplitude to 

represent a thickened crust at the northern margin of the Yilgarn Craton. Alternatively, the crust may 

be of a different composition (refer to Chapter 4).  

 

Figure 5.7: A. Terrain-corrected, Bouguer anomaly image overlaid by the interpreted geology; B. Bouguer 

anomaly upward continuated to 7 km; C. Image showing shallow-sourced gravity sources, created 

from the subtraction of the Bouguer anomaly upward continuated to 100 m and the Bouguer anomaly 

upward continuated to 2.5 km, overlaying the horizontal derivative Bouguer image, which emphasises 

change in the horizontal gradient. D. Zoom on the eastern part of map C (white square). Black arrows 

indicate anomalies supressed on the Bouguer anomaly grid and are interpreted to represent off-axis 

magmatism. White dotted lines mark major faults.  
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Enhancement techniques applied to the Bouguer anomaly imaged gravity sources at deeper and 

shallower depths, providing an estimation of the spatial occurrence of the mafic and ultramafic 

magmatic rocks throughout the basin. The Bouguer anomaly upward continued to 7 km shows gravity 

sources concentrated in the central-southern part of the Bryah Rift Basin, where a single anomaly 

measuring approximately 40 km east-west and 20 km north-south is highlighted (Fig. 5.7B). The 

Goodin Fault limits this deep anomaly to the south and shows an east-northeasterly linear low gravity 

trend on the terrain-corrected Bouguer anomaly image (Fig. 5.7A). Its low gravity response is enhanced 

on the shallow-wavelength gravity grid, where a sharp discontinuity between the positive gravity 

anomalies to the north and south is delineated (Fig. 5.7C). The gravity anomaly located 15 km to the 

south of the Goodin Fault is attributed to the magmatism of the Mooloogool Rift (Fig. 5.7B). Upward 

continuation filtered images suppress the gravity anomalies associated with the Trillbar Complex and 

the mafic rocks of the Narracoota Formation to the west (e.g. Dimble area), implying that these features 

are not deeply rooted. Short-wavelength gravity anomalies relatively amplified the gravity of these units 

(Fig. 5.7C), corroborating their shallow quality. 

Short wavelength gravity anomalies in distinct areas throughout the Bryah Rift Basin are attributed to 

magmatic centres. These anomalies occur within easterly to northeasterly trending corridors, have their 

signature smoothed on the terrain-corrected Bouguer anomaly image (Fig. 5.7A), and are coincident 

with exposed volcanic rocks, such as hyaloclastite basalts to the south and high-Mg basalt to the 

northeast (Fig. 5.2). Other anomalies may indicate mafic rocks at lower surface levels below 

sedimentary units, as well as lenses within the mafic schist in the central-southern part of the basin. 

Two easterly to northeasterly corridors of shallow-sourced gravity anomalies are enhanced over the 

deep-rooted gravity in the central-southern part of the basin. They are separated by an easterly trend 

associated with lower gravity amplitudes, interpreted to image the Murchison Fault. A third northeast-

trending extrusion corridor occurs to the northeast part of the basin, offset from the deeply rooted gravity 

anomaly (Fig. 5.7C). Also, short-wavelength high gravity anomalies surround the Peak Hill Schist, 

highlighting basalts associated with the Narracoota Formation to the north and west, and a northeast 

gravity trend within the Marymia Inlier, coincident with the Hermes gold deposit (Fig. 5.7C). 

Further west, close to the contact of the basins with the Yarlarweelor Gneiss Complex, north-south 

trending short-wavelength gravity anomalies, also suppressed on the terrain-corrected Bouguer 

anomaly image, are attributed to the rift magmatism and the BIFs of the Robinson Range Formation 

(Fig. 5.7C). Similarly, mapped basalts on the northwestern part of the Bryah Rift Basin and BIFs of the 

Robinson Range and Horseshoe formations at the Fraser and Horseshoe synclines, respectively, are 

highlighted on the short-wavelength gravity image (Fig. 5.7C), as well as suppressed on the terrain-

corrected Bouguer anomaly image (Fig. 5.7A), supporting their shallow character.   
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5.7.3 Estimating Gravity and Magnetic Sources at Depth   

Werner Deconvolution (WD) 

The Werner Deconvolution provides a closer approximation of the horizontal locations of changes in 

density at depth (Fig. 5.8). Clusters of contact and dyke solutions were detected on the northern and 

southern limits of the Bryah Rift Basin in contact with the Marymia Inlier and the Yilgarn Craton, 

respectively. To the north, a cluster of contact solutions maps the boundary between the mafic volcanic 

rocks of the Narracoota Formation and the granite-gneisses of the Marymia Inlier. This boundary is 

delineated at approximately 3 km. Werner solutions on the southern limit of the basin do not attribute 

an evident depth to the Goodin Fault. In this part of the profile, contact solutions are detected at depths 

of around 3 km at a normal angle to the fault on the surface, and achieve ca. 6 km to the south, following 

the indicated fault trace. At 48 km along the profile, the Murchison Fault is mapped from the surface to 

approximately 3 km deep. 

A linear sequence of contact solutions at approximately 54 km along the profile maps the boundary 

between the hyaloclastite basalts and mafic schist rocks with depths that reach 3.7 km. Further north, at 

38 km along the profile, dyke solutions mark the contact between lenses of high-Mg basalts within the 

mafic schist domain with depths close to 5 km (Fig. 5.8). This contact is interpreted to be the boundary 

of the deepest trough or the thickest part of the Bryah Rift Basin. Within the deep trough, a cluster of 

deep solutions (C1) is detected to the north of the Murchison Fault at 6 km. It is understood to estimate 

the maximum depth of the mafic magmatic rocks, although individual estimations define deeper sources 

up to 9 km (Fig. 5.8).  

Euler Deconvolution and Source Parameter Imaging    

The depths and location of the magnetic solutions derived by the Source Parameter Imaging (SPI) and 

Euler deconvolution (ED) are similar (Fig. 5.8). The identification of basement/basin interface was 

prevented by the weak contrast of the magnetic amplitudes of the geological units within the basins 

(except for the shallow BIFs) and the surrounding basements (e.g. Yilgarn Craton), which are similarly 

not magnetic. Magnetic solutions, however, show the structural controls on the southern and northern 

borders of the Bryah Rift Basin. In the south part, a northeasterly trending mapped the Goodin Fault 

with maximum depths of 4.25 and 4.0 km (the maximum depth reliable) on the SPI and ED, respectively 

(Fig. 5.8). To the west, the trend of the linear solutions changes direction to the northwest, following 

the Murchison Fault, with depths that achieve 3 km in the ED solutions. Linear magnetic solutions on 

the northern part of the basin are associated with the northeast Robinson Fault that mark the contact 

between high-Mg basalts and sedimentary rocks of the Padbury Group. These magnetic solutions 

achieve depths of 4.25 km on the SPI map, although the ED solutions show shallower depths (> 3km).  
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Figure 5.8: On top: two dimensional Werner Deconvolution used to estimate depths and limits of gravimetric 

sources along the profile A-A’, orthogonal to the easterly trending rift magmatism of the Bryah Rift 

Basin (see Fig. 5.2 for location). Eo = Eotvos Unit (10-6 mGal/cm). On bottom: standard Euler 

deconvolution (SI0) and Source Parameter Image (SPI) of the magnetic and gravity sources overlaid 

by the interpreted geological boundaries. The assigned numbers indicate: 1- deep gravity Euler 

solutions mapping the southwestern limit of the rift at deep depths; 2- easterly trending deep sources 

over the contact between the hyaloclastite basalts and the mafic schist, suggesting wide depths 

variances; 3- deep gravity sources on the northwestern part of the Marymia Inlier suggesting 

concealed deep fault; 4- northeast deep gravity SPI sources interpreted to correspond to a transfer 

fault; 5- northeasterly trend magnetic solutions mapping the Goodin Fault. 

The ED and SPI methods derived distinct depths and location for the gravity solutions (Fig. 5.8). Both 

methods mapped contrasting densities at depth, whereas the former better delineated the geological 

structures. Primary contrasting densities at deep depths are mapped by a northwest trend outlined by 

gravity ED solutions (Fig. 5.8), which is interpreted to represent the southwestern limit of the rift at 

deep depths, by an easterly trend of ca. 10 km over the contact between the hyaloclastite basalts and the 

mafic schist on the SPI gravity image (Fig. 5.8), and by a northeast-trending lineament mapped to the 

west of the Murchison Fault on the SPI grid, which is interpreted to correspond to a transfer fault. 

Further, deep gravity sources occur on the northwestern part of the Marymia Inlier (Fig. 5.8), which 

may suggest a fault bounding the inlier to the basement beneath the Collier Basin. This fault is supported 
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by the great conductivity contrast between the Marymia Inlier and the Collier Basin that indicate a north 

dipping fault or shear zone (Dentith et al., 2014). 

The SPI grid also recognises the extend of deep gravity sources to the east part of the basin, where 

circular gravity sources are present beneath the Robinson Syncline, the basalts of the Narracoota 

Formation, and the siliciclastic rocks of the Karalundi Formation, suggesting deep-seated rift 

magmatism. Further, gravity sources attribute shallow depths (<1 km) for the easterly Murchison Fault. 

The fault limits deep gravity sources to its south and north, which agrees with the division of the main 

gravity bodies toward the surface, consistent with magmatic corridors shown in the shallow-sourced 

gravity grid (Fig. 5.7). 

5.7.4 Structural Elements 

Rift Structures 

The rifting event (DE) on the northern margin of the Yilgarn Craton developed east to northeast-trending 

normal faults that bound the northern and southern margins of the Bryah Rift Basin (Fig. 5.9 and Tab. 

5.2). To the south, the Goodin Fault is interpreted as the rift growth fault (Occhipinti et al., 2017). A 

sharp discontinuity in the magnetic and gravity gradients marks the Goodin Fault (Figs. 5.4 and 5.7). 

To its north, high gravity anomalies relate to rift magmatism, and magnetic anomalies at short 

wavelengths are associated with ferruginous arenites of the Karalundi Formation. These contrast with 

low gravity anomalies and smooth magnetic relief to the south of the Goodin Fault (Figs. 5.5 and 5.7), 

extending to the Southern Fault. South of the Southern Fault, high gravity amplitudes are assigned to 

the mafic rocks of the Mooloogool Group (Fig. 5.7). The low gravity anomalies between the Goodin 

and Southern faults suggest lack of mafic magmatism and separates the Bryah and Mooloogool rifts 

within the Yerrida Basin. 

The eastern Goodin Fault segment is northeast-trending and bounds siliciclastic and magmatic rocks of 

the Karalundi Formation, whereas the western segment is northwest-trending and bounds hyaloclastite 

basalts and mafic schist of the Narracoota Formation. The inflection point is coincident with the inferred 

Archean boundary between the Murchison and Southern Cross domains of the Yilgarn Craton (Fig. 

5.5). Likewise, the fault’s eastern limit is coincident with the northward extension of the Ida Fault, 

which marks the boundary between the Southern Cross Domain and the Eastern Goldfield Superterrane 

(Fig. 5.5). These relationships indicate that pre-existing Archean faults of the Yilgarn Craton have 

influenced the rift onset, evolution, and geometry. 

The Jenkin Fault limits the northwestern margin of the basin. The fault is subparallel to the Goodin 

Fault and represents a major crustal-scale structure that separates the Yerrida Basin from the Marymia 

Inlier (Dentith et al., 2014; Pirajno et al., 2016). The Jenkin Fault lacks strong magnetic borderlines but 
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bounds high gravity anomalies at all wavelengths (Fig. 5.7), which may suggest that it was formed 

during rifting. Adamides (1998) interprets the Jenkin Fault as a normal fault developed during 

extension, followed by reactivation with top-to-the-south reverse movement, whereas Bagas (1999) 

considers it a thrust fault resulting from the thrusting of the Marymia Inlier over the Yerrida Basin, later 

reactivated as a sinistral strike-slip fault. Quartz veins are observed parallel to the foliation of the 

Karalundi and Juderina formations that indicate transportation of these formations southward, resulting 

in steeply dipping units that strike parallel to the Jenkin Fault corridor along ~50 km (refer to Chapter 

3). These structures are consistent with a vertical to north-west dip for the Jenkin Fault as imaged in 

resistivity inversions (Dentith et al., 2014).  

Table 5.2: Relationship between deformation events, main structures, and mineralisation in the Bryah and 

Padbury groups (modified from Width, 1992). 

Event 
Timing 

(Ma) 

Tectonic 

Event 
Deposition 

Main structures 

 
Mineralisation Deposits* 

DE 

Extensional 

ca. 2200 

to 

ca. 2000 

Influenced by 

the Ophthalmian 

Orogeny (?) 

Windplain 
Sag Basin 

 

Bryah Rift 
Basin 

Deep crustal structures. 
S0 siliciclastic bedding 

 

Easterly to northeasterly 
normal faults 

 

NNE-trending transfer 
faults 

Main epigenetic gold 

overprint at the 
Marymia Inlier 

 

Syn-genetic cooper-
gold mineralisation at 

the Bryah Group 

Plutonic Au** 
DeGrussa Cu-Au 

Horseshoe Lights 

Cu-Au 
Red Bore Cu-Au 

D1 
Shortening 

ca. 2000 

to 

ca. 1960 

Glenburgh 

Orogeny (Dg2) 

 

Padbury 
Basin 

North-south thrust faults None known - 

D2 

Shortening 

ca. 1900 
to 

ca. 1800 

 
Capricorn 

Orogeny (Dn1) 

 

    

D3 

Shortening 

Capricorn 

Orogeny (Dn2) 
 

 

Easterly shear-zones 

NE-trending faults 
NW-trending faults 

Orogenic Au 
 

Cu-Au mineralisation 

remobilisation  

Fortnum Au 

Mine 

Labouchere Au 
Mine 

Nathans Au Mine 

*
Among others 

** Major input of mineralisation (ca. 2300-2100 Ma; Gazley et al., 2016) simultaneous with the stablishement of the Yerida sag-basin.  

Extensional faults were likely to have developed within the basin as the rift evolved, facilitating crustal 

separation. The steeply dipping Murchison Fault separates the two main corridors of magmatism (Fig. 

5.7), suggesting that it was active during rifting. The fault is considered to continue to the west by 

Martin (2016), where it trends northwest and juxtaposes the Bryah Group against the Juderina 

Formation (lower Yerrida Basin; Fig. 5.2). The Murchison Fault in this study also extends westward, 

but it is shifted to the north where it bounds short-wavelength gravity anomalies within the Narracoota 

Formation (Fig. 5.7), and the limits of the basin at depth, mapped by Euler gravity solutions (Fig. 5.8). 

The Murchison Fault extends eastward with a northeast-trending, sub-parallel to the Goodin Fault (Fig. 

5.9). 
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Figure 5.9: Structural framework of the Bryah and Padbury Basins. A. RTP image overlaid by the interpreted 

structures. Colours indicate distinct deformation events and trends direction according to the legend; 

B. Simplified structural basins framework, with the indication of the major folds in the area.  

Post Rift Structures 

The main trends in the Bryah Rift Basin follow the initial rift structure. In the basin’s western part, 

parallel magnetic layers and gravity gradients indicate a set of north-south trending faults and thrusts 

(D1) that interleave the Bryah and Padbury groups, and mark the contact between these with the 

Yarlarweelor Gneiss Complex (Figs. 5.9 and 5.10A-B). Mafic rocks of the Narracoota Formation were 

thrust over siliciclastic rocks of the Padbury Group along the Kinders Fault during the Glenburgh 

Orogeny (D2g) (Tab. 5.2). This north-south trending set of faults is truncated in the north by the east 

trending Mount Clere Fault System (Occhipinti et al., 1998a; Swager and Myers, 1999) (Fig. 5.9). 

The centre of the Narracoota Magnetic Domain (NMD), comprising mafic schists, is dominated by east 

to southeast trending faults (D2; Figs. 5.9 and 5.10C) and an increase of deformation intensity in 
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comparison with the surrounding domains (Fig. 5.6). These trends are offset by northeast-trending faults 

(D3) on the central-western part of the domain with an apparent sinistral movement that shows 

displacements of less than 1 km (Fig. 5.10D). To the east, easterly to northeasterly long faults are 

intersected by northwest faults (D4), which cut the Southern and Goodin faults and extend northward 

(Fig. 5.9). Northwest faults are interpreted to imprint the last deformation episode in the basin. 

The reactivation of east trending faults with top-to-the-south reverse displacement during the Capricorn 

Orogeny inverted the basin and may have shortened the Bryah Rift. Basin inversion is observed to the 

south of the Robinson Syncline where siliciclastic rocks of the Wilthorpe Formation are thrust over 

mafic schists of the Narracoota Formation (refer to Chapter 3). 

East trending strike-slip shear zones (D2) in the western part of the basin are indicated by pronounced 

magnetic gradients. The Trillbar Magnetic Domain has prominent high magnetic anomalies that define 

the Trillbar Complex (Fig. 5.6), and also the east-trending isoclinal Trillbar Syncline. The northern 

margin of the Trillbar Complex is bounded by the Kerba Fault (Occhipinti and Myers, 1999; Occhipinti 

et al., 2004), while its southern part is in fault contact with the Juderina Formation (Occhipinti et al., 

2017; Fig. 5.2). The dextral Kerba Fault is delineated by a positive magnetic trend that decreases in 

intensity eastwards, where it intersects and divided the Padbury Syncline into two segments, forming 

an easterly trending fold southward (Figs. 5.9 and 5.10E). The southeast trending Seabrook Fault 

juxtaposes the Juderina Formation with the Narryer Terrane of the Yilgarn Craton (Narryer Terrane; 

Occhipinti and Myers, 1999). Both the Kerba and Seabrook faults splay off the Errabiddy Shear Zone, 

a zone of intense shearing and interleaving of lithologies from the Yilgarn Craton and the Glenburgh 

Terrane, developed during the Glenburgh Orogeny (Occhipinti et al., 2004).  

Many of the large-scale folds in the Bryah and Padbury basins are recognized by fold hinges delineated 

by high magnetic anomalies from iron-rich layers, such as in the Robinson Range, Fraser, and 

Horseshoe synclines (Fig. 5.9). The folds in the basins present east, northeast, and north axial traces, 

reflecting several deformation events. North-south to northeast-trending folds are attributed to east-west 

crustal shortening during the Glenburgh Orogeny D2g (e.g. the Padbury Syncline Occhipinti et al., 

1998c; Pirajno and Occhipinti, 1998; Swager and Myers, 1999). These folds typically are close to tight 

and plunge to the south. The northern segment of the major Padbury Syncline (Figs. 5.9 and 5.10A) is 

part of the set of north-south structures developed in the western part of the Bryah and Padbury groups.  

The second generation of folds is characterized by upright east-west striking regional folds, which 

overprint earlier folds, causing fold-interference (Occhipinti et al., 2004). The ~50km long east-trending 

Robinson Syncline is tightly folded and steeply dipping (Fig. 5.9), as interpreted by its narrow and 

symmetric limbs from the RTP (Isles and Rankin, 2013). Tight to isoclinal metre scale folds observed 

in the hinge zone of the Robinson Syncline are considered to have been developed during the Glenburgh 

Orogeny (D2g), and refolded during early deformation of the Capricorn Orogeny (Dn1; Occhipinti et 
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al., 2004; Pirajno and Occhipinti, 1998). The prominent Fraser and Millidie synclines stand out in the 

centre of the basin (Robinson Range MD, Fig. 5.9). They show magnetic layers of band iron formations 

layers folded in an irregular pattern, likely to be the result of successive folding events during the final 

Glenburgh Orogeny and the Capricorn Orogeny (Occhipinti et al., 2004; Occhipinti et al., 1998c).  

 

Figure 5.10: A. Short-wavelength (low-pass) gravity image of the northwestern part of the Bryah and Padbury 

basins, overlaid by the interpreted structures, showing the association of high shallow-sourced gravity 

anomalies with mafic rocks and gold mineralisation. Note the from the Capricorn Orogeny, and the 

Fortnum Fault delineating the northern margin of the basalts associated with Fortnum Au-Mine; B. 

TMI image of the northwestern part of the Bryah and Padbury basins, overlaid by the interpreted 

structures, illustrating the easterly trending strike-slip shear zones resulted from the Capricorn 

Orogeny. Magnetic lineaments within the Labouchere Formation indicates increasing of strain 

towards the Billara Fault, product of the Glenburgh Orogeny; C. TDR magnetic image of the central 

part of the Bryah Rift Basin (Narracoota MD) showing easterly magnetic fabrics within the mafic 

schist domain offset by a long (~30km) strike-slip sinistral northeast fault; D. TMI image overlaid by 

the interpreted geology showing BIFs of the Horseshoe Formation and the north-south to northeast 

axial folds intersected by the easterly Fortnum Fault; E. Easterly trending southern component of the 

Padbury Syncline intersect by the Kerba Fault; F. TDR image of the short-wavelength gravity grid 

overlaid by the DeGrussa, Red Bore and Monty VMS deposits, located over the main boundaries 

faults (Jenkin and Goodin faults) or their subsidiaries, as well as associated with borders of magmatic 

spread centres; G. TDR image of the short-wavelength gravity grid overlaid by VMS and gold 
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deposits and occurrences, as well as by translucent geological units, illustrating the Horseshoe Lights’ 

deposit and Cu-Au occurrence associated with the borders of shallow-sourced gravity anomalies; H. 

TDR image of the short-wavelength gravity grid overlaid by gold deposits and occurrences, as well 

as by translucent geological units showing the Peak Hill Schist with gold occurrences located on the 

borders of shallow-sourced gravity anomalies, and the Hermes gold deposit also associated with a 

gravity anomaly in the Marymia Inlier. Maps’ Datum: GDA94.  

5.8  Discussion 

5.8.1 Fundamental Rift Basin Structures 

The Goodin Fault is the longest rift-related fault, with a curvilinear geometry and length of 

approximately 120 km, which consistent with the typical geometry of border faults in rift settings (Corti, 

2012; Ziegler and Cloetingh, 2004). The fault is here interpreted to have originated as a north dipping 

large-scale normal fault, steeply dipping, with a trough of ca. 6 km. A shift of the Goodin Fault from 

normal to reverse is possible to have occurred during the Glenburgh and Capricorn orogenies, as basin 

inversion is observed in the Narracoota MD. The Goodin Fault may have controlled the development 

of accommodation space to the deposition of the siliciclastic rocks of the Karalundi Formation. The 

Western Fault, being the continuation of the Goodin Fault, bounds the southwestern edge of the basin 

(Figs. 5.2 and 5.9). It is interpreted to be a syn-rift fault, although it does not bound high gravity 

amplitudes (Fig. 5.7), i.e. magmatic rocks, nor it is mapped by magnetic depth solutions (Fig. 5.8), 

which may also suggest that it is the product of later deformation events. Further, short-wavelength 

high gravity anomalies are limited by the extension of the Murchison Fault, indicating that the primary 

rift-trough borders may be located further northwest (Fig. 11). 

Extensional fault troughs commonly have V-shaped cross-sections, bounded by one or two normal 

faults, dipping basinward (Sengor, 1995). The Jenkin Fault is parallel to the Goodin Fault and borders 

the northern margin of the basin. The fault has been considered rift-related (Adamides, 1998), but at the 

present day, the Marymia Inlier is faulted over the Bryah-Yerrida basins with a steep north dip. The 

Jenkin Fault is here considered a normal rift-related fault that may not have limited main rift troughs. 

Its steep northerly dip is a consequence of later reactivation, and the primary geometry of this structure 

is not clear. An unnamed intra-rift fault, mapped by the Werner deconvolution at 38 km along the profile 

A-A’, may constitute the fundamental rift fault to the north, as it seems to mark the northern boundary 

of the deep rift trough (Fig. 5.11). The Murchison Fault is also understood to have its genesis related 

with the syn-rift stage, in an array of conjugated normal faults sub-parallel to the Goodin Fault (Fig. 

5.9), as it marks the limit of distinct significant magmatic corridors (Figs. 5.7 and 5.11).  

The area between the Goodin and the Southern faults is suggested to represent a paleo-graben, evolved 

during the sag-to-rift basin formation, in accordance with marginal grabens that commonly developed 

together with boundary faults during the initial rifting (e.g. Corti, 2012). The paleo-graben is bounded 

by north-dipping normal faults that were active during the formation and sedimentation of the 
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Windplain Group southward (Pirajno and Occhipinti, 2000; Windh, 1992). North dipping structures 

that displaced, or truncated, the lower Yerrida Basin are shown in electrical resistivity inversions 

(Dentith et al., 2014).  

Major rift faults to the west are uncertain due to overprinting derived from the east-west crustal 

shortening during the Glenburgh Orogeny, as well as from the intraplate deformation during the 

Capricorn Orogeny. These deformational events developed interleaved fault-bounded slices of the 

Narracoota Formation to the west, and an inverted basin to the east, which, however, may not be altered 

at its deeper parts.  

5.8.2 Magmatic Centres 

Unlike some other ancient rift basins, such as the Mid Continent Rift (e.g. Stein et al., 2015; Van 

Schmus and Hinze, 1985), the magmatism at the Bryah Rift is not uniformly related with high magnetic 

amplitudes, which makes its interpretation rely mainly on gravimetric data. The deep-sourced 

magmatism of the Bryah Rift is concentrated in the southern-central part of the basin, as mapped by a 

long-wavelength east-trending gravity anomaly, approximately 40km wide (Fig. 5.7). Source-depth 

estimations indicate that the thickness of the mafic rocks related to this anomaly is around 6 km. At 

shallow depths (short wavelengths), gravity anomalies become spread and acquire east to east-northeast 

direction. Three magmatic extrusion centres are mapped in short parallel to sub-parallel corridors that 

indicate an en-echelon arrangement (Fig. 5.11). Two fault-bounded magmatic extrusion corridors, 

separated by the Murchison Fault, are recognised over the deep-rooted gravity anomaly (Fig. 5.11). The 

corridor to the north is spatially associated with mafic schist and basalts and limited to the north by an 

unnamed fault that reaches up to 5 km, according to cluster solutions in the Werner deconvolution (Fig. 

5.8). The corridor to the south is associated with hyaloclastite basalts and mafic schist and limited 

southward by the Goodin Fault. Gravity sources showing depths at around 7 and 6km (SPI and Werner 

deconvolution, respectively; Fig. 5.8) are assigned to the southern corridor, implying that it holds the 

greatest thickness of basalt.  

Northwest trending gravity sources achieving 7 km of depth (SPI grid, Fig. 5.8) seems to connect the 

two magmatic corridors on their western part. Its contrasting trend and deep depth suggest a transfer (or 

accommodate) zone. Transfer zones commonly connect normal fault segments with differing slip rates 

in rift settings and are usually oblique to the rift opening direction (Ebinger and Scholz, 2012). To the 

west, anomalous magmatic accumulation oblique to the easterly faults is also present (Fig. 5.11), 

although the intricate deformation pattern in the area prevents the identification of the early rift 

geometry and magmatic centres. Figure 5.11 shows the idealised interpretation of the normal and 

transfer faults system that may have been active during the syn-rift stage at the Bryah Rift, in which 

transfer faults are oriented orthogonal to the extension direction, associated with an overall dextral 

transtension over the rift.   
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A third magmatic corridor occurs offset from the deep gravity anomaly, at the northeast part of the 

basin. It shows a northeasterly trend and is associated with outcrops of massive high-Mg in its western 

and central parts, while at its eastern tip, it is related to siliciclastic and mafic volcanic rocks of the 

Karalundi Formation (Fig. 5.2), and bounded by the Jenkin Fault (Fig. 5.11). Gravity sources with 

depths up to 7 km (SPI grid, Fig. 5.7) are mapped associated with this magmatic extrusion corridor, 

beneath the Robinson Syncline, whereas to the east, gravity sources get deeper and can achieve 10 km.  

 

Figure 5.11: A. Sketch map of the idealized initial setting of the Bryah Rift overlying short-wavelength gravity 

anomalies showing dextral shearing of the rifts margins and north-northeast directed extension, as 

well as normal rift faults, transfer zones, fault bounded magmatic spread corridors, and off-axis 

magmatism (illustrated at their present position); B. Block diagram (out of scale) of the initial 

development of the Bryah Rift. S: Southern Fault, G: Goodin Fault, M: Murchison Fault. 
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In the Bryah Rift, the major magmatic centres associated with earlier magmatic expressions (e.g. 

hyaloclastite basalts, and basalts related with the Karalundi Formation) show a spatial association with 

the Goodin and Jenkin faults, demonstrating that early eruptive centres in the rift had an intrinsic 

relationship with the main syn-rift faults. This relationship is also seen in modern rifts, such as the East 

African rift system (e.g. Corti, 2009; Corti, 2012; Ebinger and Scholz, 2012), and it is in accordance 

with low-to-moderate obliquity rifting, in which magma is initially preferentially squeezed from an 

axial position toward major boundary faults and rift margins, favouring volcanic activity along border 

faults (Corti, 2012; Corti et al., 2003; Corti et al., 2004). During advanced rifting stages, high-angle 

internal faults play a major role in controlling magma ascent, as strain is concentrated in the zone of 

extension (or in some cases, crustal separation) when large volumes of melts can be generated (Corti, 

2012; Ziegler and Cloetingh, 2004). Rift-related magmatism in the central parts of the rift is likely to 

have had a later manifestation, although a lack of systematic geochronological studies hampers the 

definition of the temporal magmatic evolution in the Bryah Rift. 

Lateral magma migration also favours magma accumulation below rift shoulders, developing off-axis 

magmatism (Corti, 2012; Pagli et al., 2015). Off-axis magmatism in the basins is indicated by short-

wavelength gravity anomalies bordering the Peak Hill Schist and as discrete anomalies beneath younger 

sedimentary units. In the northern part of the Bryah Rift Basin, mafic and felsic volcanic rocks, 

associated with the VMS Horseshoe Lights’ mineralisation and with weak discrete shallow-sourced 

gravity anomalies, are attributed to off-axis magmatism (Fig. 5.11). Some of these smaller centres may 

have been controlled by pre-existing crustal discontinuities, such as the north-south terrain boundaries 

of the Yilgarn Craton, as seen in modern rifts (e.g. Main Ethiopian Rift, Corti et al., 2018).  

Different types of magmatic rocks may occur in accordance with rift timing and source region  

(Wendlandt et al., 1995; Ziegler & Cloetingh, 2004) with a greater compositional variation in off-axis 

magmatism in comparison with magmatism at the axial zone (Ruppel, 1995; Wendlandt et al., 1995). 

The magmatism of the Bryah Group has a relatively primitive character (e.g. high-Mg basalts), implying 

the upper mantle as a source region, and a relatively little crustal contamination. Unlike, intermediate 

to felsic rocks to the north suggest fractional crystallisation from basaltic melts at shallower crustal 

levels, forming evolved magmas with higher silica content, potentially emplaced during the lateral 

magma migration of rift magmatism northward. Lithogeochemical and petrological studies associate 

VMS-bearing felsic rocks to high-temperature melting at shallow levels within the lithosphere (Piercey, 

2011 and references therein) and this may be important in the Bryah Basin. 

5.8.3 Implications for Mineralisation 

Mineralisation in the Bryah and Padbury basins was synchronous with tectonic processes associate with 

crustal growth and assembly of the supercontinents (e.g. Aitken et al., 2018a). The VMS mineralisation 

in the Bryah Group is related with extension, rifting and development of a submarine deep troughs 
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(~2027 Ma) that provided seawater to interact with the rift volcanic activity. Major discontinuities, 

faults, and magmatic centres are complementary elements for the development of VMS in the Bryah 

Rift Basin. Gold mineralisation in the basin is understood to be related with contractional movements 

during the Capricorn Orogeny (~1820-1770 Ma; Hawke et al., 2015), and its resulting ductile and 

brittle-ductile shears, and discrete brittle fractures (Pirajno et al., 2000). Thus, gold is temporally late in 

comparison with the VMS development (Tab. 5.2), although spatially associated.  

VMS Mineralisation 

Magmatic channels and intrusions at shallow crustal depths supply metals to VMS hydrothermal 

systems through magmatic devolatilization (Galley et al., 2007). Contrasting density patterns used to 

map magmatic centres and the mafic magmatic extension at shallow and deep depths, recognise the 

primary source of VMS mineralisation fluids. In the eastern part of the basin, the pelitic-mafic 

DeGrussa, Red Bore and Monty deposits occur within a distance of around 8 km (Figs. 5.7 and 5.10F). 

Significant VMS mining districts are defined by deposit clusters formed within rifts and assigned to a 

common heat source (Galley et al., 2007). In the Bryah Rift Basin, the short-wavelength gravity 

anomaly on its east tip encloses these deposits (Figs. 5.7), which are likely to have had a similar fluid 

source genesis (Hawke et al., 2015), although released in different phases (Agangi et al., 2018). Other 

VMS occurrences in the area are also associated with short-wavelength gravity anomalies (Fig. 5.7). 

Further, most of the VMS occurrences and deposits are located on the borders of the distinct magma 

channels or subvolcanic intrusions, as mapped by the horizontal derivative image of the short-

wavelength gravity grid (Fig. 5.10F). 

Although the lack of geochronological constraints hamper knowledge of the temporal relationship 

between mafic magmatic centres, they are considered to have focused along the rift border faults during 

the initial rift phase, migrating centre-ward as the rift evolved. VMS mineralisation was deposited 

associated with turbiditic sedimentary rocks and basalts (Hawke et al., 2015) during the early syn-rift 

phase, and are consequently related to the initial magmatism/hydrothermal fluids released through main 

pathways of regional fluid flow, here associated with the rift border faults.  

McCuaig and Hronsky (2014) highlight the spatial relationship between mineral deposits and 

extensional rift borders. Most copper-gold deposits and occurrences in the Bryah Group are at or near 

extensional faults on the northern and southern margins of the basin (Fig. 5.7). The DeGrussa and Red 

Bore deposits relate to the Jenkin Fault system, while the Monty deposit and copper-gold occurrences 

occur along the Goodin Fault (Figs. 5.7 and 5.10F). These faults are here described to have been the 

main pathways for the early magmatic extrusion, and they also seem to have focused the early magmatic 

extrusion and acted as a pathway to focus hydrothermal fluids that culminated in the massive sulphide 

accumulation.  
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The felsic-siliciclastic VMS mineralization in the Bryah Group is attributed to off-axis volcanism (Fig. 

5.11), deposited out of rift troughs, possible under rift shoulders, and as a consequence of fractional 

crystallisation from basaltic melts. This is in accordance with evidence of epicontinental shelf in this 

type of mineralisation (Morgan and Schulz, 2010). Gravity trends delimiting volcanic rocks on the 

surroundings of the Horseshoe Lights deposit (Fig. 5.10G) also show the relationship between the 

borders of magmatic centres and VMS mineralisation. 

Despite the Horseshoe Lights’ deposit is found less than 1 km to the south from the Horseshoe Lights 

Fault (Fig. 5.10G), which is linked to the newly identified deep-crust fault bordering the northern 

margin of the Marymia Inlier that theoretically could have been a favourable pathway for metal fluids 

and magma migration, the fault is interpreted as a post-rift (Fig. 5.9). Potential mineral system target 

that acted as the pathway for felsic-siliciclastic VMS mineralisation in the basin may be attributed to 

pre-rift north-south structures of the Yilgarn Craton drifted to the north during extension, in which a 

northward prolongation of the Youanmi Fault zone in the Youanmi Terrane would cross the area of the 

Horseshoe Lights’ deposit (Fig. 5.5). Further, the deep crustal Ida Fault Zone (Fig. 5.5) may have 

favoured the circulation of mineralised fluids on the eastern tip of the basin, as its prolongation crosses 

the area associated with the main pelitic-mafic VMS deposits and occurrences. 

Orogenic Gold Mineralisation 

Although gold mineralisation in the region is temporally late (~200 Ma) in comparison with the VMS 

development (Tab. 5.2), it is spatially associated with the magmatic rift system. Most of the gold 

occurrences and deposits in the Bryah and Padbury groups are spatially related with the borders of the 

short-wavelength gravity anomalies (Figs. 5.7 and 5.10A-F-H). Mafic magma intrusions form a sharp 

rheology contrast with the surrounding rocks, favouring strain localisation that may trigger faulting at 

different scales (Bons et al., 2008; Corti et al., 2003). Structures developed at the time of the rifting may 

have controlled gold mineralisation through their reactivation by deformation events of the Capricorn 

Orogeny. The relation between gold occurrences and magmatic boundaries also suggests that the mafic 

rocks may have had an important role in release elements to compound the gold metallic fluids in the 

area. 

Rift related structures on the northern margin of the Yilgarn Craton also seem to have influenced metal 

fluid migration responsible for gold mineralisation within the Marymia Inlier. Mineralisation at Plutonic 

Gold Mine (Fig. 5.7), hosted by Archean greenstone rocks, is associated to multiple mineralising events 

but had a major input of mineralised fluids between 2300-2100 Ma (Gazley et al., 2016). This age is 

much younger than the principal period of gold mineralisation in the Yilgarn Craton at 2630 ± 10 Ma 

(Wang, 1998), as well as substantially older than the time of the gold mineralisation in the Bryah and 

Padbury basins. Further, shallow-wavelength gravity anomalies are related to gold mineralisation 
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within the Peak Hill Schist and Marymia Inlier (Figs. 5.7 and 5.10H). In the latter, a northeast-trending 

gravity anomaly coincides with the Hermes gold deposit (Fig. 5.10H) and is orthogonal to the east-west 

secondary structures in Inlier, as well as not related with mapped Archean amphibolites. The indication 

of high-density rocks in shallow subsurface may constitute either Archean greenstone or subvolcanic 

rocks emplaced during the Bryah Rift magmatism. 

Important aspects of faults rich in metal fluids include the presence of complex lithostratigraphic 

sequences with rheological contrasts, proximity to ancient continental margin and suture zones, and the 

presence of mafic to intermediate igneous rock (Bierlein et al., 2006 and references therein). Higher 

endowment gold deposits are concentrated on the north part of the Bryah and Padbury groups, as well 

as on the Peak Hill Schist (Aitken et al., 2018b; Fig. 5.2). The occurrence of the high-grade gold deposits 

on the continental crust drifted northward may be related with the proximity of the buried northern 

margin of the Yilgarn Craton. Further, several not high-graded gold occurrences are also located at the 

Goodin Fault on the south-central part of the basin (Fig. 5.7). Despite the limitations to determine depths 

associated with rift border faults, depth solutions delineating the Goodin Fault (Fig. 5.8) map deep 

magnetic magnetite-rich boundaries, which may suggest intense processes involving fluid migration 

during the late deformation events in the area. Therefore, major rift discontinuities through the crust 

also favoured gold metal deposition, confirming the importance of long-lived structures as key 

pathways for mineralised fluids.   

5.9  Conclusion 

Gravity data are demonstrated to have a crucial role in mapping rift magmatism and structures, leading 

to a better understanding of features that favour the presence of ore deposits. In this study, processing 

and interpretation of open file gravity and magnetic data combined with geological data showed that 

extrusive magmatic centres and the early structural architecture of the Bryah Rift Basin had influenced 

VMS and gold mineralization. VMS mineralization in the Bryah Group exhibit a strong spatial and 

temporal connection with the rift border faults and magmatic centres, especially in the east, where the 

lower sedimentary and magmatic sequence is exposed. Gold occurrences and deposits also have a 

spatial association with the borders of the magmatic centres, although temporarily disconnected, 

suggesting that the long-lived discontinuities through the crust were crucial pathways for the 

mineralized fluids and that mafic rocks had an essential role in adding elements to them. 

The rift magmatism had an equally fundamental implication for the contrasting structural domains 

within the basin, as the differences between high and low-density packages attributed distinct rheology 

for the geological units throughout the basins, constrained the response to deformation of the subsequent 

orogeneses. Further, the coincidence of VMS and gold occurrences with the borders of magmatic spread 

corridors confirm the rheological control around magmatic centres.  
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In general, magmatism and structures resulted from the extension and rifting that took place on the 

northern margin of the Yilgarn Craton between 2200 and 2000 Ma was substantial for the mineralization 

emplacement in the region. However, pre-existing Archean faults of the Yilgarn Craton that influenced 

the rift onset, evolution and geometry, in particular, the Ida Fault and Youanmi Fault, also seems to 

have favoured the location the main pelitic-mafic VMS deposits and occurrences, as well as the felsic-

siliciclastic VMS mineralization on the northern part of the basin.
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CHAPTER 6 

Architecture of the Paleoproterozoic Bryah Rift Basin 

Abstract 

The Bryah Rift Basin developed on the northern margin of the Yilgarn Craton, in Western Australia. 

The rift is characterised by an early siliciclastic sequence, followed by voluminous mafic-ultramafic 

magmatism, the response of which stands out in regional gravity images. The rift architecture has not 

yet been established. To examine the Bryah Rift Basin’s geometry and extent of its magmatism, forward 

potential-field models were generated transecting the rift’s large-scale faults and main magmatic 

centres. The models were guided by surface geology and constrained by locally acquired petrophysical 

data. The definition of rift features allowed examination of important aspects of the upper crustal rift 

geometry. The Bryah Rift is a narrow rift characterised by longitudinal and lateral asymmetry and 

defined by a sequence of troughs along an overall east-west strike, outlined by an en-echelon fault 

arrangement. The deepest trough is in the south-central part of the rift and is bounded by steeply dipping 

faults that slightly converge to the centre of the trough as they deepen. The mafic-ultramafic volcanism 

is modelled with a maximum thickness of 12 km, floored by pre-volcanic sedimentary sequences and 

by Archean crust. Out of the main (deepest) trough, gravity amplitudes decrease significantly, and mafic 

rocks are modelled with 3km maximum thickness. Variations in rift-magmatic infill are interpreted to 

arise from differential motions of syn-rift faults during extension, which generated varied depressions 

limited by en-echelon faults within and adjacent to the main trough. 

 

Keywords:  Rift architecture, Bryah Rift, extensional tectonics, geophysics, forward modelling 
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6.1 Introduction 

The Bryah Rift Basin developed along the northern margin of the Yilgarn Craton, in the southern part 

of the Capricorn Orogen, during the Paleoproterozoic (Occhipinti et al., 2017; Pirajno et al., 1998; Fig. 

6.1). The rift has an average width between 30 and 50km, which can achieve ~15km at its westernmost 

part (Fig. 6.1), and host voluminous rift-related mafic volcanic activity (Occhipinti et al., 2017; Pirajno 

and Occhipinti, 1998; Pirajno et al., 2000). High gravity amplitudes, confined by rift borders, 

characterise the Bryah Rift Basin. This gravity signature stands out among the overall negative gravity 

anomaly associated with the Yilgarn Craton southward, and with an unknown terrane northward (Fig. 

6.2). The definition of architecture and infill of rift basins are crucial elements to understand better their 

genesis and evolution (e.g. Aitken et al., 2013; Grauch et al., 2017; Keen et al., 2012). The architecture 

of the Bryah Rift Basin, however, has not been established, limiting the understanding of its formation 

and evolution.  

Rift evolution and architecture reflect a combination of superimposed processes that need a variety of 

geological and geophysical methods to be better understood (e.g. Aitken et al., 2013; Grauch et al., 

2017; Stein et al., 2018). As geological observations do not provide an understanding of all features 

necessary to characterise the architecture of rift basins, geophysics is needed to investigate their 

structure at depth. Systematic seismic investigations are poor in Proterozoic basins, in comparison to 

Paleozoic, often leading to the use of gravity and magnetic data to obtain information regarding 

intracrustal structures and geological units that could be used to extend the surface geological context 

at depth, such as the extension of ancient rift-related volcanic magmatism.  

Forward modelling provides a quantitative estimation of the distribution of the physical properties of 

Earth (Blakely, 1995; Gunn, 1997b; Zhdanov, 2002), and has contributed towards an understanding of 

the dynamic processes that govern the evolution of rift basins (Ziegler and Cloetingh, 2004).  Modelling 

of potential field data may aid the understanding of ancient basins through the mapping of basin 

geometry and infill, structures, the thickness of sedimentary and volcanic units, as well as the basement 

type and morphology. Modelling of gravity data is useful to test possible thicknesses of geological units, 

and together with information of faults and shear zones acquired by qualitative interpretation and 

modelling of magnetic data, has helped to understand the development of ancient rifts (e.g. Aitken et 

al., 2013; Gunn, 1984; Martins-Ferreira et al., 2018; Stein et al., 2015). 

The purpose of this study is to investigate the architecture of the Bryah Rift Basin at depth through 

constrained geophysical forward modelling. A combination of map view interpretation and gravity and 

magnetic modelling was utilised to define the geometry of the main tectonic units and lithological 

boundaries, as well as faults and major discontinuities within the rift and between it and the surrounding 

terranes. The geophysical models tested different thickness and geometries of the sedimentary and 

magmatic units, as well as of the structural pattern in the subsurface. These features were explored in a 
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simplified manner to characterise the large-scale rift upper crustal architecture, in an attempt to provide 

a conceptual geological model for the Bryah Rift Basin, which may further give insights regarding the 

rift onset, magmatism emplacement mechanism and evolution. 

6.2 Geological Context     

The Capricorn Orogen consists of an east-southeast trending belt situated between the Archean Yilgarn 

and Pilbara cratons, in the north of Western Australia (Cawood and Tyler, 2004; Johnson et al., 2011; 

Johnson et al., 2013; Sheppard et al., 2010a; Fig. 6.1). The orogen was developed due to amalgamation 

of four main crustal components: the Pilbara and Yilgarn Cratons, the Glenburgh Terrane and the 

Bandee Seismic Province, by progressive and punctuated collision (Johnson et al., 2013), which 

resulted in the formation of the Western Australia Craton (Cawood and Tyler, 2004). These tectonic 

movements are attributed to the Ophthalmian (ca. 2215-2145 Ma) and Glenburgh (ca. 2005-1960 Ma) 

orogenies (Johnson et al., 2011; Occhipinti et al., 2004; Rasmussen et al., 2005; Sheppard et al., 2010b).  

The litho-tectonic terranes recognised at the southern part of the Capricorn Orogen comprise the 

Gascoyne Province and its basement Glenburgh Terrane, the Errabiddy Shear Zone, the Yarlarweelor 

Gneiss Complex, and the Paleoproterozoic Yerrida (and Bryah), Padbury and Earaheedy basins 

(Johnson et al., 2011; Johnson et al., 2013; Occhipinti et al., 2017; Occhipinti et al., 2004; Sheppard et 

al., 2010b; Fig. 6.1). The Bryah Rift Basin was developed within the Yerrida Basin and is classed as a 

Sub-basin (Occhipinti et al., 2017). The Goodin and Marymia inliers represent remnants of the Yilgarn 

Craton located among or in contact, respectively, with the Paleoproterozoic basins (Fig. 6.1). The 

boundaries between these litho-tectonic units are made by syn- to post-depositional/crystallisation 

major faults and shear zones, or by unconformities, in the case of some units of overlapping basins. 

6.2.1 Basement Geology 

The Paleo- to Neoarchean Yilgarn Craton acted as the basement for the Paleoproterozoic basins 

developed on the southern part of the Capricorn Orogen. The craton consists fault-bounded north-south 

trending terranes with distinct crustal histories (e.g. Jahn, 2018; Mole, 2012; Wang, 1998), considered 

to have been amalgamated before 2600 Ma (Cassidy et al., 2006; Myers, 1993; Myers et al., 1996; 

Wyche et al., 2013). The Narryer Terrane forms the northwestern part of the craton and represents its 

oldest component, with rocks as old as 3730 Ma (Cassidy et al., 2006; Nutman et al., 1993; Nutman et 

al., 1991). The Youanmi Terrane is in contact with the eastern and southern part of the Yerrida Basin 

and has its boundary with the Narryer Terrane marked by the Yalgar Fault, a major dextral strike-slip 

fault zone (Myers, 1993; Wyche et al., 2013; Fig. 6.1). 
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Figure 6.1:  A. Location of the Capricorn Orogen and the Yilgarn and Pilbara cratons in the Western Australia; 

B. Tectonic units of the central and southern part of the Capricorn Orogen (scale 1:10,000,000;  

Martin, 2016), overlaying the TDR magnetic image of Western Australia. Dark bold line represents 

the limits of the Capricorn Orogen (Martin, 2016). X-X’ magnetotelluric transverse shown in Figure 

6.4; C. Interpreted geological map of the Bryah and Padbury basins (refer to Chapter 3), showing the 

major faults and the location of the forward modelling profiles. Abbreviation: YGC-Yarlarweelor 

Gneiss Complex.  
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Figure 6.2: A. Bouguer gravity anomaly of the Capricorn Orogen and Pilbara and Yilgarn cratons’ margins. 

Striped polygon indicates the Bryah and Padbury Basins; B. Interpreted deep crustal terranes of the 

Capricorn Orogen  (Occhipinti et al., in prep), in which the Yilgarn Craton is interpreted beneath the 

south Yerrida Basin and the sedimentary sequence of the Earaheedy Basin, but not underneath the 

Bryah Rift Basin. White line indicates the Capricorn Orogen mapped margins (Martin, 2016).  

The Youanmi Terrane and Eastern Goldfields Superterrane are made of north-south trending greenstone 

belts separated by extensive granite and granitic gneiss (Cassidy et al., 2006). The Youanmi Terrane is 

divided into Murchison and Southern Cross domains, which are limited by the Youanmi Fault (Cassidy 

et al., 2006). Eastwards, the Ida Fault, a north-south trending east-dipping primary crustal structure 

(Drummond et al., 2000; Wyche et al., 2013), mark the boundary between the Youanmi Terrane and 

Eastern Goldfields Superterrane in their northern part (Cassidy et al., 2006; Wyche et al., 2013; Fig. 

6.1). The Ida Fault is well mapped on geophysical images beneath the Yerrida Basin, subparallel to its 

eastern margin (Fig. 6.1). Magnetic and gravity data support the northward continuation of these 

terranes beneath the Yerrida and Earaheedy basins, as seen by the high magnetic and gravimetric 

amplitudes of the north-south trending greenstones imaged beneath the sedimentary cover of these 

basins (refer to Chapter 5). Interpretation of crustal elements of the Capricorn Orogen and the deformed 

margins of the Yilgarn and Pilbara cratons mapped the concealed northern limit of the Yilgarn Craton 

(Occhipinti et al., in prep), which is not mapped beneath the Bryah Rift Basin (Fig. 6.2).         

The Yarlarweelor Gneiss Complex forms the northeastern part of the Narryer Terrane that was 

structurally reworked, intruded by voluminous felsic magmas and exhumed during the Capricorn 

Orogeny (1830-1780 Ma; Occhipinti et al., 1998b; Sheppard et al., 2003; Fig. 6.1). The complex is in 

tectonic contact with the Bryah and Padbury basins marked by north-south trending faults (Occhipinti 

et al., 1998a; Swager and Myers, 1999; Fig. 6.1), and is bounded to the Glenburgh Terrane by the 

Errabiddy Shear Zone (Occhipinti and Myers, 1999; Occhipinti et al., 2004; Fig. 6.1). Conjugate ductile 

shear zones and faults developed during the Capricorn Orogeny limit the Yarlarweelor Gneiss Complex 
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through the Kerba Fault and the Clere-Cooinbar fault system, in its southern and northern parts, 

respectively (Occhipinti et al., 2004). The latter marks the contact between the Yarlarweelor Gneiss 

Complex and the Mesoproterozoic Edmund Basin, whereas the Kerba Fault bounds the Yilgarn Craton 

(Narryer Terrane) with the Windplain Group (Yerrida Basin) at the westernmost part of the basin 

(Occhipinti et al., 2017; Occhipinti and Myers, 1999; Fig. 6.1). 

The Marymia Inlier consists of a northeasterly trending Neoarchean granite-greenstone, which was 

reworked and uplifted during the Paleoproterozoic Capricorn Orogeny (Bagas, 1999; Pirajno et al., 

2004; Vielreicher and McNaughton, 2001). The inlier is either in a non-conformable or fault contact 

through the Jenkin Fault with the Yerrida Basin. The northern margin of the Marymia Inlier is in 

tectonic and unconformable contact with the sediments of the Mesoproterozoic Collier Basin 

(Adamides, 1998). The contact between the Marymia Inlier and the Peak Hill Schist is tectonically 

interleaved, consisting of a zone of intense deformation and recrystallisation (Occhipinti et al., 1998c; 

Pirajno and Occhipinti, 1998).     

6.2.2 Sedimentary and Volcano-sedimentary Basins    

The Paleoproterozoic Yerrida (Bryah), Padbury and Earaheedy basins evolved in the southern part of 

the Capricorn Orogen between ca. 2200 and 1820 Ma  (Occhipinti et al., 2017). These basins lie in an 

easterly trend along the northern margin of the north-south trending granite-gneisses and greenstones 

of the Yilgarn Craton (Fig. 6.1). The onset of the sedimentary and volcano-sedimentary basins in the 

southern Capricorn Orogen is attributed to the deposition of the low relief sedimentary basal sequence 

of the Yerrida Basin (Windplain Group) within a sag basin (Occhipinti et al., 2017; Pirajno et al., 2004), 

which was contemporaneous with the Ophthalmian Orogeny. 

The Windplain Group represents the pre-rift sequence to the Bryah Rift Basin and includes siliciclastic 

rocks of the Juderina and Johnson Cairn formations (Fig. 6.3). The Juderina Formation consists of 

siliciclastic rocks intercalated with stromatolitic carbonates and evaporites of the Bubble Well Member, 

as well as with basalts (Occhipinti et al., 2017; Pirajno, 2004). The Juderina Formation is considered to 

compose a siliciclastic sequence up to 1 km thick by Pirajno et al. (2004), and to have a variable 

thickness of 300-400 m in its southern part, and at least 750 m thick at the north (Occhipinti et al., 

2017). An estimated thickness of 120 m is assigned to the Bubble Well Member, whereas the 

intercalated basalts are estimated to be up to 17 m thick at drill core in the northeast part of the Bryah 

Rift Basin (refer to Chapter 3). The Johnson Cairn Formation overlies the basal Juderina formation and 

has been described to be up to 1.2 km thick (Pirajno, 2004; Fig. 6.3). The Johnson Cairn Formation 

outcrops in a thin strip following the Juderina Formation to the northeast Bryah Rift Basin, and has its 

most extensive distribution around the Goodin Inlier (Lindsay et al., 2020; Occhipinti et al., 2017). The 

sediments attributed to the pre-rift stage are assigned a thickness up to 2.2 km and are only recognised 

outside the limits of the Bryah Rift Basin. 
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Figure 6.3: Stratigraphy of the Windplain, Bryah and Padbury groups with the estimated thickness and summary 

of tectonic stage of the geological units. *Martin (1998); ** Pirajno et al. (2004); ***Occhipinti et al. 

(2017); I.Nelson (1997b); II.Nelson (1997a); III. Hawke et al. (2015); IV.Wingate et al. (2014b); V.Grey 

and Pirajno (2012). 

The Peak Hill Schist consists mylonitised and metamorphosed rocks derived from quartz-rich or quartz-

feldspathic precursors, in fault contact with the Bryah Group in its northern part (Pirajno and Occhipinti, 

1998; Pirajno et al., 2000; Fig. 6.1). The genesis of the unit has been a matter of discussion, but recent 

geochronological data suggested that it represents a metamorphosed equivalent of the Juderina 

Formation (Occhipinti et al., 2017; refer to Chapter 4). The thickness of the Peak Hill Schist is not well 

constrained, but it is considered to be thicker to the south (Thornett, 1995).   

The continuing extension of the Yerrida sag basin evolved into the Bryah and Mooloogool Sub-basins 

(rift-basins) in the northern and southern part of the Windplain Sag Basin, respectively (Occhipinti et 

al., 2017). The initial evolution of the Bryah Rift Basin is considered to have been controlled by the 

normal displacement of the Goodin Fault (Occhipinti et al., 2017; Fig. 6.1). The basin is made of the 

Bryah Group, which units can be divided into syn- and post-rift stages (Fig. 6.3). The first phase of the 

syn-rift stage is represented by the deposition of the siliciclastic rocks of the Karalundi Formation 

(Hawke et al., 2015; Occhipinti et al., 2017; Pirajno et al., 1998), which has a maximum deposition age 
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of ca. 2045 Ma (Wingate et al., 2014b), and consists of conglomerate, quartzite, and shale that sum up 

to 2.5 km (Pirajno et al., 2004). Rocks of the Karalundi Formation outcrops on the central and eastern 

parts of the Bryah Rift Basin (Fig. 6.1). The boundary between the Johnson Cairn Formation and the 

overlying Karalundi Formation is locally conformable and gradational in the northern part of the basin, 

south of the Marymia Inlier (Occhipinti et al., 2017).   

The second phase of the syn-rift stage accounts for the extensive syn-rift mafic magmatism attributed 

in part to the uppermost part of the Karalundi Formation (Hawke et al., 2015; Occhipinti et al., 2017), 

and its majority to the Narracoota Formation, which reaches up to ca. 6.0 km thickness (Occhipinti et 

al., 2017; Pirajno et al., 2004; Pirajno and Occhipinti, 1998; Pirajno et al., 2000). Based on geochemistry 

and petrology, Blandthorn (2015) separated the Narracoota Formation into five lithotypes: metabasalts, 

mafic schists, metabasaltic hyaloclastite, high-Mg basalts, and ultramafic rocks. Basaltic hyaloclastite 

are present between the Murchison and Goodin faults in the southmost part of the Bryah Rift Basin 

(Pirajno et al., 2004; Pirajno and Occhipinti, 1998; Pirajno et al., 2000), whereas mafic schist dominates 

its central part, and high-Mg basalts occur as lenses within the mafic schist and predominate to the 

northeast and in the western part of the basin (Fig. 6.1).  

The post-rift stage includes the Ravelstone and Horseshoe formations, which were deposited in a basin 

affected by post-magmatism subsidence (refer to Chapter 3). The Ravelstone Formation is restricted to 

the northern part of the Bryah Rift Basin (Occhipinti et al., 2017), and was deposited as a turbidite 

sequence that sums up to 1 km (Pirajno et al., 2004). The Horseshoe Formation comprises siliciclastic 

and iron formation rocks that filled the rift, with a package that can add up to ca. 0.75 km (Pirajno et 

al., 2004). In this study, for modelling purpose, the post-rift units are considered a single component 

characterised by a maximum thickness of 1.7 km.  

The collision which resulted from the Glenburgh Orogeny was responsible for the end of the extension 

on the northern margin of the Yilgarn Craton and the development of the Padbury Foreland Basin, 

overlying the Bryah Rift Basin (Johnson et al., 2010; Occhipinti et al., 2017; Occhipinti et al., 2004). 

The Padbury Basin comprises the Padbury Group, which unconformably overlies the Bryah Group, and 

in places are in fault contact with the Bryah Group and the Yarlarweelor Gneiss Complex (Martin, 1998; 

Pirajno and Occhipinti, 1998; Swager and Myers, 1999). The Padbury Group is divided into four 

formations, which from the base to the top are Labouchere, Wilthorpe, Robinson Range and Millidie 

Creek (Pirajno and Occhipinti, 2000; Fig. 6.1). The Labouchere and Wilthorpe formations comprise a 

turbidite sequence deposited in deep water, which reaches its maximum thickness of 4.0 km (Martin, 

1998). This sequence is overlain by sediments of shallow water deposited in a lacustrine or marine 

platform of the Robinson Range and Millidie Creek formations (Martin, 1998; Occhipinti et al., 1998a; 

Fig. 6.3). 
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The thickness of the Upper Padbury (Martin, 1998) is undefined, but depth estimations of magnetic data 

carried during this research assign a depth of around 400 m and 800 m for the shallower magnetic 

sources in the basin, which are likely to represent the BIFs of the Robinson Range Formation. A later 

period of extension is accountable for the sedimentary load that filled the Padbury Basin (Occhipinti et 

al., 2017). The onset of the Capricorn Orogen between ca. 1820 to 1770 Ma, ceased the deposition on 

the Paleoproterozoic basins (Occhipinti et al., 2017; Occhipinti et al., 1998c). 

The northern margin of the Bryah Rift Basin is overlaid by the Edmund and Collier Basins (1679-1067 

Ma), which conceal the limits of the basin northward (Fig. 6.1). These basins represent the youngest 

unit developed in the Capricorn Orogen (Cutten et al., 2016; Martin and Thorne, 2004), and their 

thickness and distribution vary across the basin, reaching up to 10km (Martin and Thorne, 2004).  

6.2.3 Major Structures 

The Bryah Rift Basin is dominated by east to northeast trends in its eastern part, which reflects the 

arrangement at the time of the rift development. The northeast-trending Goodin Fault bounds the basin 

to the south and consists of a syn-rift normal fault (Occhipinti et al., 2017; Pirajno et al., 2000; Fig. 6.1). 

The pre-rift magmatism of the Windplain Group is, so far, only recognised to the north of the Goodin 

Fault (Occhipinti et al., 2017). The east to northeast-trending Jenkin Fault is a major crustal-scale 

structure dipping steeply to the north, which separates the Bryah and Yerrida basins from the Marymia 

Inlier (Dentith et al., 2014; Pirajno et al., 2016; Fig. 6.1). The east-trending Murchison Fault was 

previously assigned to mark the contact between the northern part of the Murchison Domain of the 

Youanmi Terrane (Yilgarn Craton) and the Bryah and Padbury basins (Occhipinti et al., 1998c). In this 

study, the Murchison Fault intersects the mafic rocks of the Bryah Group in its central-southern part 

(Fig. 6.1) and is considered a syn-rift fault that separates two magmatic corridors (refer to Chapter 5).   

North-south trending thrust faults and folds mark the large-scale tectonic interleaving between the 

Bryah and Padbury groups on their western part (Fig. 6.1). These features are attributed to the collision 

of the Glenburgh Terrane and the Yilgarn Craton during the Glenburgh Orogeny and are represented 

by the Billara, Wilthorpe and Kinders faults, as well as the Padbury Syncline (Occhipinti et al., 1998a; 

Swager and Myers, 1999). The Kinders Fault occurs along the western limb of the Padbury Syncline 

and marks the thrust of rocks from the Narracoota Formation over the Padbury Group (Occhipinti et 

al., 1998a). The Wilthorpe Fault marks the eastern contact of the Despair Granite with the Labouchere 

Formation (Swager and Myers, 1999). Billara Fault, the westernmost fault, marks the contact between 

the metasedimentary rocks of the Labouchere Formation and the Yarlarweelor Gneiss Complex to the 

north, and between the Despair Granite and the Yarlarweelor Gneiss Complex to the south (Fig. 6.1). 

In the westernmost part of the study area, the east trending Kerba Fault bounds the Yarlarweelor Gneiss 

Complex with the volcanic rocks of the Narracoota Formation (previously Dimble Member) and the 

Trillbar Complex (Fig. 6.1). 
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North-south to northeast-trending folds in the northern part of the Bryah Rift Basin show typically close 

to tight geometries and south plunge (Fig. 6.1). In the central part of the Bryah Rift Basin, the ~50 km 

long east-trending Robinson Syncline and the prominent Fraser and Millidie synclines stand out (Fig. 

6.1). The Robinson Syncline is tightly folded, and its limbs are interpreted in magnetic images to dip 

steeply. The Fraser and Millidie synclines show magnetic layers folded in an irregular pattern with 

variation in its vergence, being likely to be the result of successive folding events (Occhipinti et al., 

1998c).  

6.3 The Capricorn Orogen and the Yerrida Basin from Previous Geophysical 

Studies 

Regional geophysical investigations carried out on the Capricorn Orogen, and the bordering Yilgarn 

and Pilbara cratons focused on understanding deep crustal architecture. They consist active and passive 

seismic (Drummond, 1979; Reading and Kennett, 2003; Reading et al., 2012), magnetotelluric traverses 

(Dentith et al., 2014; Selway et al., 2009), and isostatic models constrained by gravity data (Drummond 

and Shelley, 1981; Hackney, 2004).   

Active source and passive seismic are effective methods to provide information regarding crustal 

structure, and have increased geological understanding of the Capricorn Orogen (e.g. Drummond, 1979, 

1981; Johnson et al., 2013; Korsch et al., 2013; Reading et al., 2012). Recent deep crustal seismic 

reflection surveys provided constraints on the geometry of discrete crustal blocks down to the Moho in 

the western part of the orogen (Alghamdi et al., 2018; Johnson et al., 2011; Johnson et al., 2013; see 

traverses location in Fig. 6.1). The interpretation of the seismic traverses recognised preserved crustal 

boundaries between the orogen and Pilbara and Yilgarn cratons, the location of the suture between these 

crustal terranes and the Glenburgh Terrane, as well as identified the completely buried basement block 

Bandee Seismic Province (Johnson et al., 2013). The deep seismic data also suggested that the south- 

central-western part of the Capricorn Orogen is dominated by south-dipping crustal-scale structures 

(Johnson et al., 2013; Korsch et al., 2013). 

The eastern part of the Capricorn Orogen lacks seismic reflection surveys. A magnetotelluric traverse 

conducted in its eastern part mapped variation of electric conductivity of major structures showing that 

they dip towards the centre of the orogen (i.e. northwards in the southeastern part, Dentith et al., 2014; 

Fig. 6.4), contrasting with the south-dipping structures to the west. The distinct arrangement of crustal 

blocks in the eastern and western Capricorn Orogen may imply a different geological evolution. 

At the north margin of the Yilgarn Craton, early seismic refraction studies distinguished three-layered 

crust, with intracrustal seismic boundaries at 10-16 km and 32 km depth (Drummond, 1981; Fig. 6.5A). 

An anomalous higher seismic velocity zone of 6.9-7.0 km/s-1 is identified at the base of the crust beneath 

the Yerrida Basin, contrasting with velocities of 6.4-6.45 km/s-1 attributed to the surrounding crust, and 
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of 8.1-8.34 km/s-1 attributed to the upper mantle (Drummond, 1981; Fig. 6.5A). High seismic velocities 

at the lower crust-mantle boundary are consistent with underplating (Thybo and Artemieva, 2013). 

Later teleseismic receiver function surveys received a highly reverberant record at the northern margin 

of the Yerrida Basin, which precluded the accurate Moho identification, and which was interpreted to 

image the proximity of large-scale thrusts in the contact between the Capricorn Orogen and Yilgarn 

Craton (Reading and Kennett, 2003). The thickness of the crust beneath a seismic station on the southern 

part of the Yerrida Basin was modelled to be approximately 37 km, whereas it gets thicker southward 

beneath the Yilgarn Craton, where the crust was modelled at around 41km (Reading and Kennett, 2003).  

 

 

Figure 6.4: 3D electrical resistivity inversion results of the magnetotelluric survey in the southeastern Capricorn 

Orogen, showing major structures dipping northwards (Dentith et al., 2014). Resistivity scale from 

low to high goes from dark blue to warm red. Profile location is shown in Figure 6.1. 1. High resistivity 

related to the Yilgarn Craton; 2, 3 and 5. Subhorizontal layers related to the Yerrida and Earaheedy 

Basins, displaced or truncated by steeply dipping structures; 6. High resistivity related to the Marymia 

Inlier; 7. Flat-lying highly conductive layer associated with sediments of the collier Basin; 8. Zone of 

moderately northwest-dipping conductivity; 9. Zone of moderate conductivity that separates two 

resistive zones that may map the Ida Fault (IF); 17. Mid to lower crust resistive zone that may consist 

an artefact (Dentith et al., 2014).  

A seismic-constrained density crustal model for the Capricorn Orogen demonstrates that a high-density 

feature (3.07 g/cm3) is needed to fit the gravity contrast between the Yilgarn Craton and the Capricorn 

Orogen (Drummond and Shelley, 1981; Fig. 6.5B). Also, a dense (2.93 g/cm3) and shallow basin are 

introduced to model the gravity high over the Yerrida Basin, including the Bryah Rift Basin (Drummond 

and Shelley, 1981; Fig. 6.5B), further constrained by Lindsay et al. (2020) to the south of the Bryah 

Rift Basin. In the gravity-constrained crustal model of Hackney (2004) (Fig. 6.5C), the Yerrida Basin 

was poorly constrained and modelled as a high-density block (2.90 g/cm3) 4 to 5km deep. The Yerrida 

Basin and the Marymia Inlier are modelled as north-dip features in both crustal density model of 

Hackney (2004), and magnetotelluric traverse. Further, the magnetotelluric data show the Yerrida and 

Earaheedy basins as subhorizontal layers of variable resistivity, displaced by steeply dipping structures 

(Dentith et al., 2014; Fig. 6.4), which is consistent with north-dipping normal faults attributed to the 
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pre-rift sequence in the southern Yerrida Basin (Windh, 1992). It is worth noticing that the sub-vertical 

to north-west dipping of the northeastern border of the Yerrida Basin (Fig. 6.4), marked by the Jenkin 

Fault, is attributed to a thrust that resulted from the northwest-southeast compression of the Marymia 

Inlier over the Yerrida Basin (Bagas, 1999).  

All these studies assist in a better understanding of the deep crustal context for the Bryah Rift Basin. 

The slightly uplift Moho beneath the basin mapped by seismic data, as well as the large scale north-

dipping structures imaged by the magnetotelluric survey give us information to assist in building a 

conceptual regional tectonic evolution. However, the crustal architecture of the Bryah Rift is still not 

known, as those geophysical surveys did not cross the rift, and there are not systematic geophysical 

studies. Thus, this study is needed to represent the rift upper crust, by characterising the Bryah Rift 

architecture, which could outline features that may permit a better understanding of the rift onset and 

evolution.      

 

Figure 6.5: A. Seismic crustal model of Drummond (1979) showing the three-layered crust, a velocity gradient 

in the transition from crustal to mantle velocities underneath the Capricorn Orogen, and the 

anomalous high seismic velocity zone at the base of the crust beneath the Yerrida Basin; B. The 

seismic model of Drummond (1979) converted into a density model with isostatic equilibrium at the 

base of the crust (Drummond and Shelley, 1981), which includes a high-density slab representing the 

Yerrida Basin, and a low-density to represent the Marymia Inlier; C. Simple two-dimensional flexural 

model showing the Bouguer data and model geometry, in which solid lines represent deflected crustal 

interfaces and dashed lines the crustal boundaries in the reference crustal model from Hackney 

(2004). Densities are in g/cm3.         
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6.4 Geophysical Data Used for Modelling  

The geophysical data used in this study are airborne magnetic and ground gravity data. Magnetic data 

are from the regional Glengarry-Peak Hill-Robinson River airborne magnetic survey flown in 1994 

(refer to Chapter 2) and undertaken for and on behalf of the Geological Survey of Western Australia 

(GSWA). The survey covers the Bryah Rift Basin with flight lines 0.4 km spaced. Over the study area, 

this survey comprises the Peak Hill Area B and Peak Hill Area C sub-surveys, which have line direction 

at 180° and 45°, respectively. The Bangemall Basin survey encompasses the southwesternmost part of 

the basin and the western Yarlarweelor Gneiss Complex with north-south trending flight lines 0.5 km 

spaced. All surveys were flown at a height of 60 meters. Magnetic grids and images were generated 

from the line data using a 100-meter cell size (Fig. 6.6). The Fourier-domain transformation was applied 

on the Total Magnetic Intensity (TMI) grid to obtain the Reduced to Pole (RTP) grid, which was used 

in the geophysical modelling to centralise magnetic anomalies. 

The gravity data encompasses the Peak Hill-Collier, Gascoyne South, Sandstone and Murchison ground 

surveys. All gravity surveys have approximately 2.5 km by 2.5 km square grid spacing for the gravity 

stations. These gravity surveys were funded by and acquired for the Geological Survey of Western 

Australia (GSWA) under Geoscience Australia projects. Their specifications are listed in Chapter 2. 

Small high-dense geological features, such as the narrow and shallow geometry of the BIFs of the 

Horseshoe and Robinson Range formations, are therefore not well represented by the gravity data. 

Gravity data were gridded using a cell size of 400-metre. Free Air anomaly grid was utilised in the 

geophysical modelling (Fig. 6.6), so models include topography. The digital elevation model (DEM) 

used for modelling was derived from the 3 seconds (~90m) Shuttle Radar Topography Mission (SRTM). 

6.5 Modelling Constraints  

An infinite number of geophysical models can explain the observed data due to the inherent non-unique 

solutions that may result from geophysical data (Li and Oldenburg, 1996; Li and Oldenburg, 1998; 

Nabighian et al., 2005a). The range of possible interpretations that could fit the geophysical signal leads 

to an undetermined problem, which lacks an amount of evidence for proof or certainty. By restricting 

modelling with prior knowledge, we narrow the options and build more realistic models.  Previous 

information, such as geological knowledge, drill core observations, petrophysical data, and integration 

with other geophysical datasets, improves the accuracy of models by limiting the geometry and physical 

properties of rock units to a geologically reasonable and expected limits (Nabighian et al., 2005a; 

Nabighian et al., 2005b). The forward potential field models were mainly constrained by existing and 

acquired geological data, as well as by petrophysical data locally measured. These constraints can 

reasonably improve the accuracy of the model and reduce the geological ambiguity, and if so, increase 

the chances of a better characterisation of the rift architecture.  
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Figure 6.6: Free-Air anomaly (A) and Reduced to Pole magnetic intensity (RTP; B) images of the Bryah Rift 

Basin and surrounding terranes with the location of the forward modelling profiles. Abbreviation: 

YGC-Yarlarweelor Gneiss Complex. 

6.5.1 Crustal Model and Moho Depth 

A three-layer reference crustal model created by Hackney (2004) was used for modelling construction 

(Tab. 6.1). The crustal model was based on seismic refraction of Drummond (1981), whereas middle 

and lower crustal densities were derived from Drummond and Shelley (1981). The upper-crustal density 

of 2.65 g/cm3, chosen to reflect the dominance of granitoid rocks exposed at the surface (Hackney, 

2004), is not adopted in this study, as local petrophysical data were used for the upper crust (Tab. 6.2).  

In Western Australia, the Moho depth is shallower beneath cratons, compared to orogenic belts (e.g. 

Aitken et al., 2015; Fishwick et al., 2005; Kennett et al., 2011; Fig. 6.7). The Yilgarn Craton has Moho 

depths ranging from 30 km to 41 km, whereas beneath the Capricorn Orogen, Moho depth varies 

considerably, reaching approximately 48 km in some places (Kennett and Saygin, 2015; Korsch et al., 

2013; Reading and Kennett, 2003). Beneath the Bryah Rift Basin, Moho depth ranges approximately 

from 38 to 42 km, according to the AusMoho model (Kennett et al., 2011; Fig. 6.7), whereas, as 

previously mentioned, a receiver function survey assigns a Moho depth of approximately 37 km 

underneath the Yerrida Basin, which gets deeper southward beneath the Yilgarn Craton (Reading and 
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Kennett, 2003). Moho depths from the AusMoho model (Kennett et al., 2011; Fig. 6.7) was used to 

constrain the forward modelling profiles. 

Table 6.1: Properties of the three-layer reference crustal model (Hackney, 2004). 

Layer Thickness (Km) Depth (Km) Density (g/cm3) 

Upper Crust 4.1 0 to 4.1 2.65 

Middle Crust 8 4.1 to 12.1 2.78 

Lower Crust 21 12.1 to 33.1 2.86 

 

 

Figure 6.7: AusMoho model (Kennett et al., 2011) showing distinct Moho depths for the Capricorn Orogen and 

associated cratons. This data mapped the Moho depth across Australia by taking Moho picks from 

reflection transects, mainly sourced from Salmon et al. (2013), supplemented with scattered receiver 

seismic function from portable and permanent stations. The transition from crust to the mantle was 

defined as the base of prominent crustal reflections, characterised by an increase in seismic velocity 

(Kennett et al., 2011).  

6.5.2 Geological Data  

Geological information from the 1:100,000 map sheets of Moorarie, Milgun, Padbury and Bryah 

(Occhipinti and Myers, 1999; Occhipinti et al., 1998a; Pirajno and Occhipinti, 1998; Swager and Myers, 

1999), as well as the latest geological map of the Bryah and Padbury Basins (Occhipinti et al., 2017), 

were used as base maps to fieldwork. Geological mapping allowed a better understanding of the 
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geology, structures, and the geophysical responses of the geological units and lithologies, as well as the 

sampling to petrophysical analysis. The prior geological information was added to field observations 

and for petrophysical data to constrain the qualitative interpretation of the magnetic, gravity and 

radiometric data, as well as the Landsat8 remote sensing imagery (refer to Chapter 3), from which an 

updated geological map was generated (Fig. 6.1). 

The basin’s structural framework was mainly interpreted with magnetic images (refer to Chapter 5). 

The interpreted structures were used to constrain the location of faults and shear zones along the 

modelled profiles. Of these, the easterly trending faults, within and on the rift borders, and the north-

south thrust faults that interleave the Bryah and Padbury groups on their western part were crucial for 

the forward model building (Fig. 6.1). The geometries of these faults are not very well constrained, 

firstly because faults in the basin can be concealed (e.g. Goodin Fault), can have their geophysical signal 

smoothed, or yet can be proximal to high magnetic frequencies and amplitudes of BIFs, which mask 

the surrounding magnetic responses. Secondly, structural measurements made in the field present 

overall high to sub-vertical dip, which is often not representative of the bulk orientation of geological 

units due to measurements being made on folded geological layers. Although these structural 

measurements may be biased, also due to the scarcity of outcrops and poor preservation, they were used 

to constrain the initial starting model.       

The interpreted geological map guided the surface extension and limits of the lithologies, as well as the 

position of faults in the modelled profiles. Geological information was also obtained through logging 

of drill core mainly located on the northern part of the basin (Fig. 6.1). These drill core were logged to 

contribute to a better understanding of the basin infill and regional stratigraphy. Although they are not 

transected by any profile and represent a much smaller scale than the models generated, they were useful 

to provide information regarding the relationship between siliciclastic and magmatic units. Thicknesses 

of stratigraphic units were obtained from the literature (Fig. 6.3). As it is known that the thicknesses of 

the stratigraphic units are likely to vary widely throughout sedimentary and volcano-sedimentary basins 

due to facies variations, these thicknesses were only used as a guide. 

6.5.3 Petrophysical Data 

Petrophysical data aid to reduce the geometric uncertainty in the gravity and magnetic models by 

constraining the permissible density and magnetic susceptibility values of the geological units, being 

crucial for realistic geophysical modelling (Blakely, 1995; Nabighian et al., 2005a). The petrophysical 

studies carried out on samples collected in the Bryah and Padbury basins, and the surrounding terranes 

consisted of the measurement of density and magnetic susceptibility (Tab. 6.2). Physical properties 

were measured on cut hand and shallow drill hole samples throughout the basins. Bulk density 

measurements were made in 275 rock samples following the method described in Emerson (1990). 

Magnetic susceptibilities were measured on 540 samples and drill holes intervals using the hand 
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susceptibility meters Exploranium KT-9 and KT-5. Petrophysical measurements were taken on the 

outcrops and drill holes during fieldwork campaigns and in the laboratory on the samples collected. The 

magnetic susceptibility was measured at least ten times for each site/sample. Samples of the granitic 

basement around the basins were included in the analysis in order to better constrain the basement-basin 

petrophysical contrast in the geophysical models. 

Densities between 2.70 to 2.65 g/cm3 were adopted for the Archean basement. A density of 2.75 g/cm3 

was attributed to the pre-rift sequence (Windplain Group), whereas for mafic volcanic and sub-volcanic 

rocks of the Narracoota Formation, an unique density of 2.89 g/cm3 was adopted, despite differences in 

texture and composition that may exist within volcanic edifices, which may be accompanied by changes 

in density.  

Table 6.2: Density and magnetic susceptibility measurements of geological units from the Windplain, Bryah and 

Padbury groups acquired in this study and used to constrain modelling.  

Geological Units Rock Types 

Density (g/cm3) Magnetic Sus. (x 10-3 SI) 

Mean Min Max Mean Min Max 

Padbury 

Group 

Robinson Range Fm. 
BIF 3.21 3.54 2.85 27.31 0.68 86.67  

Shale, siltstone 2.43 2.93 2.21 1.51 0.08 6.05 

Wilthorpe Fm.  Siliciclastic 2.53 2.79 2.13 0.30 0.04 1.36 

Labouchere Fm. Siliciclastic 2.47 2.65 2.33 0.18 0.04 0.33 

Bryah 

Group 

Horseshoe Fm.              BIF 3.27 3.70 3.70 6.95 0.22 39.60 

Ravelstone Fm.  2.58 2.61 2.55 0.36 0.35 0.38 

Narracoota Fm. 
Basalts 2.89 3.06 2.66 4.1 0.188 61.5 

Mafic Schist 2.78 2.27 2.87 12.5 0.17 70.98 

Karalundi Fm. 
Basalts, Dolerites 2.96 3.10 2.73 14.47 0.03 80.79 

Siliciclastic 2.63 2.85 2.08 8.04 0.02 177.47 

Windplain Group  2.75 2.89 2.47 1.35 0.01 24.53 

Peak Hill Schist  2.5 2.4 2.58 - - - 

Yerrida Mafic Rocks  Basalts, Dolerite 2.89 - - - - - 

5.6  2D Forward Potential Field Modelling  

6.6.1 Model Construction 

Five profiles perpendicular to the Bryah Rift Basin were built to characterise the rift architecture. 

Profiles were selected to cross large scale faults, and main magmatic centres and they were based on 

cross-sections generated from the interpreted geological map (Fig. 6.1). Modelling followed a 

structural-tectonic approach (e.g. Aitken et al., 2014; Aitken et al., 2013), where for each cross-section, 

a subsurface model was created by blocks (polygons) populated with density and magnetic 
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susceptibilities, obtained by locally acquired measurements. Geophysical modelling was generated 

using the GM-SYS® software package developed by Geosoft® and Northwest Geophysical Associates 

– 2019, Version 9.7.1, and based on the methods of Talwani et al. (1959) and Talwani and Heirtzler 

(1964) through a manual, iterative process. The process is designed to allow the validity of the model 

to be tested by comparing the calculated magnetic and gravimetric response of the model with the 

observed response measured in the field. The synthetic model is considered plausible and consistent 

with the potential field data when a good fit between these two responses is achieved.         

The initial model construction involved a three-layered crust inferred from seismic data (Drummond, 

1981), with intracrustal boundaries at 4.1 and 12.1 km depth (Hackney, 2004), and the crust-mantle 

boundaries varying approximately between 37 to 41 km, sampled from AusMoho (Kennett et al., 2011). 

An intrusive mafic underplate (3.1 g/cm3) was modelled at the base of the crust for the profiles crossing 

the central and eastern part of the Bryah Rift to account for the regional gravity gradient (Fig. 6A-1 in 

Appendix 6A). The presence of magmatic underplating beneath the Yerrida Basin agrees with 

geophysical indications of underplating (e.g. Thybo and Artemieva, 2013), such as high seismic 

velocities on the crust-mantle boundary (e.g. Drummond, 1981; Fig. 6.5), and high gravity amplitudes. 

However, magmatic underplating was added only with the view to ‘remove’ the regional gravity field, 

and consequently equalising the gravity response between the granitic basement in the southern and 

northern parts of the profiles, which despite having similar petrophysical properties, they present 

discrepancy in their observed response measured in the gravity field. Further, an ‘intersection profile’ 

cutting across the north part of profiles A, B and C were modelled with the view to equalising their 

north ends (Fig. 6A-2 in Appendix 6A). Each profile was constrained with the ‘intersection profile’ 

model configuration at their intersected point, which was used to set the DC shift, where the calculated 

and observed gravity curves are forced to match. 

The models are presumed to extend to ± infinity in the strike direction (y-direction), and change with 

depth (z-direction) and in the direction of the profile (x-direction), which the latter extend + and – 

30,000 km to eliminate edge effects. The 2.5D assumption was appropriated to test the rift depth 

extension, and its relationship with the surrounding terranes through planar faults. The lower crust layer 

and mantle were assumed to be laterally homogeneous and to have a constant density (Tab. 6.1), and 

zero magnetic susceptibility. The upper crust was populated with the assigned petrophysical data 

representing the lithology of the block modelled (Tab. 6.2). Boundaries between geological units and 

the position of faults obtained from the interpreted geological map were not modified during modelling, 

whereas the geometries and limits of the blocks in subsurface were adjusted to get a satisfactory fit to 

the observed gravity and magnetic measurements. 

The models presented are complex, as they were built to picture the essential aspects of the rift by 

adding lithologies in subsurface and faults in accordance with the basin stratigraphy and the map-view 

geophysical interpretation (refer to chapter 5), as well as with concepts gained through the evolution of 
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rifts elsewhere, such as the presence of pre-rift sequences underneath syn-rift packages and the high 

thickness variability of geological units. In this study, the observation of magnetic anomalies was 

important to define faults and boundaries between geological units. However, observed gravity leads 

the forward modelling, as short-wavelength anomalies dominate the magnetic signal along the profiles 

and hence they are derived from shallow sources, such as the ones caused by BIFs, mafic dykes and 

shallow mafic schist (refer to Chapter 3). Adding a complex geological representation to model the 

gravity data is not advantageous, as they cannot resolve the structural complexity of the basin. Thus, 

the geophysical models were validated through ‘validation models’, which aimed to resolve both the 

geological constraints and gravity signal by using simpler geological models without structures or 

lithological divisions not required to fit the observed gravity (e.g. Fig. 6.8). The ‘validation models’ 

were built by adding geological features to the models sequentially, such as blocks representing the 

geological units, slope, faults, and dips, to find best alternatives that represent the anomalous sources. 

They resulted in a simplified geological representation of the subsurface (Fig. 6.8 and Figs. 6A-3 and 

6A-4 in Appendix 6A) and were useful to endorse the geometry, dip and thickness of the blocks 

represented in the complex models built.  

6.6.2 Forward Model Profiles  

Profile A-A’ 

Profile A-A’ is 67.4 km in length and transects the central part of the Bryah Rift Basin, from the 

southwest to northeast (Fig. 6.1). It is a pivotal location as it crosses the highest gravity anomalies and 

the northern and southern rift borders. The gravity profile along A-A’ is characterised by an overall 

high amplitude with a pronounced low when approaching the profile ends (Figs. 6.8 and 6.9). Changing 

in gravity amplitude relates to the mass variation of rocks derived from the rift volcanism, which present 

a contrasting density compared with the sedimentary units and the crystalline basement (Tab. 6.2). 

Decreasing in gravity amplitude is not accompanied by a magnetic signal, as the volcanic rocks are not 

strongly magnetic (Tab. 6.2). The magnetic response in A-A’ is dominated by high frequencies mainly 

related to mafic and felsic schist units of the Narracoota Formation and Peak Hill Schist, respectively, 

as well as faults within these units.  

The model A-A’ images two troughs that portray an asymmetric structure for the central part of the 

Bryah Rift Basin (Figs. 6.8 and 6.9). The southern trough is considered the main trough, with 

approximately 24 km wide and 11km deep (Fig. 6.8). It is bounded on its southern margin by the Goodin 

Fault (GF), modelled to dip approximately 70° to the north, and with an apparent offset of around 6 km 

(Fig. 6.8). Northward along the profile, the main trough is limited by an unnamed fault (UF) modelled 

to be sub-vertical (>85°) closer to the surface, with dip decreasing and converging southward with 

depth. Gravity highs divided by a gravity low characterise the main trough (Fig. 6.8). The gravity low 
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marks the Murchison Fault (MF), which lacks expressive magnetic response and is modelled as a steep 

fault that tends to dip to the north in depth (Fig. 6.8). In this area, mafic schist outcrops are modelled 

with thicknesses varying from 0.7 to 1.7 km, whereas the syn-rift sedimentary package underneath is 

estimated to have a maximum thickness up to 2km, the thickest siliciclastic sequence along the profile. 

Alternatively, a shallower basement could be introduced to match the low gravity amplitude. However, 

pre-volcanic siliciclastic rocks are believed to underlie the thick volcanic pile of the Narracoota 

Formation, as suggested by the regional stratigraphy and drill core (refer to Chapter 3).   

High gravity anomalies in the southern part are the response of hyaloclastite basalts (Fig. 6.1) of the 

Narracoota Formation that are modelled with a maximum depth of 7.7 km (Fig. 6.8). Mafic rocks in the 

northern segment of the main trough extend to 12km in depth. The sub-vertical unnamed fault (UF) 

bordering the main trough to the north bounds the thickest pile of mafic-ultramafic rocks in depth (Fig. 

6.9), and thus, is interpreted to represent a major syn-rift fault. Mafic schist rocks within the main trough 

vary their thicknesses around 1.9 to 0.34 km across the profile (Fig. 6.8). Gravity decreases from around 

+21 mGal, in the main trough, to +13 mGal, in the secondary trough, and lessen approximately to 

+1mGal in the trough's northern end, in the contact of the basin infill with the Peak Hill Schist (Fig. 

6.8). The secondary trough is 12 km wide and reaches a depth of 7.7 km, with volcanic rocks modelled 

up to 5km thick, whereas the pre-volcanic siliciclastic sequence, which accounts the syn- and pre-rift 

packages, is modelled to reach a maximum thickness of 2.1 km (Fig. 6.8).  

Northward, out of the rift trough, the Peak Hill Schist overlying the basement is insufficient to fit the 

observed gravity (Fig. 6.9). Geological and geochronological data suggest that the Peak Hill Schist 

represents a metamorphosed equivalent of the Juderina Formation (Occhipinti et al., 2017; refer to 

Chapter 4). Modelling the siliciclastic rocks of the Juderina Formation underlying the Peak Hill Schist 

with a thickness of 1.5 km and constrained by a density of 2.75g/cm3, still not enough to fit the observed 

gravity, suggesting that denser rocks are present beneath the unit.  Basaltic sills are observed within the 

Juderina Formation to the east (Occhipinti et al., 2017; refer to Chapter 3). However, their limited 

thicknesses (<20m) still do not satisfy the data, which lead us to propose that intrusive mafic rocks 

generically assigned to the Yerrida Basin, which may also be related to the intrusive rocks associated 

with the Mooloogool Rift (Killara Formation), are present (Figs. 6.8 and 6.9).  

The volcanic sequence of the Narracoota Formation at profile A-A’ is attributed to overlay the syn- 

(Karalundi Formation) and pre-rift (Windplain Group) sedimentary rocks (Fig. 6.9). The intrusive mafic 

rocks generically assigned to the Yerrida Basin are modelled between these two sedimentary packages 

to maintain stratigraphic consistency with the rocks underlying the Peak Hill Schist, and with the models 

B and C, in which denser rocks compared to the basement and pre-rift sequence are required below the 

Bryah Group (Figs. 6.10 and 6.11).   
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Figure 6.8: Forward model A-A’ with a vertical exaggeration of 1. The profile transects the central part of the 

Bryah Rift Basin in the southwest-northeast direction (Fig. 6.1), cutting highest gravity anomalies, 

and the northern and southern rift borders. Geological section of the Profile A-A’ is presented in 

Figure 6.13. GF-Goodin Fault, MF-Murchison Fault, UF-Unnamed Fault.  
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Figure 6.9: ‘Model Validation’ for profile A-A’. This model was used to test assumptions in a simplified way, in 

which features were added to the model to achieve a better configuration for the rift architecture. The 

underplating is modelled but cropped off the bottom in Figure 6.8. Here the need for denser rocks 

beneath the Peak hill Schist is tested, as well as the presence of two different troughs. Also, this 

validation shows that without pre-volcanic siliciclastic rocks, the main trough is filled with basalts at 

a maximum depth of 8.5 km (4), and without mafic schist to a depth of 5.7 km. Number are density 

values in g/cm3 and the caption is in Figure 6.8.  
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Profile B-B’ 

Profile B-B’ is approximately 57km long and transects the eastern part of the basin, in a south-north 

direction (Figs. 6.1 and 6.10). A large gravity anomaly characterises a rift trough in the centre of the 

profile, which has its highest gravity value reaching around 21 mGal, decreasing towards to the north 

and south, i.e. toward the trough boundaries (Fig. 6.10). The rift trough is 22 km wide, asymmetric, 

having its deepest part to the north, where depths of up to 9 km are reached. The trough is filled with 

volcanic rocks of the Narracoota Formation and presumed siliciclastic pre-volcanic rocks (Windplain 

Group and Karalundi formations; Fig. 6.10). Sedimentary rocks of the Padbury Basin overlay this 

sequence and are delimited by the limbs of the Robinson Range Syncline (RS), modelled with maximum 

depths of 2.0 km (Fig. 6.10). 

The fault bounding the northern trough border is steep south-dipping with an apparent offset of 

approximately 4.5 km (Fig. 6.10) and is interpreted to represent a master fault active during rifting. The 

Goodin Fault represents the southern trough border with a ~70° to the north dip, similar to profile A-

A’, but with a smaller apparent offset of around 4.5 km (Fig. 6.10). Out of the trough, to the south of 

the Goodin Fault, the Yerrida Basin is modelled as flat-lying units, in which siliciclastic packages of 

the Juderina and Doolguna (upper Yerrida Basin) formations are insufficient to account for the observed 

gravity data (Fig. 6A-3 Appendix 6A). Although denser rocks, such as basalts, are unknown in the 

stratigraphy of the area, mafic rocks with a maximum thickness of 2.7 km and a density of 2.89g/cm3 

well resolve the observed gravity. Recent geophysical inversions in the Yerrida Basin (Lindsay et al., 

2020) also found that a high-density component is required between the Southern and Goodin faults to 

produce a similar response to the observed gravity response. In this context, we attribute the substantial 

high-density material required underneath the Karalundi Formation in the southern part of the profile 

B-B’ generically as Yerrida mafic rocks (Fig. 6.10), since the Narracoota Formation is positioned 

stratigraphically above this sequence, and is made of mainly of sub-marine lavas (refer to Chapter 3). 

To the north of the trough limits, the siliciclastic rocks of the Karalundi Formation are in fault contact 

with the Peak Hill Schist (Figs. 6.1 and 6.10). Like in profile A-A’, solely siliciclastic rocks underneath 

the Peak Hill Schist does not satisfy the observed gravity, and thus, denser rocks are needed. Mafic 

rocks attributed to Yerrida Basin (2.89g/cm3) associated with siliciclastic rocks of the Juderina 

Formation satisfy the observed data with a combined maximum thickness of 4 km (Fig. 6.10).  

Sharp anomalies associated with shallow BIFs of the overlying Padbury Basin mask possible magnetic 

variations of other lithologies along profile B-B’. BIFs on the southern limb of the Padbury Syncline 

(PS) show sub-vertical dip and are modelled to reach up to 1.7 km, whereas BIFs layers on the north 

show moderated south-dip and shallower depths (~1 km). High-density values also characterise BIFs 

(Tab. 6.2), and they represent the largest mismatch along the profile (Fig. 6.10) due to the gravity station 

sampling (~2.5km) that cannot resolve the narrow and shallow character of the BIFs. 
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Figure 6.10: Forward model B-B’ transecting the eastern part of the Bryah Rift Basin and the Robinson Range 

Syncline, marked by iron formation of the overlying Padbury Basin. Vertical exaggeration of 1. SF-

Southern Fault; GF-Goodin Fault; MF-Murchison Fault; RS-Robinson Syncline.  
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Profile C-C’ 

Profile C-C’ is 37 km long and in a similar southeast-northwest orientation to profile B-B’ but located 

around 30 km to the east (Fig. 6.1). Gravity values reach a maximum of 7.63 mGal in the centre of the 

profile, decreasing abruptly to the south (Fig. 6.11). Beyond the Goodin Fault, amplitudes of 1 mGal 

are related to the shallow basement and the outcropping Windplain and Mooloogool groups, whereas 

to the north of the rift border, amplitudes between -25 and -33 mGal characterise the granites of the 

Marymia Inlier (Fig. 6.11).  

The highest gravity amplitudes delimit a rift trough 13.5 km wide and 4.7 km deep (Fig. 6.11). The 

trough border faults are modelled to converge to the centre with similar steep dipping angles. The centre 

of the trough is marked by a decrease in the gravity amplitude (Fig. 6.11) coincident with the prolonged 

axis of the Robinson Syncline located westward (Fig. 6.1). To the south, the rift-border Goodin Fault 

marks the contact between the Karalundi and Doolguna (Mooloogool Group) formations. The fault 

offsets the pre-volcanic siliciclastic sequence with an apparent dip-slip modelled as 3.5 km, indicating 

a successive shallowing of the southern rift border from west to east (i.e. from profile A-A’ to C-C’). 

The northern part of the trough like in profile B-B’, is more profound, reaching up to 6 km (Fig. 6.11). 

The northern trough-bound fault limits the thickest pile of mafic rocks (Fig. 6.11). This fault is thought 

to correspond to a syn-rift fault that had a major role during rifting, as well as during the volcanic 

activity since syn-rift volcanism accumulate initially at the borders of rift troughs (e.g. Corti, 2012). 

Out of the trough, northward, the Jenkin Fault marks the contact of the pre-rift rocks of the Juderina 

Formation and the granites of the Marymia Inlier and fits in the model as a steeply north dipping fault 

(Fig. 6.11).  

The Karalundi Formation is more extensive in the eastern part of the Bryah Rift Basin, where it is 

exposed as an east- to northeast-trending siliciclastic rocks associated with basalts (Fig. 6.1). Along 

profile C-C’, the Karalundi Formation is attributed to the southern part of the rift trough (Figs. 6.1 and 

6.11). In this area, a significant high-density component is required, and similarly to profile B-B’, we 

attribute this high-density material beneath the Karalundi Formation as generic Yerrida mafic rocks 

(Fig. 6.11). Further, basalts assigned to the Karalundi Formation, which are denser (2.96 g/cm3) than 

the ones attributed to the Narracoota formation (Tab. 6.2; refer to Chapter 3), is modelled intercalated 

with its siliciclastic rocks (Fig. 6.11). High-density siliciclastic rocks interleaved with basalts and 

dolerites are observed in drill core throughout the Bryah Rift Basin (e.g. Hawke et al., 2015; refer to 

Chapter 3). The syn-rift siliciclastic sequence shows a variance of its thickness ranging from 0.2 to 2.1 

km, whereas mafic rock attributed to the Yerrida Basin has a maximum thickness of 3.3 km (Fig. 6.11). 

The Archean-Proterozoic unconformity in the southern part of the Yerrida Basin is suggested to be 

northward shallow dipping and perpendicular to the north-south structures of the Yilgarn Craton 

(Windh, 1992). To the south of the Bryah Rift border, the Windplain and Mooloogool (Doolguna 
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Formation) groups were modelled as north dipping sequences ranging between 1.5 to and 1.9 km deep 

(Fig. 6.11). Like profile B-B’ to the west, higher density rocks are required to fit the observed gravity 

data, and thus, layers of Yerrida mafic rocks were added to the model (Fig. 6.11). 

 

Figure 6.11: Forward model C-C’ with a vertical exaggeration of 1. Obs.: siliciclastic and iron-formation rocks 

are intersected at ~700m in depth intercalated within mafic rocks of the Narracoota Formation at drill 

core DGDD319, located 0.5 km to the west of profile C-C’, at around 24 km along the profile (Fig. 

6.1). Thus, differential layers were included within the mafic pile between 22 and 26 km along the 

profile to account for these rocks. SF-Southern Fault; GF-Goodin Fault; MF-Murchison Fault; JF-

Jenkin Fault.  
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Profile D-D’ 

Profile D-D’ is 34.5 km long and transects in the north-south direction the westernmost part of the 

Bryah Rift Basin (Fig. 6.1). Gravity values along profile vary approximately from -40 and -19.5 mGal 

(Fig. 6.12). Higher amplitudes characterise a trough 10km wide, bounded by the Murchison Fault to the 

south, and juxtaposed to the Yarlarweelor Gneiss Complex to the north through the Kerba Fault (Figs. 

6.1 and 6.12). The trough is filled by mafic and ultramafic rocks of the Narracoota Formation, modelled 

with depths varying between 1.5 and 4.1 km, and laying on top of the basement (Fig. 6.12). The thickest 

mafic pile occurs beneath the Padbury Syncline (PS), where the igneous package is estimated to have 

approximately 3 km thick (Fig. 6.12). The early syn-rift sedimentary sequence of the Karalundi 

Formation is not modelled to underlie the magmatic volcanic rocks, as the syn-rift siliciclastic sequence 

is absent in the area, and it is exposed only 66 km to the east (Fig. 6.1). South out of the trough, the 

Narracoota Formation is modelled with a maximum depth of 1.5 km and overlies the Yilgarn craton 

and the pre-rift sequence of the Windplain Group (Juderina Formation; Figs. 6.1 and 6.12).  

The Lower Padbury sequence and iron-rich rocks of the Robinson Range Formation overlain the 

Narracoota Formation and point out the Padbury Syncline (PS), which axis is marked by a decrease in 

the gravity signal (Fig. 6.12). Like profile B-B’, sampling of gravity stations does not resolve high-

density values of the BIFs’ layers, resulting in a high mismatch between the calculated and observed 

data. Very high magnetic amplitudes associated to the BIFs are modelled with a maximum depth of 

around 800 meters and moderate dip, as well as bearing distinct lengths and layer thickness on the north 

and south syncline limbs (Fig. 6.12). Magnetic anomalies mark the boundary between the sedimentary 

and volcanic rocks with the Yilgarn Craton and the Yarlarweelor Gneiss Complex, to the south and 

north, respectively.  The Padbury Syncline in profile D-D’ is the continuation of the north-south 

trending Padbury Syncline to the north (Fig. 6.1). Its easterly orientation is attributed to refolding and 

shearing by easterly trending faults with dextral strike-slip motion (e.g. Kerba Fault) during the 

Capricorn Orogen (Occhipinti and Myers, 1999; Occhipinti et al., 1998a). Thus, the interpreted trough 

is likely not to be representative of the initial rift setting.  

Profile E-E’ 

Profile E-E’ is 30 km long and oriented east-west crossing the north-south thrust faults on the western 

part of the Bryah and Padbury basins (Figs. 6.1 and 6.13; refer to Chapter 5). This profile was modelled 

to access the geometry of the thrust zone that marks the contact between the basins and the Yarlarweelor 

Gneiss Complex. Thus, it does not resemble the initial rift setting. Instead, it images the compressional 

intraplate structures that resulted from the east-west crustal shortening during the Glenburgh Orogeny, 

and developed the Padbury Syncline and interleaved fault-bounded slices of the Narracoota Formation, 

Lower Padbury Group, and Archean basement (Occhipinti et al., 1998a; Swager and Myers, 1999; refer 
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to Chapter 5). The set of north-south structures was also affected by strike-slip movements of the Kerba, 

Seabrook and Mount Clere faults during the Capricorn Orogeny (Fig. 6.1), which induced the 

exhumation of the Yarlarweelor Gneiss Complex (Sheppard et al., 2003).  

 

Figure 6.12: Forward model D-D’ that cross the western part of the Bryah Rift Basin in north-south direction, 

transecting the mafic and ultramafic rocks of the Dimble area. Vertical exaggeration of 1.5. WtF-

Western Fault; Murchison Fault; PS-Padbury Syncline; KF-Kerba Fault.   
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Figure 6.13: Forward model E-E’ transecting the north-south thrust faults on the western part of to Bryah Rift 

Basin, the eastern part of the Bryah Rift Basin and the Robinson Range Syncline, marked by iron 

formation of the overlying Padbury Basin. Vertical exaggeration of 1. BF-Billara Fault; WF-

Wilthorpe Fault; KF-Kinders Faults; PS-Padbury Syncline. 
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In map view, profile E-E’ lies on the southern boundary of a long-wavelength low gravity anomaly, 

related to large-scale geological contrasts, which characterises the area to the north of the Bryah Rift 

Basin (Fig. 6.6). Therefore, gravity amplitudes along profile E-E’ are interpreted to correspond to lower 

frequencies, and consequently, arise from upper crustal features. The overall gravity response along the 

profile is characterised by three broad high-amplitude gravity anomalies divided by two gravity lows 

centred over the Despair Granite and the east limb of the Padbury Syncline (Fig. 6.13). From this limb 

to the eastern end of the profile, gravity amplitudes continually increase reaching up to -24 mGal, which 

is accounted by a thickness increase of volcanic rocks of the Narracoota Formation beneath the turbidite 

sequence of the Lower Padbury Basin (Fig. 6.13). 

High-amplitude gravity anomalies occur over the Padbury Syncline axial zone and Archean supracrustal 

rocks (amphibolite, iron-formation and quartzite) of the Yarlarweelor Gneiss Complex. These highs 

coincide with peaks in the observed magnetic data, which are related to iron-formations. Within the 

Padbury Syncline, BIFs were modelled to correspond to high western dipping magnetic bodies that 

reach depths up to 1.4 km (Fig. 6.13). Dip direction of the set of north-south structures has been 

variously attributed to the east and west (e.g. Occhipinti et al., 1998; Swager & Myers, 1999). Modelling 

showed that the Billara, Wilthorpe and Kinders faults have a steep west dip (Fig. 6.13), consistent with 

the west-over-east reverse motion.  

Mafic rocks of the Narracoota Formation are assumed beneath the thrust system with flat geometry and 

depths up to 5.2 km (Fig. 6.13), marking a decollement horizon with the Archean Yilgarn basement, 

and characterising the folded-thrust belt propagated from the orogenic wedge to the west as thin-

skinned, with shortening focused mainly on the upper crust.    

6.7 Discussion 

6.7.1 Model Limitations   

The most continuous unit is the high-density volcanic and sub-volcanic rocks of the Narracoota 

Formation (Bryah Group), for which was maintained a constant density of 2.89 g/cm3. The contrast 

between this high density with the one showed by the siliciclastic and basement rocks, make with the 

volcanic rocks impose greater control on the calculated gravity. Thus, the pre-volcanic siliciclastic 

sequences are highly interpretive, as variation in their thickness does not change the calculated curve 

considerably. Further, the volcanic rocks of the Narracoota Formation are not distinguishable from the 

generic Yerrida mafic rocks.   

Aeromagnetic data was not capable of resolving basement-basin infill interface in the models due to the 

lack of magnetic contrast. Also, extremely high magnetic amplitudes of shallow BIFs of the overlying 

Padbury Basin mask possible magnetic variations of other lithologies. Inversion was applied to the 

magnetic susceptibility values at the end of the model building using the Inversion/Optimisation option 
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of GM-SYS, aiming a better fit of the magnetic data. Inversion created a discrepancy between some of 

the initial magnetic susceptibility input and those obtained at the end of the model, as inversion starts 

with the observed geophysical response to provide the best fit. As direct measurements of magnetic 

susceptibilities are rarely representative for the entire rock block (Isles and Rankin, 2013), and the initial 

models were constrained according to contrasts in the acquired magnetic susceptibilities, these 

discrepancies and the possible over-fitting of the data are assumed not to compromise the models’ 

results and interpretation.    

6.7.2 Rift Geometry and Major Structures 

Forward potential field modelling indicates that the Bryah Rift is a narrow rift defined by a sequence 

of basins along an overall east-west strike, outlined by an en-echelon fault arrangement (Fig. 6.14). 

These basins are portrayed as asymmetric troughs, associated with magmatic extrusion centres mapped 

by short wavelengths gravity anomalies (Fig. 6.14, refer to Chapter 5). Thicknesses and compositional 

variation of the distinct troughs are interpreted to be derived from different degrees of fault evolution 

during extension, which generated small basins with different shapes and depths. The distinct trough-

bound faults along the rift may suggest that the Bryah Rift was initially made by multiple troughs, which 

were linked as the border faults evolved (Fig. 6.15).  

The main extensional fault trough is situated in the south-central part of the rift, along profile A-A’. It 

is characterised by a width of 25 km and modelled to be bounded by steeply inward dipping faults, as 

well as to contain the deepest part of the rift, where mafic rocks reach up to 12 km in depth (Fig. 6.9). 

The central part of the rift is characterised by a secondary trough, along the northern part of profile A-

A’, with an approximate width of 13 km and a maximum depth of 7.7 km (Figs. 6.9 and 6.14). Eastward 

the Bryah Rift became shallower, and mafic volcanic and siliciclastic rocks are unlikely to reach depths 

greater than 9 km (Fig. 6.14). Further, deepening across the rift is suggested to have change polarity 

from south to north. Rifting along profile B-B’ had a dip-slip major influence from the northern border, 

suggesting a changing in rifting polarity in comparison with fault controlling of the trough along profile 

A-A’ to the west. The main rift trough along profile A-A’ is controlled by the Goodin Fault, which 

shifted the southern rift border with an apparent offset modelled to 6 km (Figs. 6.9 and 6.14). Models 

to the east show that rift deepening and magmatism emplacement was mainly controlled by faults that 

bound the trough to the north (Figs. 6.10 and 6.11). Rifting polarity often changes along trend across 

accommodation (transfer) zones (Ziegler and Cloetingh, 2004), oriented obliquely to the strikes of 

border faults (Ebinger et al., 2013), suggesting that a transfer fault in an accommodation zone may have 

been operated during rifting between the profiles A-A’ and those to the east (Fig. 6.15). This transfer 

zone is likely to have been located where magmatic centres show a contrasting trend concerning the 

magmatic extrusion corridors (Fig. 6.14; refer to Chapter 5).  

 



                                                                          Chapter 6 - Architecture of the Paleoproterozoic Bryah Rift Basin 

 

 

 

 205 

 

 

Figure 6.14: A. Shallow gravity anomaly sources overlying the digital elevation model obtained from the SRTM 

(Shuttle Radar Topography Missions), illustrating magmatic corridors that are associated with the rift 

troughs across the central and eastern part of the Bryah Rift Basin; B. Schematic rift troughs of the 

profiles A-A’, B-B’ and C-C’, which resemble the initial rift setting and shows a decrease in depth 

from west to east.    
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Figure 6.15: Three-dimensional model illustrating rift troughs (discrete basins) linked by transfer faults in 

accommodation zones, which limit troughs along-strike and changes in polarity. This model is 

adapted from Ebinger (1989), who portrayed the fault-bounded topographic high related to an 

accommodation zone that links the Rusizi and Kivu basins in the Western rift system of East Africa. 

Green colour represents basalts, brownish colours represent sedimentary units, and reddish triangles 

indicate volcanic centres that are preferable located near the accommodation zones and along the 

border faults segments.    

Geometry and structural patterns of ancient rifts may be challenging to determine due to overprinting 

and reactivation of structures during subsequent events. The rifted continental crust to the north of the 

Bryah Rift Basin may have contributed to the relatively well-preserved architecture in its central and 

eastern part. To the west, however, in the area of profiles D-D’ and E-E’, a secondary architecture is 

present, with the involvement of fold-and-thrust propagation and strike-slip deformation, resulting from 

the Glenburgh and Capricorn orogenies, respectively (Occhipinti et al., 1998a; Pirajno et al., 2000; refer 

to Chapters 4 and 5). Thus, the deformation in the western Bryah Rift does not support parallelism with 

the rift architecture in the central and eastern parts. 

Continental rift zones frequently form narrow asymmetric basins bounded by normal large faults (Olsen 

and Morgan, 1995; Thybo and Nielsen, 2009). Major faults of the Bryah Rift include the steeply Goodin 

Fault that border the southern margin of the rift and is modelled to dip approximately 75° to the north. 

The Goodin Fault was likely to accommodate most of the strain during extension and formation of the 

main trough. Dip in extensional basins commonly decreases in the subsurface. However, high angle 

normal faults are involved in narrow rift modes, which are formed within a thick, cool, and strong 

lithosphere that favour a localised strain (e.g. Buck, 1991; Gawthorpe and Leeder, 2000). Also, there is 
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no geologic evidence of low-angle faulting, and no listric faulting is necessary to explain the dip-slip 

of the Bryah Rift borders. 

Border-faults of the troughs to the east are also steeply dipping (Fig. 6.14), and are understood as part 

of the en-echelon fault arrangement interpreted to control magmatic centres in the northeastern part of 

the Bryah Rift Basin (refer to Chapter 5). The rift border-faults in the eastern troughs are modelled 1.5 

km to the south of the continuation of the Jenkin Fault along profile B-B’ (Fig. 6.10), and approximately 

4.5 km to the south of the Jenkin Fault along profile C-C’, where it marks the contact of the siliciclastic 

rift infill and the Marymia Inlier (Fig. 6.11). The Jenkin Fault is suggested to have its genesis related to 

the deepening that controlled the rift evolution, as previously suggested (e.g. Adamides, 1998), with a 

south-side down kinematics. Today’s steep northerly dip is a consequence of later reactivation, resulted 

from the northwest-southeast compression of the Marymia Inlier over the Yerrida Basin (Bagas, 1999), 

and the primary geometry of this structure is not clear.    

The border faults in the models are steep and in accordance with a ‘pure-shear’ necking extension model 

(McKenzie, 1978 ). The east-northeast trending of the Goodin Fault and those controlling the rift border 

from the north, contrast with the north-south to northwest-southeast structural trends of the Yilgarn 

Craton. Rifts cross-cutting the basement grain are dominated by pure-shear extension, while simple-

shear extension prevails in rifts subparallel the structural grain of the basement (Ziegler and Cloetingh, 

2004). Pure-shear extension at lithospheric scale develops narrow (or discrete) rifts (Brun, 1999), which 

are likely to occur in the stable lithosphere, below which the Moho is bent upward, with the domination 

of steeply dipping normal faults (Brun, 1999; Corti, 2012). The variation of Moho depth beneath the 

central-northern part of the Yilgarn Craton and to the north of the Bryah Rift Basin may account for the 

regional gravity anomaly that generates a discrepancy between the Archean Marymia Inlier and Yilgarn 

Craton granitic basements (Fig. 6A-1 in Appendix 6A).   

6.7.3 Thickness, Occurrence and Absence of Geological Units 

Pre-rift sediments of the Windplain Group are observed only out of the rift borders both in surface and 

drill core (Occhipinti et al., 2017; refer to Chapter 3). Pre-rift siliciclastic rocks were modelled beneath 

the siliciclastic rocks of the Karalundi Formation and the volcanic pile within the troughs, following 

concepts of the Bryah Rift Basin evolution (refer to Chapter 3) and information gained from rifts 

elsewhere, which commonly show pre- and syn-rift sedimentary sequences beneath thick syn-volcanic 

rocks. However, the pre-volcanic siliciclastic packages are highly interpretative, as previously 

commented.    

In particular, fault propagation, growth and termination is a primary tectonic control on basin 

architecture (Gawthorpe and Leeder, 2000). Early syn-rift sedimentary sequences commonly show 

significant thickness variation across rifts, as they are conditioned by rift faults, by basement structures, 
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and by detrital supply that is mainly derived from the rift shoulders (e.g. Catuneanu et al., 2005; 

Eriksson et al., 2001; Martins-Neto and Catuneanu, 2010). Further, segmentation of rifts along-axis 

(Fig. 6.15) effectively partitions stratigraphic sequences, also contributing to thickness variation. As 

such, the early syn-rift siliciclastic sequence of the Karalundi Formation varies significantly throughout 

the Bryah Rift Basin, with its eastern part having more siliciclastic rocks than to the west (Fig. 6.1). 

Although the models are not sensitive to these rocks when beneath the volcanic pile, this assumption 

was followed and could fit within the models proposed. Variations in thicknesses across the basin are 

like to have reflected and also influenced (Ziegler and Cloetingh, 2004) the different rifting dynamics 

that took place in the eastern and central parts of the rift, derived due to differences in the geometry of 

strike-slip fault systems responsible for the onset of rifting (refer to Chapter 7).     

The Narracoota Formation consists predominantly of basaltic rocks emplaced mainly as subaqueous 

lavas, which overlay the early syn-rift siliciclastic rocks of the Karalundi Formation (Occhipinti et al., 

2017; Pirajno and Occhipinti, 1998; Pirajno et al., 1998; Fig. 6.3). The requirement of thick, dense rocks 

underneath the outcropping Karalundi Formation in the eastern part of the basin to fit the observed 

gravity (Figs. 6.11 and 6.10) may suggest that ‘another’ mafic unit lie underneath the Bryah Group. We 

generically attributed these dense rocks to the Yerrida Basin, as ‘Yerrida mafic rocks’. Mafic rocks in 

the Yerrida Basin out of the Bryah Rift Basin are found intercalated with the basal pre-rift Juderina 

Formation, in thin layers (< 20 m; refer to Chapter 3), and in the Killara Formation (Mooloogool Group), 

which were deposited during a coeval rifting in the southern part of the Yerrida sag basin (Occhipinti 

et al., 2017). Lindsay et al. (2020) modelled an extensive northeast-trending body of mafic material 

between the Southern and Goodin faults as Killara Formation (Mooloogool Group). The presence of 

these rocks beyond the Goodin Fault boundary is geologically consistent, and in accordance with the 

model proposed here.  

The series of easterly trending basins were distinctly affected by the syn-rift volcanic activity, in which 

steep faults may have facilitated volcanism (e.g. Corti et al., 2004). Magmatic thickness and geometry 

are constrained by structures of the basement and of pre- and syn-rift sedimentary packages. Mafic-

ultramafic rocks of the Narracoota Formation varies throughout the rift but are mainly confined within 

the large faults bordering the rift troughs. Contrary to the pre-volcanic siliciclastic sequence, rift 

magmatism is thicker in the central part of the basin, and its thickness decreases toward the east and 

west. The variation in the occurrence of siliciclastic and mafic-ultramafic rocks associated with the 

deepening of the rift troughs from the east to west in the Bryah Rift Basin may suggest that the magma 

feeding system controlled the rates of rifting across the basin (e.g. Ebinger et al., 2013).   

The thickest mafic-ultramafic piles reach 11.0 and 7.8 km on the borders of the main trough (Fig. 6.9). 

These depths may be shallower if mafic rocks are computed with more ultramafic components, and 

hence, denser. Outcropping mafic rocks outside the rift troughs (off-axis volcanism; refer to Chapter 5) 

are modelled with a maximum depth of 2.3 km along the north end of profile A-A’, whereas mafic 
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schist is modelled as a folded unit that is thickest (~1.7km) beneath syncline hinge. The lack of 

constraint related to the continuation of mafic schist rocks in sub-surface makes it challenging to 

characterise the unit. 

The post-rift sequence was not investigated in the forward models. However, the rift asymmetry seems 

to be reflected on the post-rift sequences (Ravelstone and Horseshoe) on the surface, as their occurrence 

is mainly concentrated on the north part of the basin (Fig. 6.1).    

6.8 Conclusion 

Forward modelling indicated that extensional deformation in the Bryah Rift was accommodated by 

steeply inward dipping normal faults that define slightly asymmetric narrow deep rift troughs, between 

25 to 13 km wide, aligned according to the easterly trend of the basin. Three major lithological 

components fill the narrow Bryah Rift: a basal sequence of sedimentary rocks from the pre- and early 

syn-rift stages (Windplain Group and Karalundi Formation, respectively), a thick pile of mafic-

ultramafic volcanic and hypabyssal of the Narracoota Formation, combined with an unknown 

component addressed to the Yerrida Basin, and an overlying thin layer of siliciclastic and iron-

formation rocks of the Padbury Group (Padbury Basin), preserved within the synclines across the 

region. 

The rift’s deepest part occurs at its central-southern area, where non-outcropping mafic-ultramafic rocks 

are modelled with a depth of 12 km within the main trough. The central part of the rift shows a 

dominated dip-slip motion in its southern border, characterised by the steep north dipping Goodin Fault, 

with an apparent off-set modelled up to 6 km. To the east, the deepening of the troughs change polarity 

and is dominated by en-echelon faults bounding the northern rift border. Further, a successive decrease 

of deepening is indicated from the west to the east, which is accompanied by an increase of the amount 

of the known/modelled siliciclastic rocks. The variation in thicknesses and compositional infill within 

the troughs are interpreted to be derived from different degrees of faults’ evolution during extension. 

The Bryah Rift Basin is thus suggested to initially be formed by discrete basins, linked as the border 

faults evolved. Rift structure in its western part is complicated due to the effects of deformation 

experienced during the Glenburgh and Capricorn orogenesis, which translated the Padbury Syncline 

from north-south to east-west, and thrust the Yarlarweelor Gneiss Complex over the Bryah Rift Basin 

(Occhipinti et al., 1998a; Occhipinti et al., 2004).     

Geophysical modelling helped to build a conceptual upper crustal model for the Bryah Rift Basin, with 

the estimation of thickness, depth, and extension of the magmatic and sedimentary units, as well as of 

the intra- and border-rift faults. This model can be used to aid a better understanding of the rift onset 

and evolution, as well as the tectono-magmatic events on the northern margin of the Yilgarn Craton 

during the Paleoproterozoic. 
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Figure 6A-1: Initial model construction of Profile A-A’ illustrating the effect of underplating to ‘balance’ the 

model, by considering the regional gravity gradient. Underplating under the Yerrida Basin is 

consistent with high seismic velocities at the lower crust-mantle boundary (Drummond, 1981), and 

with examples of underplating beneath rifts, such as relative local structure and displacement from 

the rift trough (Thybo and Artemieva, 2013). However, this unbalance may also be generated due 

to Moho uplift, which in this case was going to be shallower to the south of the Bryah Rift Basin. 

Numbers are density values in g/cm3.    
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Figure 6A-2: A. Location of the Intersection Profile cutting across the north part of the Profiles A, B and C; B. 

Forward model of the Intersection Profile, with the location of Profile A, B and C. The density 

attributed to the granitic basement and the Collier Basin (2.67 g/cm3 and 2.4 g/cm3, respectively), as 

well as the thicknesses of the latter (100 m and 340 m for profiles A and B, respectively), constrained 

each profile at the transection point. The point transected was used to set the DC shift, where the 

calculated and observed gravity curves are forced to match. Numbers are density values in g/cm3.      
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Figure 6A-3: Model Validation for Profile B-B’. Numbers are density values in g/cm3.     
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Figure 6A-4: Model Validation for Profile C-C’. Numbers are density values in g/cm3.     
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CHAPTER 7 

The Life of Bryah: Formation of an Ancient Pericratonic Rift 

7.1  Introduction 

The mechanism that governed the extension on the northern margin of the Yilgarn Craton resulting in 

the formation of the Bryah Rift Basin and its voluminous mafic magmatism has not yet been established. 

Primarily, the basin was defined as an ensialic or intracratonic basin (Hynes and Gee, 1986), followed 

by the suggestion of a back-arc rift setting, with the development of island arcs, associated with a 

component of a continental rift (Pirajno and Occhipinti, 2000). After the definition of the Glenburgh 

Orogeny by Occhipinti et al. (2004), a back-arc tectonic setting was proposed with subduction of the 

oceanic crust beneath the northern margin of the Yilgarn Craton. Recent drilling in the region has 

provided new regional stratigraphic data that support a rift setting for the basin, and forward potential 

field modelling carried during this research do not suggest the development of ocean crust, as previously 

proposed.  

In the previous chapters, I used potential field and geological datasets to investigate the sedimentary 

infill, magmatism patterns, structural framework, and architecture of the Bryah Rift Basin, in an attempt 

to better understand the rift features and evolution. In this chapter, I discuss the polyphase evolution of 

the Bryah Rift by combining the elements of the basin examined in the previous chapters with theories 

of rift evolution and considering the available geochemistry of the rift-related mafic-ultramafic rocks. 

Further, the central question regarding how the Bryah Rift started is explored through a discussion of 

possible geodynamic and kinematic models responsible for the rift initiation, based on concepts of 

dynamic and structural processes that control the evolution of extensional basins.  

7.2  The Bryah Rift: A Four-Phase History Rift  

The Bryah Rift Basin shows a polyphase history of extension followed by thermal subsidence and 

contractional tectonics. The Bryah Rift Basin developed successively in four phases related to changes 

in accommodation space created and the deposition of different successions (Fig. 7.1). Accommodation 

space is generated in rifts primarily as a result of tectonic subsidence, or uplift (Martins-Neto and 

Catuneanu, 2010), although sea-level changes may be important. Significant mechanisms for regional 

subsidence include sustaining isostatic equilibrium due to the thinning of the crust, loading of 

sedimentary and volcanic rocks, and dynamic effects of flow, convection and buoyancy changes in the 

upper mantle (Ingersoll, 2012; McKenzie, 1978 ; Sengor and Burke, 1978). Subsidence during the early 
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syn-rift stage in the Bryah Rift (phase 2) was fault-controlled, depending on the amount of stretching 

and thickness of the crust, whereas sedimentary and volcanic loading (phases 2 and 3) was likely to 

have caused subsidence locally. Thermal subsidence caused by cooling of the stretched lithosphere and 

contraction of the upwelled asthenosphere is characteristic of the post-rift stage (e.g. Ingersoll, 2012). 

In the Bryah Rift Basin context, clastic and iron-formation sedimentary units filled the available space 

(phase 4; Fig. 7.1). Following the fourth phase, the ongoing contractional activity of the Glenburgh 

Orogeny may have favoured the thermal subsidence due to the development of flexure that overlapped 

in time the deposition of the post-rift stage and resulted in an inverted basin. 

  

Figure 7.1: Stratigraphy of the Bryah Rift Basin showing the three rift stages (pre-, syn-, and post-rift) and four 

phases considered in accordance to changes in accommodation space created, based on geological 

data (e.g. Pirajno et al., 1998; Pirajno & Occhipinti, 1998; Hawke et al., 2015; Occhipinti et al., 2017).  

7.2.1 Pre-rift Stage 

The Windplain Group is in this study attributed to the pre-rift stage of the Bryah Rift Basin. The 

Windplain Group was deposited in a sag basin (Pirajno et al., 1998), here considered to have formed 

before faulting that generated the Bryah Rift troughs. Far-field forces that induced the incipient 

extension may have been influenced by the Ophthalmian Orogeny (ca. 2215-2145 Ma), as it overlaps 

the age range considered for the development of the Windplain Group (ca. 2200-2100 Ma). 

Geochronological analysis coming from this study support the idea that the rocks derived from quartz-

rich sedimentary units of the Peak Hill Schist (refer to Chapter 4), to the north of the Bryah Rift Basin, 

represent metamorphosed and deformed rocks of the Juderina Formation, as suggested by Windh (1992) 

and Occhipinti et al. (2017). The detrital zircon spectra of the sample from the Peak Hill Schist agrees 

with the spectra of sedimentary distribution in extensional settings. Although the results did not allow 
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better geochronological constraints on the timing of deposition of the Peak Hill Schist, they rule out a 

provenance from the Marymia Inlier.  

Stromatolitic carbonate of the Juderina Formation, the basal unit of the Windplain Group (Fig. 7.1), is 

undisturbed and unconformably overlies the Marymia Inlier to the north of the Bryah Rift (refer to 

Chapter 3), showing that the initial tectonic relationship between the basement and the sediments of the 

pre-rift stage is still preserved in some areas in the northern margin of the basin. The Windplain Group 

also shows basalts extruded within the clastic sequence of the Juderina Formation to the north and east 

of the Bryah Rift Basin, which is evidence that initial extension on the northern margin of the Yilgarn 

Craton was associated with mafic volcanism.  

Geochemical studies of magmatic rocks can provide information about processes involved in magma 

ascent and evolution, and its relationship with the upper crust through time (Wendlandt et al., 1995). 

My analysis of the available geochemistry of basalts from drill core of the Juderina Formation shows 

that the pre-rift volcanism owns an alkaline character, as indicated by its higher Nb/Yb ratios. Further, 

these basalts are suggested to have had an origin at deep melting, due to its high values of Ti/Yb ratio 

and more enriched OIB-type signature (Fig. 7.2). Deep melting can be the result of a combination of a 

thicker lithosphere and hotter mantle temperatures (Pearce, 2008). Basalts from the Juderina Formation 

tend to have higher amounts of Th (Fig. 7.2), which indicate more significant reaction with continental 

crust (Pearce, 2008). 

 

 

Figure 7.2: Compiled geochemical data of the mafic-ultramafic volcanic rocks of the Narracoota and Karalundi 

formations (Bryah Group), as well as of the Juderina Formation (Windplain Group): A. Th/Yb vs. 

Nb/Yb basalt classification diagram from Pearce (2008), used as a proxy for crustal contamination, 

illustrating that the mafic rocks related to the extension on the northern margin of the Yilgarn Craton 

have their position above the MORB-OIB array, and thus, are likely to contain crustal involvement 

via contamination; B. Ti/Yb vs. Nb/Yb diagram from Pearce (2008), used as melting depth proxy. 

MORB: Mid-Oceanic Ridge Basalt, OIB: Ocean-Island Basalt, N-MORB: Normal-MORB, E-

MORB: Plume-MORB, Th: Tholeiitic, Alk: Alkali.   
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7.2.2 Syn-rift Stage 

Syn-rift stage of lithospheric extension is an active tectonic stage characterised by thinning of crust, 

normal faults, rift shoulder uplift, formation of troughs, volcanism and high heat flows, as well as by 

locally high rates of basin subsidence and sediment accumulation, related to the displacement of normal 

faults and topographic relief (Cloetingh et al., 2015; Gawthorpe and Leeder, 2000; Ingersoll and Busby, 

1995; Leeder, 1995; Sengor, 1995). The syn-rift stage in the Bryah Rift Basin is constrained by an age 

range of 30 Ma, with a limited extension, which accordingly, developed a narrow rift. The syn-rift 

evolution of the Bryah Rift can be divided into two phases (or successions; Fig. 7.1 and Tab. 7.1): phase 

one is related to the deposition of the early sedimentary rocks of the Karalundi Formation, and phase 

two to the emplacement and deposition of voluminous mafic magmatism of the Narracoota Formation.  

These phases correspond to changes in the tectonic processes as the rift develops.  

Phase 1 - Early Rifting and Deposition of the Karalundi Formation  

With respect to globally observed rift examples, initially rift opening occurs primarily through slip and 

creep of normal faults that thins the brittle crust (Ebinger et al., 2013). During the initial syn-rift phase, 

the main depositional systems are developed, such as fluvial systems associated with basin drainages 

and main rivers, and alluvial fans associated with rift shoulders. Normal faulting leads to initial clastic 

sedimentation in the basin fed both from the basin edges and from internal islands that are formed during 

pull-apart basins formation (Sengor, 1995).  Thus, early basin-fill architecture depends on the complex 

interaction of fault propagation, the evolution of drainage and drainage catchments, climate, and 

variation in sea/lake level (Gawthorpe and Leeder, 2000), which lead to a significant variation on the 

mechanism of deposition and sedimentary facies.  

The Karalundi Formation represents the early sedimentary infill of the Bryah Rift Basin, with 

occurrence limited within the high angle extensional border faults, and constrained by a maximum age 

of deposition at ca. 2045 Ma (Wingate et al., 2014b; Tab. 7.1). The early rift sedimentary rocks (e.g. 

quartz conglomerate, quartz arenite, lithic wacke) might have been strongly influenced by shoulders 

uplifted on rift margins, which erosion provided a limited sedimentary provenance derived from the 

surrounding Yilgarn Craton (refer to Chapter 4). The proximal detrital source provided the coarsest 

materials, such as conglomerates likely to be restricted to alluvial fans or fan deltas along faults on basin 

boundaries (Gawthorpe and Leeder, 2000), and sandstones. Black (graphitic) shale associated with 

disseminated pyrite in the north-central part of the basin implies deep water sedimentation in an anoxic 

environment, and its intercalation with sandstone and siltstone (refer to Chapter 3) illustrates base level 

(sea or lake level) changes.  

The deposition of the Karalundi Formation required a variable accommodation availability to its 

sedimentary load due to the presence of distinct depositional systems and to a variety of fault 
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displacement rates that conditioned the deposition of an irregular thickness of the sedimentary piles. 

From the limited accommodation space related with rifting initiation (e.g. lacustrine or fluvial 

environments) to the deposition of turbidites (e.g. alluvial fans), added to faulting, the Karalundi 

Formation must have been associated with the greatest total accommodation space in the basin as faults 

evolved. A more extensive domain of the Karalundi Formation takes place in the eastern part of the 

basin, which is interpreted to have a direct relationship with the evolution of elongated normal faults 

through strike-slip and divergent motions that formed the deep rift troughs and transfer zones (refer to 

Chapter 6), resulting in changes in the accommodation space, which is one of the major controls 

influencing stratal geometry and facies stacking patterns (Gawthorpe and Leeder, 2000). 

At the upper sequences of the Karalundi Formation, dykes and mafic volcanism intercalate with the 

siliciclastic sediments (refer to Chapter 3). In general, rift opening accelerates when magma reaches 

crustal levels by dyke injections (Ebinger et al., 2013). In the Bryah Rift Basin, the Karalundi Formation 

is observed at the surface only on the fringes of the rift, in shallower rift troughs (refer to Chapter 6), 

whereas deeper troughs are filled with a thicker magmatic pile, likely as a result of feedbacks between 

magmatic loading, possible dyke injections and increased heat flux.  

Phase 2 - Mafic Magmatism and the Deposition/Intrusion of the Narracoota Formation  

In Chapter 6, I demonstrated that the Narracoota Formation forms the bulk volume of the Bryah Rift 

Basin. My analysis of the available geochemistry of volcanic rocks from outcrops of the Narracoota 

Formation show that the syn-rift magmatism has a more tholeiitic character and a MORB signature 

(Fig. 7.2), which imply shallower depths of melting (Winter, 2014). This context implicates a change 

from a thicker lithosphere during the pre-rift stage to a thinner lithosphere at the syn-rift stage, 

accompanied by lesser crustal contamination and higher degrees of melting. Low strain areas that show 

well-preserved pillow structures in basaltic rocks, as well as intense albitisation of basaltic hyaloclastite 

rocks attributed to sweater metasomatism (Pirajno et al., 2000), imply extrusion in a sub-marine setting 

(refer to Chapter 3), which may have progressively deepened as the extrusion evolved, accompanied by 

a limited extension to sustain submarine emplacement.  

The little sedimentary interleaving within the mafic-ultramafic rocks of the Narracoota Formation may 

indicate a high rate of the eruption in a shorter time or continuous magmatism over an extended period. 

The generation of a large volume of magmatism in a relatively short time requires rapid amounts of 

melting in the mantle (White and McKenzie, 1989). The deposition of the voluminous magmatism of 

the Narracoota Formation does not require the creation of accommodation space but may have created 

a deeper basin due to subsidence, in which the following turbidite succession deposited (Fig. 7.1).  

The distribution of volcanic centres I mapped (refer to Chapter 5) are consistent with extrusion focused 

along the border faults of the rift troughs, as well as a great volume of mafic rocks accumulating against 
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these faults (refer to Chapter 6). Master faulting controls probably changed from the southern border of 

the Bryah Rift Basin in the west to the northern border in the east, and magmatic extrusion centres 

follow this pattern (refer to Chapters 5 and 6). The syn-rift magmatism is mainly concentrated within 

the rift troughs (refer to Chapter 6). In the area of the deepest trough, which achieves 12 km depth filled 

by an 11 km thick of mafic rocks, the basin widens to ~40 km, in comparison to ~18 km to the east, 

where the trough is shallower and is modelled to reach depth up to 5.8 km (refer to Chapter 6).  

7.2.3 Post-rift Stage 

The post-rift sequence is here considered one stratigraphic cycle, or succession (Fig. 7.1), as its 

sediments gradually filled the available space created after the magmatic pulse. The Narracoota 

Formation is disconformably overlain by and locally interfingers with the Ravelstone Formation 

(Pirajno et al., 1998). The Ravelstone Formation has been interpreted as a rift-fill and comprises lithic 

and quartz wacke, shale and siltstone that was deposited by turbidity currents (Pirajno, 2004; Pirajno et 

al., 1998). Felsic volcanic rocks are intercalated with siliciclastic rocks of the Ravelstone Formation, 

exclusively in the northern part of the basin (Occhipinti et al., 2017).  During magma ascent, magma 

chambers can be emplaced at different levels within the crust, and fractional crystallisation may form 

more evolved magmas, with higher silica content. The intermediate to felsic magmatic rocks of the 

Bryah Rift attributed to the Ravelstone Formation is here considered to have been generated from 

fractional crystallisation of basaltic melts within shallow magma chambers, which produced off-axis 

volcanism localised in the north Bryah Rift Basin (refer to Chapter 5). Recent drill core shows that these 

rocks may be associated with felsic porphyries (refer to Chapter 3), which may suggest that part of the 

fractional crystallisation may also have occurred at deeper crustal levels. 

The Ravelstone Formation is conformably overlain by the Horseshoe Formation, which comprises 

quartz wacke, manganiferous shale and banded iron formation (Pirajno et al., 1998). The Horseshoe 

Formation marks the cessation of detrital input, with deposition of chemical sedimentary rocks (iron 

formations) in a starved basin (Pirajno and Occhipinti, 2000). Iron-formation has a direct relationship 

with mafic volcanism, as the latter may be responsible for an increase in iron influx (Isley & Abbott, 

1999). 

The post-rift succession of the Bryah Rift Basin broadly oversteps the main rift troughs, being mainly 

preserved on the northern part of the basin, in a region of lower crustal thinning. This geometric 

relationship is consistent with depth-dependent stretching models that assume that the zone of crustal 

extension is narrower than the zone of lithospheric mantle attenuation (e.g. Cloetingh et al., 2015). The 

magnitude of post-rift tectonic subsidence of aborted rifts is a function of the degree to which the 

lithospheric mantle was thinned, and of the thermal anomaly that was introduced during their rifting 

stage, which depends on the thermal regime of the asthenosphere, the volume of melts generated, and 

whether these intruded the lithosphere and destabilized the Moho, between others (Cloetingh et al., 
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2015). The post-rift succession is likely to have had a significant amount eroded, after the re-equilibrium 

between the continental and the asthenosphere.   

Table 7.1: Summary of the major events in the Bryah Rift Basin and related units and features.  

Approx. 

Age (Ma) 

Tectonic 

Events 

Rift Stages/  

Orogenesis 
Geological Unit Rift Deposition 

Structures, 

Deformation and 

Subsidence 

ca. 2200  

to ca. 2030  

Extension 

on the northern 

margin of the 

Yilgarn Craton 

Pre-Rift 

‘sag-basin’ 

W
in

d
p

la
in

 

G
ro

u
p
 Juderina and 

Johnson Cairn 

formations 

Siliciclastic and evaporite 

rocks within a sag-basin 

Normal faults with 

limited depth and 

shallow dipping  

ca. 2045  

to  

ca. 2027  

Syn-

Rift 

Phase 

1 

B
ry

ah
 G

ro
u

p
 

Karalundi 

Formation 

Thick sedimentary 

package of turbidite 

sequence and siliciclastic 
from alluvial and 

lacustrine environment 

E-NE to E-NW 

extensional normal 

faults;  

Rapid subsidence; 

Extension controlled 

by faulting.  

ca. 2027  

to  

? 

Phase 

2 

Narracoota 

Formation 

Magmatic Phase 1 

Magmatism on rift borders 

Normal  border 

faults; 

Magmatic Phase 2 

Magmatism migrated 

toward the intra-rift faults 

Intra-rift normal 

faults; 

ca. 2014  

 to 

? 

Thermal 

Subsidence 
Post-Rift 

Ravelstone 

Formation 

Felsic Volcanics 

Turbidite Sequence 
 

Faulting absence 

 
Horseshoe 

Formation 

Shale  

Iron Formation  

ca. 1996  

 

Contractional 

Tectonism 

 

Glenburgh 

Orogeny 

(ca. 2005 to 1950 

Ma) 

P
ad

b
u
ry

 G
ro

u
p
 Padbury 

Foreland 

Basin 

Turbidite sequence 

Rift extension 

ceased;  

NS faulting and 

thrusting; 

Folding. 

? 
Extensional 

Phase (?)* 

Filling of the 

Foreland Basin 

Upper 

Padbury 

Siliciclastic rocks Iron 

Formation  
 

ca.1830  

to 

1770  

Contractional 

Tectonism  

Capricorn 

Orogeny 
No deposition in the southern Capricorn Orogen 

Reactivation of 

primary structures; 

Easterly isoclinal 

folds; 

Easterly shear-

zones;  

Exhumation of the 

YGC**; 

Input of 

hydrothermal fluids 
responsible for gold 

mineralisation in the 

Bryah and Padbury 

groups. 

*Occhipinti et al., 2017. 

**YGC - Yarlarweelor Gneiss Complex. 
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7.3 Tectonic Contraction 

The following events of the Bryah Rift evolution are assigned to the compressional reactivations during 

the Glenburgh and Capricorn orogenesis (Occhipinti et al., 2004). The Glenburgh Orogeny (ca. 2005-

1960 Ma) changes the regional tectonic regime from extensional to contractional and was responsible 

for ceasing the mafic magmatism  (Occhipinti et al., 2017; Occhipinti et al., 2004; Sheppard et al., 

2010b), and for the Bryah Rift failed to open into an ocean. Further, the Glenburgh Orogeny may have 

amplified the thermal subsidence of the post-rift stage, as it developed a flexure to balance the orogen, 

which partially overlaps the post-rift stage (Tab. 7.1). The flexure developed during the Glenburgh 

Orogeny was also responsible for the evolution of a peripheral foreland basin over the Bryah Rift Basin 

(Occhipinti et al., 2004; refer to Chapter 4), in which the basal units of the Padbury Basin were deposited 

(Martin, 1998). Deposition in the Padbury Basin ceased with the initiation of the Capricorn Orogeny at 

ca. 1820 Ma (Occhipinti et al., 2017).   

North-south thrust faults in the western part of the Bryah Rift were developed due to the east-west to 

northwest-southeast compression during the Glenburgh Orogeny (Occhipinti et al., 2017; Occhipinti et 

al., 2004; Sheppard et al., 2010b). The Capricorn Orogeny affected the Bryah Rift Basin more broadly, 

resulting in the reactivation of the pre-existing extensional and contractional faults and the input of 

hydrothermal fluids that end in gold mineralisation (Johnson et al., 2013; Pirajno, 2004; Sheppard et 

al., 2010a; refer to Chapter 5). The Capricorn Orogeny developed close to isoclinal folds and easterly 

trending sub-vertical shear zones (refer to Chapter 5), and is responsible for the present-day basin 

configuration (Occhipinti et al., 1998c; Sheppard et al., 2010a).     

7.4  The Onset of the Bryah Rift 

Distinct modes of extension have been proposed to explain the onset of rift basins, resulting in a variety 

of genetic and descriptive rift classifications (e.g. Buck, 1991; Ingersoll, 2012; Merle, 2011; Sengor, 

1995; Sengor and Burke, 1978; Sengor and Natal'In, 2001; Fig. 7.3). Kinematic characteristics of faults 

have been taken to classify rifts in accordance with the overall displacement and strain field in which 

they were formed, as megatectonic settings (Sengor, 1995; Ziegler and Cloetingh, 2004). Settings can 

be divergent, conservative and convergent, plus plate interior (Sengor, 1995; Sengor and Natal'In, 2001; 

Tab. 7.2).  

The Bryah Rift evolved as a cratonic rift, in a single rift zone with narrow, slightly asymmetric, and 

discrete deep basins controlled by normal and strike-slip faulting (Figs. 7.3 and 7.4). Extension that 

leads to the formation of the Bryah Rift developed linear border faults that change strike from 

northwest-southeast to northeast-southwest along rift axis (refer to Chapter 5). The inflection point is 

coincident with the north extension of a lithospheric discontinuity of the Yilgarn Craton, marked by the 

boundary between the Murchison and Southern Cross domains in the Youanmi Terrane. Qualitative 
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interpretation and forward modelling of potential field datasets revealed distinct troughs along en-

echelon easterly faults, linked by transfer faults in potential accommodation zones, and bordered by 

steeply dipping faults characterised by normal displacement (refer to Chapter 6). 

 

 

Figure 7.3: Schematic view of the kinematic of rift basins showing A. orthogonal, in which the rift open in a 

direction perpendicular to its regional strike, and B. oblique motions, and C. strike-slip faults that 

form pull-apart basins. Thick black lines are rift border normal faults, and thin grey lines are intra-rift 

normal faults. Arrows indicate regional tectonic motion.  

The narrow Bryah Rift, showing an en-echelon fault system, linked deep troughs, and longitudinal and 

lateral basin asymmetry resembles those formed through strike-slip and transtensional kinematics (Tab. 

7.2). In this context, north-south inherited heterogeneities of the lithosphere within the Yilgarn Craton 

could have controlled the rift inception and determined the location of releasing bends during strike-

slip faulting, developing deep troughs within discrete basins. Strike-slip faulting may have been 

accompanied by low-oblique extension, which is consistent with en-echelon fault arrangement and 

steeply dipping faults, as well as with magmatism initially localised along the border faults (Tab. 7.2), 

associated with magmatic corridors (refer to Chapter 5) bearing voluminous magmatism (refer to 

Chapter 6). 

In general, lithospheric-scale inherited weakness also control modes of rift extension (Ziegler and 

Cloetingh, 2004), and is likely to have had an intrinsical influence on the narrow quality of the Bryah 

Rift. The easterly trend of faults developed during extension (e.g. Goodin Fault) contrasts with the 

north-south to northwest-southeast structural trends of the Yilgarn Craton. Rifts cross-cutting the 

basement grain are dominated by pure-shear extension, while simple-shear extension prevails in rifts 

subparallel the structural grain of the basement (Ziegler and Cloetingh, 2004). Pure-shear extension at 

lithospheric scale develops narrow (or discrete) rifts (Brun, 1999), which are likely to occur in a stable 

lithosphere, below which the Moho is bent upward, with the domination of steeply dipping normal 

faults (Brun, 1999; Corti, 2012). 

The Bryah Rift has a syn-rift sedimentary load (Karalundi Formation) preceding the syn-rift magmatism 

and limited by steep rift-border faults. These features are consistent with geodynamic of rifts related to 

the passive mechanism which form from movement and interaction of plates that partition differential 

stress within the lithosphere (Sengor and Burke, 1978). Plume-related models (active rifts) are unlikely 

on the base of the lack of evidence of doming followed by volcanism since the pre-rift sequence is 
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associated with subsidence in a sag-rift basin, and the syn-rift siliciclastic rocks include rocks deposited 

in alluvial fans that evidences a trough instead of a dome (refer to Chapter 3). Where plumes are 

dominant, volcanism should be the first detectable event in a rift system, while a passive mechanism 

requires faulting to precede volcanism and regional vertical movements (Bott, 1995; Sengor and Burke, 

1978). 

The voluminous magmatism associated with the limited extension of the narrow Bryah Rift is likely to 

be linked to the east-west oriented cratonic boundaries in the lithosphere, which may have induced to 

focus melt generation on the northern margin of the Yilgarn Craton during the Paleoproterozoic. One 

model that has not been considered is the possibility of edge-driven convection (e.g. King and 

Anderson, 1998), which may explain the voluminous magmatism within a narrow, deep trough and 

limited extension. According to this model, variation in thickness of the lithosphere would create a 

gradient in the mantle that generates small-scale mantle convection, leading to the emplacement of 

voluminous magmatism. It occurs due to the large volume flow that passes through the region where 

partial melting is occurring, and thus more melt is produced compared with passive mantle upwelling 

alone (King and Anderson, 1998).  
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Table 7.2: Characteristics of the Bryah Rift compared to models of geometry, kinematics and geodynamics in rift settings (Buck, 1991; Christie-Blick and Biddle, 1985; Corti, 

2012; Corti et al., 2003; Corti et al., 2004; Molnar et al., 2017; Nilsen and Sylvester, 1995; Sengor, 1995; Sengor and Burke, 1978). Characteristics in bold correspond 

to those the Bryah Rift Basin fits in.  

Rift Features Bryah Rift 

Geometry 
(Buck, 1991) 

Geodynamic 
(Sengor and Burke, 1978) 

Kinematics 
(Sengor, 1995) 

Narrow Wide Active Passive 

Divergent Conservative 

Strike-slip & 

Transtensional Basins 
Orthogonal Low Oblique 

-Pre-rift Structures 
-Normal and 

shallow faults 
- - Doming Normal Faults - - - 

-Pre-rift Sediments 
-Deposited within a 
sag basin 

- - Absent - - - - 

-Pre-rift Volcanism 
-Fairly small; Deep 

source 
- - Typical present Absent or fairy small - - - 

Syn-Rift Structures 
-En-echelon faults. 

-Steep dip. 

-Transfer zones. 

Steep faults  Listric faults Fissures Normal Faults 

Border faults with 

pure dip-slip 

displacement 

-Steeply dip 

-En-echelon faults. 

-Dip-slip and/or 

oblique- to strike-

slip kinematics. 

-En-echelon fault system 

-Steep dipping faults 

-Transfer faults 

Basins, Troughs  
-Deep and Narrow. 

-Asymmetric. 
-Linked. 

Deep and 

Narrow 

Shallower 

and wide 
- 

Bounded by normal 

faults 
- - 

-Deep and narrow 

-Longitudinal and lateral 

asymmetry (lateral 

displacement of troughs) 

Syn-rift Sediments 

-Limited by border 

faults. 

-Restricted. 
-Various facies. 

Limited 

Sourced 

Broader 

Source 

Sedimentation on 

rift outer edge 

(centrifugal 
drainage pattern) 

-Limited by border 
faults. 

-Pre-volcanic 

- - 

-Abrupt lateral facies change 
-Restricted 

-Geological mismatches 

within and at basins 

boundaries 

-Various facies 

Syn-rift Volcanism 

- Voluminous 

mafic-ultramafic. 
-Shallow source. 

-Preceded by 

sedimentary rocks. 

- - 
Voluminous and not 
preceded by 

sedimentary rocks 

Preceded by 

sedimentary rocks 

Initially controlled by border faults, with 

migration to intra-rift faults 
- 

Subsidence 

Likely to have 

increased after the 

mafic magmatism 

extrusion/ 

emplacement 

Narrow 

basins 

subside faster 

than wider 

basins 

- - - 
Depend on the amount of extension and 

magmatism 

-Insignificant when ‘cold’ 

(thin-skinned) and high when 

‘hot’ (associated with mantle 

upwelling) 

-Episodically 



                                                                               Chapter 7 - The life of Bryah: Formation of a Pericratonic Rift                                                                                    
      

 

232 

 

References 

Bott, M. H. P., 1995, Mechanisms of rifting: Geodynamic modeling of continental rift systems in Olsen, 

K. H., ed., Continental Rifts-Evolution, Structure, Tectonics Volume 25, Elsevier Science & 

Technology  

Brun, J.-P., 1999, Narrow rifts versus wide rifts: Inferences for the mechanics of rifting from laboratory 

experiments: Philosophical Transactions of The Royal Society A Mathematical Physical and 

Engineering Sciences, v. 357, p. 695–712. 

Buck, W. R., 1991, Modes of continental lithospheric extension: Journal of Geophysical Research: 

Solid Earth, v. 96, no. B12, p. 20161-20178. 

Christie-Blick, N., and Biddle, K. T., 1985, Deformation and Basin Formation along Strike-Slip Faults, 

in Christie-Blick, N., and Biddle, K. T., eds., Strike-Slip Deformation, Basin Formation, and 

Sedimentation Volume 37, SEPM Society for Sedimentary Geology, p. 1-34. 

Cloetingh, S., Ziegler, P. A., Beekman, F., Burov, E. B., Garcia-Castellanos, D., and Matenco, L., 2015, 

Tectonic Models for the Evolution of Sedimentary Basins, in Schubert, G., ed., Treatise on 

Geophysics, Volume 6: Oxford, Elsevier, p. 513-592. 

Corti, 2012, Evolution and characteristics of continental rifting: Analog modeling-inspired view and 

comparison with examples from the East African Rift System: Tectonophysics, v. 522-523, p. 

1-33. 

Corti, G., Bonini, M., Conticelli, S., Innocenti, F., Manetti, P., and Sokoutis, D., 2003, Analogue 

modelling of continental extension: a review focused on the relations between the patterns of 

deformation and the presence of magma: Earth-Science Reviews, v. 63, no. 3-4, p. 169-247. 

Corti, G., Bonini, M., Sokoutis, D., Innocenti, F., Manetti, P., Cloetingh, S., and Mulugeta, G., 2004, 

Continental rift architecture and patterns of magma migration: A dynamic analysis based on 

centrifuge models: Tectonics, v. 23, no. 2, p. n/a-n/a. 

Ebinger, C. J., Wijk, J. v., and Keir, D., 2013, The time scales of continental rifting: Implications for 

global processes, in Bickford, M. E., ed., The Web of Geological Sciences: Advances, Impacts, 

and Interactions, Geological Society of America Special Paper 500, p. 1–26. 

Gawthorpe, R. L., and Leeder, M., 2000, Tectono sedimentary evolution of active extensional basins 

Basin Research, v. 12, p. 195-218. 

Hawke, M. L., Meffre, S., Stein, H., Hilliard, P., Large, R., and Gemmell, J. B., 2015, Geochronology 

of the DeGrussa volcanic-hosted massive sulphide deposit and associated mineralisation of the 

Yerrida, Bryah and Padbury Basins, Western Australia: Precambrian Research, v. 267, p. 250-

284. 

Hawkesworth, C. J., Dhuime, B., Pietranik, A. B., Cawood, P. A., Kemp, A. I. S., and Storey, C. D., 

2010, The generation and evolution of the continental crust: Journal of the Geological Society, 

v. 167, no. 2, p. 229-248. 

Hynes, A., and Gee, R. D., 1986, Geological Setting and Petrochemistry of the Narracoota Volcanics, 

Capricorn Orogen, Western Australia: Precambrian Research, v. 31, p. 107- 132. 

Ingersoll, R., 2012, Tectonics of sedimentary basins, with revised nomenclature, in Busby, C., and 

Perez, A. A., eds., Tectonics of Sedimentary Basins: Recent Advances, Blackwell Publishing 

Ltd, p. 3-43. 

Ingersoll, R., and Busby, C., 1995, Tectonics of Sedimentary Basins, in Ingersoll, R., and Busby, C., 

eds., Tectonics of sedimentary basins: Cambridge, Blackwell Science, p. 1-51. 

Isley, A. E., and Abbott, D. H., 1999, Plume-related mafic volcanism and the deposition of banded iron 

formation: Geophysical Research Letters, v. 104, p. 15461-15477. 



                                                                               Chapter 7 - The Life of Bryah: Formation of a Pericratonic Rift 
   
 

 

 233 

Johnson, S. P., Thorne, A. M., Tyler, I. M., Korsch, R. J., Kennett, B. L. N., Cutten, H. N., Goodwin, 

J., Blay, O., Blewett, R. S., Joly, A., Dentith, M. C., Aitken, A. R. A., Holzschuh, J., Salmon, 

M., Reading, A., Heinson, G., Boren, G., Ross, J., Costelloe, R. D., and Fomin, T., 2013, Crustal 

architecture of the Capricorn Orogen, Western Australia and associated metallogeny: 

Australian Journal of Earth Sciences, v. 60, no. 6-7, p. 681-705. 

King, S. D., and Anderson, D. L., 1998, Edge-driven convection: Earth and Planetary Science Letters, 

v. 160, p. 289-296. 

Leeder, M., 1995, Continental Rifts and Proto-Oceanic Rift Troughs, in Busby, C., and Ingersoll, R., 

eds., Tectonics of Sedimentary Basins: Cambridge, Black Well Science, p. 119-148. 

Martin, D. M., 1998, Lithostratigraphy and structure of the Palaeoproterozoic lower Padbury Group, 

Milgun 1:100 000 sheet, Western Australia, Geological Survey of Western Australia, p. 58. 

Martins-Neto, M. A., and Catuneanu, O., 2010, Rift sequence stratigraphy: Marine and Petroleum 

Geology, v. 27, no. 1, p. 247-253. 

McKenzie, D., 1978 Some remarks on the development of sedimentary basins: Earth and Planetary 

Science Letters, v. 40, p. 25-32. 

Merle, O., 2011, A simple continental rift classification: Tectonophysics, v. 513, p. 88-95. 

Molnar, N. E., Cruden, A. R., and Betts, P. G., 2017, Interactions between propagating rotational rifts 

and linear rheological heterogeneities: Insights from three-dimensional laboratory experiments: 

Tectonics, v. 36, no. 3, p. 420-443. 

Nilsen, T. H., and Sylvester, A. G., 1995, Strike-slip Basins, in Busby, C., and Ingersoll, R., eds., 

Tectonics of Sedimentary Basins: Cambridge, Black Well Science, p. 425-455. 

Occhipinti, S., Hocking, R., Lindsay, M., Aitken, A., Copp, I., Jones, J., Sheppard, S., Pirajno, F., and 

Metelka, V., 2017, Paleoproterozoic basin development on the northern Yilgarn Craton, 

Western Australia: Precambrian Research, v. 300, p. 121-140. 

Occhipinti, S. A., Sheppard, S., Passchier, C., Tyler, I. M., and Nelson, D. R., 2004, Palaeoproterozoic 

crustal accretion and collision in the southern Capricorn Orogen: the Glenburgh Orogeny: 

Precambrian Research, v. 128, no. 3-4, p. 237-255. 

Pearce, J. A., 2008, Geochemical fingerprinting of oceanic basalts with applications to ophiolite 

classification and the search for Archean oceanic crust: Lithos, v. 100, no. 1-4, p. 14-48. 

Pirajno, F., 2004, Metallogeny in the Capricorn Orogen, Western Australia, the result of multiple ore-

forming processes: Precambrian Research, v. 128, no. 3-4, p. 411-439. 

Pirajno, F., and Occhipinti, S. A., 1998, Geology of the Bryah Seet 1:100,000, Geological Survey of 

Western Australia, p. 41. 

Pirajno, F., and Occhipinti, S. A., 2000, Three Palaeoproterozoic basins-Yerrida, Bryah and Padbury - 

Capricorn Orogen, Western Australia: Australian Journal of Earth Sciences, v. 47, p. 675-688. 

Pirajno, F., Occhipinti, S. A., and Swager, C. P., 1998, Geology and tectonic evolution of the 

Palaeoproterozoic Bryah, Padbury and Yerrida Basins (formerly Glengarry Basin), Western 

Australia: implications for the history of the south-central Capricorn Orogen: Precambrian 

Research, v. 90, p. 119-140. 

-, 2000, Geology and mineralization of the Palaeoproterozoic Bryah and Padbury Basins, Western 

Australia, Geological Survey of Western Australia, p. 52. 

Sengor, A. M. C., 1995, Sedimentation and Tectonics of Fossil Rifts, in Busby, C., and Ingersoll, R., 

eds., Tectonics of Sedimentary Basins: Cambridge, Black Well Science, p. 53-117. 

Sengor, A. M. C., and Burke, K., 1978, Relative Timing of Rifting and Volcanism on Earth: 

Geophysical Research Letters, v. 5, no. 6. 



                                                                               Chapter 7 - The Life of Bryah: Formation of a Pericratonic Rift 
   
 

 

 234 

Sengor, A. M. C., and Natal'In, B. A., 2001, Rifts of the World, in Ernest, R. E. B., K. L., ed., Mantle 

Plumes: Their Identification Trhough Time, Volume 352: Boulder, Colorado, Geological 

Society of America Special Paper, p. 389-482. 

Sheppard, S., Bodorkos, S., Johnson, S. P., Wingate, M. T. D., and Kirkland, C. L., 2010a, The 

Paleoproterozoic Capricorn Orogeny-intracontinental reworking not continent-continent 

collision, in Australia, G. S. o. W., ed., Geological Survey of Western Australia, p. 33. 

Sheppard, S., Johnson, S. P., Wingate, M. T. D., Kirkland, C. L., and Pirajno, F., 2010b, Explanatory 

Notes for the Gascoyne Province, Geological Survey of Western Australia, p. 336. 

Wendlandt, R. F., Altherr, R., Neumann, E.-R., and Baldridge, W. S., 1995, Petrology, geochemistry, 

isotopes in Olsen, K. H., ed., Continental Rifts - Evolution, Structure, Tectonics Volume 25, 

Elsevier Science & Technology  

White, R., and McKenzie, D., 1989, Magmatism at rift zones: The generation of volcanic continental 

margins and flood basalts: Journal of Geophysical Research, v. 94, no. B6. 

Windh, J., 1992, Tectonic Evolution and Metallogenesis of the Early Proterozoic Glengarry Basin, 

Western Australia [PhD: Western Australia University. 

Wingate, M. T. D., Kirkland, C. L., and Johnson, S. P., 2014b, 195871: lithic metasandstone, Ruby 

Well, in Australia, G. S. o. W., ed., Geological Survey of Western Australia, p. 6. 

Winter, J. D., 2014, Principles of Igneous and Metamorphic Petrology, Pearson Prentice Hall. 

Ziegler, P. A., and Cloetingh, S., 2004, Dynamic processes controlling evolution of rifted basins: Earth-

Science Reviews, v. 64, no. 1-2, p. 1-50. 

 



                                                                                                                                              Chapter 8 - Conclusion                                                                                                               
      

 

235 

 

CHAPTER 8 

Conclusion 

In this research, I combined potential field and geological datasets to map features and the architecture 

of the Bryah Rift Basin. This approach proved to be effective in representing the aspects of the ancient 

rift in an area where outcrops are poorly exposed. A revised lithostratigraphy of the Bryah Rift Basin 

and the overlying Padbury Basin was done by integrating existing geological data with new geological 

and stratigraphic observations, derived from recent drilling and field mapping. Geological data were 

combined with the interpretation of geophysical datasets (magnetic, gravity and radiometric), 

constrained by newly acquired petrophysical data. From this combined analysis, a new geological map 

of the region was completed, which takes into account the petrophysical characterisation for the 

lithologies/geological units of the basins. 

Multi-scale interpretation of gravity and magnetic data was applied to characterise the magmatic and 

structural patterns of the Bryah Rift Basin, providing new information that enables a better 

understanding of its structural arrangement, evolution, and controls on mineralisation. In particular, 

qualitative interpretation showed an en-echelon arrangement of the easterly trending extensional faults. 

These border the rift and transect it longitudinally, and are associated with magmatic spread corridors. 

Both the syn-genetic VMS and orogenic gold occurrences and deposits in the rift were revealed to be 

related to the borders of the magmatic corridors, demonstrating the importance of magmatism for 

mineralisation deposition in the basin. 

Geophysical modelling helped to build a conceptual upper crustal model for the Bryah Rift Basin, with 

the estimation of thickness, depth, and extension of the magmatic and sedimentary units, as well as the 

geometry of the intra- and border-rift faults. Gravity and magnetic models were constructed along five 

profiles, selected to cross large scale faults and main magmatic centres. They imaged the thick magmatic 

pile that consist the bulk volume of the rift, as well as the relatively well-preserved rift architecture of 

the Bryah Rift Basin in its central and eastern parts, where rift troughs vary between 25 to 13 km wide 

and 12 to 5 km in depth. The model also mapped the deformed western part of the basin, marked by 

north-south thrust zone and easterly faults and folds that differ from the initial rift setting.  

The mapped features of the narrow Bryah Rift resemble those formed during the development of pull-

apart basins, which, in the Bryah Rift context, may have been localised by the inherited north-south 

heterogeneities of the lithosphere within the Yilgarn Craton. The voluminous magmatism associated 

with the limited extension of the narrow Bryah Rift is here considered to be linked to the east-west 

oriented cratonic boundaries in the lithosphere, which may have induced to focus a melt generation on 

the northern margin of the Yilgarn Craton during the Paleoproterozoic.    
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