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THESIS ABSTRACT 
 

 

Isotopic age spectra of detrital zircons can be used to determine the provenance of sediments and 

sedimentary rocks in a specific tectonic context, and, more generally, can serve as proxies for the 

growth of Earth’s continental crust. This thesis uses isotopic dating to constrain the structure of the 

western margin of the West Australian Craton during Early Paleozoic rifting, and explores the 

statistical significance of zircon morphology in relation to age and U content.  

Isotopic zircon ages identified an Early Cambrian metamorphic overprint in Mesoproterozoic 

basement of the northern Perth Basin. This Kuunga Orogeny age distinguishes a previously unknown 

segment of the Pinjarra Orogen from the nearby exposed Northampton Complex and instead links it 

to the Leeuwin Complex in south-west Australia. Detrital age spectra show that the Tumblagooda 

Sandstone at the base of the northern Perth Basin and the Southern Carnarvon Basin was sourced 

from the West Australian Craton and North Indian Orogen and was deposited after 466±8 Ma during 

Early Paleozoic rifting of East Gondwana, involving denudation of the Pinjarra Orogen and the Yilgarn 

Craton. Distinct sources during the onset of rifting suggest that the Northampton Complex initially 

constituted a basement high that separated sub-basins.  

To explore the significance of zircon morphology in relation to age and U content, the shape and 

size of detrital zircon grains were statistically evaluated to test whether they can be used as 

discriminators of detrital provenance. A quantitative analysis of 2D sections of isotopically dated 

zircons shows that the width of zircon grains consistently correlates with isotopic age in both 

magmatic sources and sedimentary sinks, while shape characteristics show no correlation with source 

rock composition. 

X-ray tomography-based 3D analysis of detrital zircons from Murchison River sands identified that 

grain shapes and grain surfaces evolve according to proximity of sources, river channel gradients and 

transport distances. These results show that the interaction of source materials with fluvial transport 

significantly affects preservation bias and leads to selective preservation of the detrital cargo. 

The comparison of 3D shape descriptors of zircon grains of similar provenance between modern 

river sands of the Murchison River and the Tumblagooda Sandstone identified for the Early Paleozoic 

sedimentary rocks similar correlations of the statistical significant grain shape ‘width’ with isotopic age 

and U content, which confirms the findings from 2D grain shape analysis. However, compared with 

modern river sands, additional grain shape factors were identified to be of statistical significance, 

including surface area and volume equivalent diameter. The analysis of detrital zircon grain shapes 

and the correlation with isotopic age and U content showed that preservation bias varies significantly 

between detrital zircons from river sands and sedimentary rocks.  

In addition to placing better constraints of the Early Paleozoic rifting in East Gondwana, the findings 

from this thesis suggest that rivers may transport a wider variety of zircon grains compared to what 

eventually gets deposited in sedimentary basins. This bias is usually not considered when detrital 

populations are used to define major global age peaks. 
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THESIS INTRODUCTION 
 

BACKGROUND 

 

Zircon (ZrSiO4) is a zirconium nesosilicate that crystallizes as an accessory phase in many igneous 

rocks, and can also grow under metamorphic and metasomatic conditions. As U and Th are 

commonly incorporated in the zircon crystal structure during growth but Pb is not, zircon can be used 

for U–Pb isotopic age dating (Stacey & Kramers, 1975; Ireland & Williams, 2003; Jackson et al., 

2004). Compared to other accessory phases, zircons are resistant to many forms of alteration 

processes, including chemical dissolution and mechanical abrasion, are able to survive prolonged 

sedimentary recycling, and can survive intense crustal metamorphism. Hence, detrital zircons in 

sedimentary rocks summarize the continental crust’s evolutionary history. The geochronology of 

detrital zircons reveals distinct U–Pb age spectra that are used to identify sedimentary provenance, 

interpret basin dynamics, and quantify growth of Earth’s crust (e.g. Cawood et al., 2003; Kemp et al., 

2010; Voice et al., 2011; Dhuime et al., 2017). Provenance studies using U–Pb ages of detrital 

zircons have been used to determine the timing of zircon source rock formation (Condie et al., 2009), 

to establish a maximum age of sediment deposition based on the youngest zircon grain in a detrital 

population (Dickinson & Gehrels, 2009), and to constrain paleogeographic reconstructions (Veevers 

et al., 2005; Pereira et al., 2012 ). 

 

Even though U–Pb geochronology of detrital zircon is a powerful tool for determining sediment 

provenance, the potential bias in the detrital record is a fundamental challenge to understanding how 

representative this record is (e.g. Fedo et al., 2003; Moecher & Samson, 2006; Lancaster et al., 2011; 

Malusa et al., 2013). Provenance information may be selectively lost due to U–Pb age discordance, 

metamictization and zircon recrystallization during multiple crustal recycling processes. The 

relationships between magmatic source rocks and detrital zircon populations in the sedimentary 

system are important for constraining sedimentary recycling pathways. This selective loss affects the 

interpretation of how accurately the detrital record represents the growth and reworking of continental 

crust (e.g. Hawkesworth et al., 2009; Lancaster et al., 2011). Potential biases include the formation of 

continental crust and the unknown extent of preservation within the sedimentary material, which might 

reflect mixing processes rather than magmatic events. Additionally, analytical bias including sample 

selection and preparation must be considered (Sircombe & Stern, 2002), as well as choosing a 

statistically representative number of detrital zircon grains (Andersen, 2005; Pullen et al., 2014). In 

provenance studies, the extent of these biases is particularly important, where wide isotopic age 

spectra are commonly obtained from various sedimentary sequences. While igneous rocks preserve 

specific events such as primary intrusion, inherited age spectra and / or Pb-loss events, the detrital 

record is incomplete due to removal of crustal sources by uplift and erosion that might not be 

representative for the continental growth (Hawkesworth & Kemp, 2006). Furthermore, metamictization 

in zircons as a result of radiation damage to the crystal lattice indicates a disturbed U-Th-Pb system 
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and can cause highly discordant isotopic age results (e.g. Nasdala et al., 1998). Therefore, a 

considerable loss of zircon age signatures may occur within the detrital population.  

 

This thesis examines if grain shape and size can be used as a discriminator of detrital provenance. 

While focus of detrital studies has been on the acquisition, analysis and interpretation of isotopic 

data sets, the relationship between isotopic composition and zircon grain shape in 3D, and how the 

grain shape is modified during transport, is largely undocumented.  

 

The shape of magmatic zircon grains has been extensively studied, where attempts have been 

made to constrain grain shapes based on magma temperature and composition (e.g. Pupin, 1980). 

Furthermore, relative size relations of the pyramids {211} and {101} may be related to trace element 

substitution (Vavra, 1990; Vavra et al., 1999). Benisek & Finger (1993) argued that U content in 

granitic melts has a growth blocking effect on the growth of {110} and {100} zircon prisms. Zircon 

fragments from highly fractionated magmas show more intense radiation damage as opposed to 

pristine crystals and surface texture changes from angular crystals to rounded and heavily etched 

grains (e.g. Ewing et al. 2003). Furthermore, the elongation (length to width ratio, commonly between 

1 and 5) of magmatic zircons may be a reflection of crystallization speed in the magma, with rapid 

crystallization producing needle-like grains in shallow-level and sub-volcanic intrusions, whereas short 

and stubby shapes are more common in deep-seated intrusions with slow cooling rates (Corfu et al., 

2003).  

 

Detrital zircon grain shapes are affected by hydraulic sorting and mechanical abrasion during 

erosion and deposition, which determines relationships between grain density, shape and size (e.g. 

Garzanti et al., 2008). During eolian transport detrital grains are likely to be rounded by mechanical 

abrasion, whereas in tidal to marine environments, roundness of grains appears to be lower (Garzanti 

et al., 2015). Correlations between zircon grain size and age populations were demonstrated by 

Lawrence et al. (2011): older grains were smaller on average compared to Meso- and Cenozoic 

grains, indicating hydrodynamic fractionation of age populations. 

 

Although river sand samples are deemed representative of the bulk of zircon age distributions of 

continents (Condie & Aster, 2009), zircon grain shape evolution and its relation to isotopic age is 

rarely considered in assessments of preservation bias.  

 

 

THESIS STRUCTURE 

 

The thesis is structured into five separate chapters, which comprise five manuscripts. Chapter 1, 2, 

3 and 4 are already published in international journals. Chapter 5 will be submitted to a scientific 

journal after thesis submission. The accompanying data for each chapter, including figures, tables 

and appendices are placed immediately after the respective text to ensure that chapters can be read 
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independently. All references used in this thesis are listed at the end of the last paragraph (thesis 

synthesis & conclusion). 

 

 

SCOPE OF RESEARCH 

 

The research documented in this thesis is based on data acquisition from multiple analytical 

techniques, including X-ray tomography, U–Pb zircon geochronology (LA-ICP-MS), infrared 

spectroscopy and statistical analyses to address the research question whether detrital zircon grain 

shapes hold provenance information. This has not been attempted before. The combination of 

analytical methods resulted in a new discovery of an Early Cambrian metamorphic event in the 

Pinjarra Orogen (Northampton Complex; chapter 1) and a new interpretation of the Early Paleozoic 

basin architecture in East Gondwana with sub-basin separations during the onset of sedimentation 

(Tumblagooda Sandstone; chapter 2). Provenance interpretations for both the basement (Pinjarra 

Orogen) and Paleozoic sandstones were also determined (chapter 1 and 2). The approach of detrital 

zircon grain shape characterization and the correlation with provenance information were tested in 

two different study areas with a large, unique isotopic dataset to characterize source-sink 

relationships and to identify statistically significant grain shape measures in 2D (chapter 3). Building 

on this approach of grain shape measures and statistical analysis, 3D grain shapes were evaluated 

regarding preservation bias and compared between modern river sands of the Murchison River and 

sandstones of the Tumblagooda Sandstone. The effect of fluvial transport on 3D grain shapes was 

used to constrain preservation bias (chapter 4), and statistical analyses quantified how sands from the 

Murchison River compare to the Tumblagooda Sandstone (chapter 5). 

 

 

STUDY AREAS 

 

The main study areas are located in the northern Perth Basin, the Southern Carnarvon Basin and the 

Archean Yilgarn Craton region in Western Australia (Fig. 0.1). Two further regions were chosen where 

an extensive isotopic data set already existed to analyze source-sink relationships of zircon grain 

shapes, comprising the northern Yilgarn Craton / Capricorn basins region and Musgrave Province / 

Amadeus Basin region in Western Australia. Stratigraphic sampling of the Tumblagooda Sandstone 

included two drill cores (Wendy-1; Coburn 1) and outcrops of the type sections in the Murchison 

Gorge. The cores are archived in the Perth Core Library of the Geological Survey of Western 

Australia. Additional samples were obtained from basement rocks in Wendy-1 drill core and river sand 

samples along the Murchison River. Sample locations used for the different chapters are shown in the 

geological overview map (Fig. 0.1) followed by a detailed stratigraphic legend. 
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CHAPTER OVERVIEW 

 

Chapter 1 and 2 contain regional studies that constrain age and provenance of the Mesoproterozoic 

Pinjarra Orogen and the overlying Paleozoic Tumblagooda Sandstone, and discuss tectonic 

implications of the results. The following three chapters focus on the quantitative assessment of 2D 

and 3D detrital zircon grain shapes and a statistical correlation of shape measures with isotopic age 

and size as discriminators of detrital provenance. Chapter 3 includes a quantitative source to sink 

study of zircon grain shapes in 2D using automated image analysis of a vast pre-existing U–Pb zircon 

data set obtained by the Geological Survey of Western Australia. This is the first grain shape source 

to sink study of its kind, and succeeded in correlating and identifying significant shape factors for 

provenance interpretations. Chapters 4 and 5 include the Tumblagooda Sandstone samples reported 

in Chapter 2 and modern river alluvium samples of the Murchison River to assess 3D detrital grain 

shape evolution in transport direction and quantitatively assess 2D and 3D grain shapes of the 

Tumblagooda Sandstone by correlating shape measures with isotopic age and size.  

 

Chapter 1 focuses on Pinjarra Orogen basement provenance on which the Paleozoic Tumblagooda 

Sandstone was deposited. The study area contains the Northampton Complex, one of three exposed 

highly metamorphosed basement inliers of the Pinjarra Orogen that formed during the 

Mesoproterozoic break-up of Rodinia and were reworked during the amalgamation of eastern 

Gondwana. We used U–Pb zircon geochronology and geochemistry to identify an Early Cambrian 

metamorphic overprint at 526±12 Ma within an undefined segment of the northern Pinjarra Orogen. 

The identification of Early Cambrian metamorphism from a paragneiss drill core sample marks the 

latest tectono-metamorphic event in the Pinjarra Orogen and links this region to the northern part of 

the Leeuwin Complex. A ca. 530 Ma large scale regional tectono-metamorphic event can therefore be 

traced from the Leeuwin Complex in the southwest to the Northampton region in the north over a 

distance of 500 km. Results have important implications for the crustal architecture of the western 

margin of the West Australian craton and for correlating domains of the Mesoproterozoic Pinjarra 

Orogen in reconstructions of Gondwana.  

 

Chapter 2 investigates how the variations in zircon provenance of the Tumblagooda Sandstone can 

be applied to constrain age and geometry of Paleozoic rifting of the Pinjarra Orogen. Based on an 

extensive U–Pb zircon data set from samples taken in stratigraphic order from two drill cores and 

along type sections from outcrop samples, it is shown that the Archean Yilgarn Craton was exposed in 

the Early Paleozoic and was among the earliest detrital contributors for sediments of the 

Tumblagooda Sandstone. The complexity in detrital age signatures highlights crustal evolution of 

different source regions, their progressive erosion from source and gives insights into their recycling 

history. The 466±8 Ma age of the youngest detrital zircon grain provides a maximum constraint for the 

age of deposition and the youngest single grain age reported for this succession. The ca. 470 Ma age 

calculated by U–Pb zircon disturbance modeling is likely to be related to denudation and cooling that 

preceded the erosion of the Yilgarn Craton. The deposition of the Tumblagooda Sandstone occurred 
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in a dynamic rift environment on segmented basement of the Pinjarra Orogen, for which coherent 

basin-wide facies correlations may be problematic. The results uncover important links between basin 

formation and crustal architecture of the basement. The data are consistent with the present day 

Northampton Complex having constituted a basement high during the onset of rifting, with separate 

sub-basins forming on either side.  

 

Chapter 3 investigates whether detrital zircon grain shape holds provenance information and if the 

grain shape can assist in understanding preservation. A unique isotopic data set was used from 

Proterozoic metasediments of the Capricorn and Amadeus basins and their Archean and Proterozoic 

sources in the Yilgarn Craton and the Musgrave Province in Western Australia, and zircon grains 

were examined for correlation between grain shape, age, U and Th content. Based on multiple linear 

regression analyses, out of twelve shape descriptors measured from sectioned grain images, Minor 

Axis, the width of zircon grains perpendicular to the crystallographic c-axis, consistently shows the 

most significant correlation with isotopic age. The study evaluates a new grain shape‐based erosion 

parameter (K) for detrital zircon populations and results suggest a similarity between age-based and 

shape-based ‘K’ values, demonstrating that zircon grain width may be a useful discriminator of 

provenance. Contrary to commonly applied qualitative shape classifications, no consistent statistical 

correlations were found between shape descriptors of magmatic zircons and the composition of their 

host rock. While metamict zircons were preferentially removed during transport, the similarities in 

grain shape and age distribution of magmatic and detrital populations suggest that hydraulic sorting 

did not have a significant effect. Results suggest that transport of zircon grains from magmatic source 

to sedimentary sink affects their width less than their length.  

 

Chapter 4 examines the effects of fluvial transport on detrital zircon grain shapes in 3D, the detrital 

age signature, and grain density distributions along the Murchison River channel from a Paleoarchean 

to Paleoproterozoic ‘upstream region’ consisting of the Yilgarn Craton and Capricorn Orogen basins, 

and a Mesoproterozoic to Paleozoic ‘downstream region’ that includes the Pinjarra Orogen and 

Southern Carnarvon Basin. From tomographic volumes of detrital zircon grains from five river sand 

samples the calculation of grain sphericity and roughness in 3D provides insight into the relationships 

between grain shape and age spectra distributions. Results show that 3D grain sphericity and 

roughness depend on transport distance, stream gradient, proximity to source material, and whether 

the source consists of primary or recycled zircon grains. Density values of detrital zircons increases 

linearly with transport distance by a mean value of 0.03 g/cm3 per 100 km. The results highlight that 

mean apparent density of zircon grains relates to the absolute transport distance, and that 3D grain 

shape characteristics provide valuable information on detrital zircon populations, including the 

interaction between source materials with fluvial transport, which significantly affects preservation bias 

and, by interference, the representativeness of sampled data.  
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Chapter 5 investigates how fluvial transport affects the 3D grain shape related to isotopic 

composition, grain density and U content from the sediment load of the Murchison River compared to 

sedimentary rocks of the Paleozoic Tumblagooda Sandstone, in which the river sands carry the same 

provenance than the sandstones. For both sample groups, surface area and volume equivalent 

diameter are of statistical significance. Distinct differences of grain size and shape were identified:  

Zircons from the river sands have larger grain surface areas on average, larger volume equivalent 

diameters, higher U content and lower apparent density, compared to zircons in sandstones. Sands at 

the river mouth, however, vary less from Paleozoic sandstones than river sands from upstream 

channels. It appears shape and isotopic composition of detrital zircon populations evolve in a 

predictable way during fluviatile transport, and preservation bias can therefore vary significantly 

between transported and deposited detrital zircons from similar sources. Quantitative 3D analysis of 

detrital zircon grains paired with rigorous statistical analysis provide fundamental information on 

provenance, sediment recycling and fluviatile transport processes. 

 

The thesis synthesis & conclusion chapter summarizes the findings of all previous chapters and 

presents an overall conclusion.  
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Figure 0.1  Interpreted bedrock geology map of Western Australia showing locations of sample sites and associated thesis chapters. 
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CHAPTER 1 
 

 

This work has been published as Markwitz et al. (2017): Early Cambrian metamorphic zircon in the 

northern Pinjarra Orogen: Implications for the structure of the West Australian Craton margin. 

Lithosphere 9 (1), 3-13, doi: 10.1130/L569.1; (GSA Data Repository Item 2016353). 

 

 

 

Early Cambrian metamorphic zircon in the northern Pinjarra Orogen: Implications for 

the structure of the West Australian Craton margin 

 

Markwitz, V., Kirkland, C. L., and Evans, N. J. 

 

ABSTRACT 
 

The Mesoproterozoic Pinjarra Orogen formed when present day India and Australia amalgamated to 

form Gondwana. Outcrop of the Pinjarra Orogen is limited to the Leeuwin, Mullingarra and 

Northampton Complexes, which are exposed as basement inliers in the Paleozoic to Mesozoic Perth 

and Southern Carnarvon Basins. We used U–Pb zircon geochronology to date Pinjarra Orogen 

basement rocks from the Wendy-1 drill core, which intersects the Paleozoic Tumblagooda Sandstone 

and its underlying paragneiss basement east of the Northampton Complex. Our results suggest an 

Early Cambrian (526±12 Ma) metamorphic age for this basement domain, which is uncharacteristic 

for the nearby Northampton Complex, but correlates well with the much more distant Leeuwin 

Complex. Detrital ages between 1120 Ma, 1210 Ma and 1530 Ma dominate the zircon cargo of this 

basement sample, which may have been sourced from the Albany-Fraser Orogen to the south and 

east. An Archean detrital zircon component is also identified from one concordant analysis, and from 

radiogenic Pb-loss modelling. These results have important implications for the crustal architecture of 

the western margin of the West Australian Craton and for correlating domains of the Mesoproterozoic 

Pinjarra Orogen in reconstructions of Gondwana. Our data suggest that the basement below the 

Perth Basin is more segmented than previously assumed. Evidence for a common Indian-Australian 

tectonometamorphic event in the Late Neoproterozoic to Early Cambrian is not limited to the Leeuwin 

Complex in the southwest corner of present-day Western Australia but also now identified in 

basement rocks in the Northampton area. These results confirm the in situ formation of Pinjarra 

Orogen basement complexes in the Mesoproterozoic with a metamorphic reactivation in the 

Neoproterozoic-Cambrian during the collision with present-day India.  
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INTRODUCTION 
 

East Gondwana included the present-day continents of Australia, Antarctica and Greater India. The 

Pinjarra Orogen is partly exposed on the west coast of Western Australia and defines an orogenic belt 

that formed during the assembly of Gondwana. Due to limited basement exposure, the spatial extent 

of the Pinjarra Orogen and its subdomains is unclear (Hall et al., 2013 and references therein). It 

contains three basement inliers, the Leeuwin, Mullingarra and Northampton Complexes, which are 

overlain by Phanerozoic sediments of the Perth Basin and Paleozoic strata of the Southern 

Carnarvon Basin (Fig. 1.1; Myers, 1990).  

 

Previous geochronological studies in basement rocks of the Pinjarra Orogen suggest a prolonged 

and complex tectonic history, including ca. 1090 – 1060 Ma metamorphism during the 

Mesoproterozoic Pinjarra Orogeny, when Gondwana amalgamated (Bruguier et al., 1999; Fitzsimons, 

2003; Collins and Pisarevsky, 2005; Boger, 2011; Ksienzyk et al., 2012). The latest stage of East 

Gondwana amalgamation occurred during the collision between India – Africa and Australia – 

Antarctica during the Neoproterozoic – Cambrian (620-530 Ma; Kuunga Orogeny; Meert & Van der 

Voo, 1997; Meert, 2003; Boger, 2011), when some basement rocks experienced metamorphic 

reworking. The Kuunga metamorphic event has so far only been recognized in the Leeuwin Complex 

in the extreme southwest of Australia (Collins, 2003). Tectonic interpretations of the Northampton and 

Mullingarra Complexes vary from autochthonous collisional models where the basement inliers 

experienced in situ metamorphism in the Mesoproterozoic (Bruguier et al., 1999; Wilde, 1999; Boger, 

2011; Ksienzyk et al., 2012) to allochthonous models in which Mesoproterozoic crustal fragments 

were transposed to their present position during the Neoproterozoic collision (Fitzsimons, 2003).  

 

Previous provenance studies of metasediments exposed in the Northampton Complex suggest that 

detrital zircon grains were mainly derived from the Albany-Fraser Orogen in Western Australia, and 

additionally from the Mawson Continent and the northern West Australian Craton, particularly the 

Capricorn Orogen (Bruguier et al., 1999; Ksienzyk et al., 2012).  

 

The comparison between new U–Pb zircon ages from the Wendy-1 drill core with those previously 

obtained from the Northampton Complex allows us to refine our understanding of the spatial extent of 

the Pinjarra Orogen and to provide constraints on the timing of metamorphism in the region. Our data 

suggest that a previously unidentified basement domain, which experienced Early Cambrian 

metamorphism at a similar time to the Leeuwin Complex, exists in close proximity to the Northampton 

Complex. This implies that the Neoproterozoic – Cambrian Kuunga Orogeny affected a much larger 

part of the West Australian Craton margin than previously thought.  
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REGIONAL GEOLOGY AND GEOCHRONOLOGY 
 

The N-S-oriented Proterozoic Pinjarra Orogen extends for over 1000 km along the western margin 

of the West Australian Craton (Fig. 1.1). It comprises three fault-bounded basement inliers within 

Paleozoic basins, as well as low-grade metasedimentary rocks located at the eastern margin of the 

orogen. Most of the Pinjarra Orogen is buried beneath sediments of the Perth Basin and Southern 

Carnarvon Basin.  

 

Significant basement faults separate individual basement inliers of the Pinjarra Orogen, including 

the prominent N-S-trending Darling fault to the east, the Dunsborough fault to the east of the Leeuwin 

Complex, and the Urella fault, which cuts across Northern Perth Basin sediments west of the 

Mullingarra Complex (Fig. 1.1). Due to the proximity of surface outcrops, the Northampton Complex 

was assumed to extend below the Early Paleozoic Tumblagooda Sandstone east of Northampton 

(Hocking, 1991; Trewin & Fallick, 2000). The Northampton Complex (Fig. 1.1; locality 4) is bounded 

by the Hardabut and Geraldton faults in the west and the Yandi fault in the east and experienced 

multiple thermal-tectonic events (D1-D5; after Byrne, 1997): D1 has been related to NW-SE 

shortening and the granite intrusion at 1083 Ma; D2 to activation of regional fault systems such as the 

Hardabut fault during NE-SW crustal shortening, which has been related to the formation of Rodinia. 

D3 produced E-W-trending thrusts as a result of N-S shortening (Yandi fault); during the D4 event, the 

complex was intruded by dolerite dikes that are probably related to the breakup of Rodinia; finally, D5 

produced conjugated shear zones with sinistral movements at 650-550 Ma; these zones are related to 

the formation of East Gondwana.  

 

The Northampton Complex typically comprises high-grade amphibolite to granulite-facies gneisses 

and migmatites including a common biotite-garnet-quartz-feldspar paragneiss cut by late tectonic 

granitoids (Myers, 1990), the protolith of which was deposited in an intracontinental rift between 

Greater India and Australia (Byrne, 1997). Detrital zircon ages from paragneisses of the Northampton 

Complex yield ages between 2040 Ma and 1150 Ma, and the majority of zircon ages peak between 

1400 and 1150 Ma and 1900-1600 Ma (Bruguier et al., 1999; Kriegsman et al., 1999). No evidence for 

Archean detrital components has been documented, despite the proximity to the Archean Yilgarn 

Craton. The peak of granulite-facies metamorphism has been constrained by U–Pb zircon ages to ca. 

1079 Ma (Bruguier et al., 1999) and metamorphism occurred between 1090 and 1020 Ma (Ksienzyk 

et al., 2012). Dolerite dikes intruded the granulite-facies paragneisses at ca. 989 Ma (Myers, 1993; 

Bruguier et al., 1999). In addition, posttectonic dolerite dikes intruded the Northampton Complex 

during the Neoproterozoic at ca. 750 Ma (K–Ar age; Embleton & Schmidt, 1985).  

 

The Mullingarra Complex southeast of the Northampton Complex is bounded to the east by the 

Darling fault and to the west by the Urella fault (Fig. 1.1). Cobb et al. (2001) reported a secondary ion 

mass spectrometry (SIMS) U–Pb zircon crystallization age of 2181±10 Ma in an unmetamorphosed 

monzogranite, which represents the oldest magmatic age measured in the Pinjarra Orogen so far. 
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Detrital zircon age populations within rocks from the Mullingarra Complex are very similar to those 

from the Northampton Complex, implying similar source regions. Furthermore, the Mullingarra 

Complex experienced an amphibolite- facies deformation history comparable to the Northampton 

Complex. However, dolerite dikes and sinistral shear zones that are common in the Northampton 

Complex are not detected in the Mullingarra Complex, which could be related to sparse outcrop rather 

than a significant difference between the two basement domains (Fletcher et al., 1985; Myers, 1990).  

 

The 1090-1020 Ma Mesoproterozoic metamorphic event in the Pinjarra Orogen postdates the 

Albany-Fraser Orogeny, which includes the 1345-1260 Ma Stage I and 1214-1140 Ma Stage II events 

(Spaggiari et al., 2015). The Albany-Fraser Orogen yields magmatic ages between 1710 Ma and 

1650 Ma in the Biranup Zone (Kirkland et al., 2011), between 1330 Ma and 1280 Ma in the 

Recherche Supersuite (Clark et al., 2000; Smithies et al., 2014), at ca. 1300 Ma in the Fraser Zone 

(Fletcher et al., 1991; Clark et al., 2000; De Waele & Pisarevsky, 2008; Smithies et al., 2014), and 

between 1170 Ma and 1190 Ma in the Albany Zone (Pidgeon, 1990; Black et al., 1992). The 

Mesoproterozoic detrital zircon ages of the Pinjarra Orogen have been interpreted to be sourced from: 

(1) the Albany-Fraser Orogen; (2) the Mawson Continent yielding Paleoproterozoic metamorphic ages 

of ca. 1.7 Ga (zircon U–Pb; Goodge et al., 2001) and (3) the West Australian Craton, particularly the 

Capricorn Orogen, yielding ages between 2.0 and 1.96 Ga (Glenburgh Orogeny; Johnson et al., 

2010) and 1.83-1.78 Ga (Capricorn Orogeny) (Bruguier et al., 1999; Goodge et al., 2001; Evans et al., 

2003; Fitzsimons, 2003; Boger, 2011; Ksienzyk et al., 2012). Johnson (2013) suggests that 

Mesoproterozoic ages may correlate with basement rocks from the Woodleigh1 core ca. 230 km north 

of Northampton (Fig. 1.1), rather than from the Albany-Fraser Orogen some 1000 km south. U–Pb 

zircon ages indicate that basement rocks from Woodleigh1 crystallized at ca. 1300 Ma and 

experienced deformation and metamorphism between 1205 Ma and 1150 Ma (Johnson, 2013).  

 

The Leeuwin Complex is exposed along the coast in the far-southwest corner of Western Australia, 

where on its eastern margin, it is separated from the Perth Basin by the Dunsborough fault. The 

Leeuwin Complex consists of amphibolite – granulite-facies gneisses and a layered mafic intrusion 

(Myers, 1993). An extended magmatic history occurred in the complex between 1090–520 Ma in 

which the youngest tectonic event at 522±2 Ma (Collins, 2003) marks the assembly of Gondwana 

(Boger, 2011).  
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Figure 1.1  Basement exposure of the Pinjarra Orogen in Western Australia, including narrow outliers 

comprising metasedimentary rocks of the Badgeradda, Moora and Cardup Group. The white star 

marks the location of the Wendy-1 drill core which includes samples 214830 – 214832 (Geological 

Survey of Western Australia [GSWA] sample numbers). 
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SAMPLE DESCRIPTION 
 

In this study, basement rocks were sampled between 1241.3 m and 1246.75 m core depth from the 

1250 m deep stratigraphic Wendy-1 well. The well was drilled in 2004, ~30 km east of Northampton 

(115° 01.00’ E, 28° 17.94’ S), in the transitional region between the northern Perth Basin and 

Southern Carnarvon Basin, and between basement outcrops of the Mesoproterozoic Northampton 

Complex to the west, and the Neoarchean Yilgarn Craton to the east (Fig. 1.1). The core is archived 

in the Perth Core Library of the Geological Survey of Western Australia.  

 

The cored basement rocks consist mainly of finely banded cordierite-sillimanite-garnet 

paragneisses crosscut by narrow pegmatitic veins, typical for high-T, low-P metamorphic rocks of the 

Pinjarra Orogen. Between 1246.75 m and 1246.6 m core depth, thin mm-scale dark layers in the 

banded paragneiss comprise small garnets (<1mm), K-feldspar, quartz, biotite and finely scattered 

spinel, whereas the lighter bands are dominated by cordierite and discrete feldspar grains, including 

both potassium feldspar and plagioclase (Fig. 1.2a; 214830). The compositional layering of garnet-

rich and feldspar-quartz-biotite sequences suggests that the garnet-bearing gneiss formed from a 

sedimentary protolith. Between 1244.5 m and 1244.3 m, a garnet-quartz gneiss was intersected. This 

rock has a porphyroblastic texture in which large (>10 mm) pinkish garnets sit within a fine grained 

cordierite-rich matrix with large K-feldspar (~3 cm) phenocrysts and fibrous sillimanite (Fig. 1.2b; 

214831). Biotite inclusion trails within garnets define a relic foliation. Large K-feldspar crystals are 

generally altered and replaced by micas (most likely sericite) and chlorite. Epidote is developed as a 

replacement mineral associated with feldspar, mica, pyroxene, amphibole, and garnet. Decimeter-

wide pegmatitic veins cut across the garnet gneiss and are parallel to the main foliation trend. 

Between 1241.4 m and 1241.3 m depth, small-scale pegmatitic veins crosscutting the garnet gneiss 

commonly consist of coarse-grained cordierite and quartz, large feldspar crystals, fibrous sillimanite, 

small garnets, spinel and biotite flakes, with a distinct Ca-K metasomatic alteration of plagioclase to 

myrmekite (Fig. 1.2c; 214832). Minor galena-sulfide mineralization occurs between 1240 m and 1243 

m core depth.  

 

The upper 8 m of basement rocks, below the unconformity that separates the crystalline rocks from 

the Ordovician Tumblagooda Sandstone, is deeply weathered, Fe-oxide enriched, highly fragmented 

and friable. Steeply dipping fracture planes become more frequent towards the unconformity surface. 
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Figure 1.2  Basement core samples (a-c) and corresponding thin section images at different scales. 

Mineral abbreviations: Crd – cordierite; Sil – sillimanite; Spl – spinel; Bt – biotite; Grt – garnet; Qtz – 

quartz; Pl – plagioclase; Kfs – K-feldspar; My – myrmekite. 

 

 

 

METHODS 
 

Basement rocks were fragmented using the SelFrag system in the John de Laeter Centre (Curtin 

University, Australia) and zircon grains were extracted by hand panning using the 400 micron 

residues. No magnetic mineral separation was performed. Representative zircon grains were 

handpicked under a binocular microscope, mounted in epoxy resin, polished to approximately half 

grain thickness, and coated with gold. The internal structures of the zircon crystals were imaged via 

cathodoluminescence (CL) using a TESCAN VEGA3 at the Centre for Microscopy, Characterisation 

and Analysis, University of Western Australia. 
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Laser ablation-inductively coupled plasma mass spectrometry (LA-ICPMS) U–Pb analysis was 

performed at the GeoHistory Facility in the John de Laeter Centre. Individual zircon grains were 

ablated using a Resonetics RESOlution M-50A-LR sampling system, incorporating a Compex 102 

excimer laser. Following a 15-20 s period of background analysis, samples were ablated for 30 s at a 

7 Hz repetition rate using a 33 μm beam spot and laser energy of 1.5 J/cm2. The sample cell was 

flushed by ultrahigh purity He (0.68 L min-1) and N2 (2.8 mL min-1). Isotopic intensities were measured 

using an Agilent 7700s quadrupole ICPMS, with high-purity Ar as the plasma gas (flow rate 0.98 L 

min-1). In each scan of the mass spectrum, the dwell time for most elements was 0.01 s, with the 

exception of 88Sr (0.02 s), 139La (0.04 s), 141Pr (0.04 s), 204Pb, 206Pb, 207Pb, 208Pb (all Pb 0.03 s each), 

232Th (0.0125 s), and 238U (0.0125 s). International glass standard, National Institute of Standards and 

Technology (NIST) 610, was used as the primary standard to calculate elemental concentrations 

other than Hf (using 29Si as the internal standard element and an assumed 14.76% Si content in 

zircon) and to correct for instrument drift. Hafnium in zircon samples was determined using standard 

zircon GJ-1 (Jackson et al., 2004) with 91Zr as the internal standard element. Standard blocks were 

typically run after 20 unknown analyses. During time-resolved processing, contamination resulting 

from inclusions and compositional zoning was monitored, and only the relevant part of the signal was 

integrated. The trace-element results for NIST 612 (secondary standard), using NIST 610 as the 

reference material and assuming 33.6 wt% Si, indicate that the accuracy was better than 3% for most 

elements with the exception of P (5%) and Fe (10%). The analytical precision was better than 10% for 

most elements. 

 

The primary reference material used for U–Pb dating in this study was zircon standard GJ-1 

(601.7±1.4 Ma; Jackson et al., 2004) with secondary standard zircon 91500 (1062.4±0.4 Ma; 

Wiedenbeck et al., 1995) and Plešovice (337.13±0.37 Ma; Sláma et al., 2008) also used. 206Pb/238U 

ages calculated for all zircon age standards, treated as unknowns, were found to be within 3% of the 

accepted value. For example, the mean 206Pb/238U age determined for 91500 across all runs was 

1062 ± 8 Ma (2σ, n=24, MSWD = 1.8), consistent with the recommended values. The time-resolved 

mass spectra were reduced using the U/Pb Geochronology3 and trace-element data reduction 

schemes in IoliteTM (Paton et al., 2011) and in-house Microsoft Excel macros. No common lead 

corrections were deemed necessary due to low 204Pb counts. All ages are reported with ±1σ 

uncertainties calculated directly from isotopic ratio measures. Age data are filtered for concordance, 

and ages outside a ±10% discordance threshold are regarded as discordant. In Appendix A1, any 

analysis which is within 2σ analytical uncertainty of concordia is indicated by a value equal to null and 

can be interpreted not to have undergone Pb-loss. We mainly base our results and interpretations on 

concordant ages (<±10% discordance) to avoid imprecise and unreliable ages that are not considered 

geologically significant. However discordant data are discussed in relation to their U concentration 

and are shown in the concordia diagram (Fig. 1.3a) for illustration of their abundance compared to 

data from concordant ages. Discordant data are excluded from the probability density diagram (Fig. 

1.3b).  
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To extract additional information from the U–Pb data set, we use a statistical modelling approach to 

evaluate the discordant component (Reimink et al. 2016). This method assists in identifying 

postdepositional Pb-loss events and the most likely age of original crystallization as defined by the 

corresponding upper intercept age. The procedure calculates the relative likelihood of specific 

discordia lines with unique upper and lower intercept age combinations and generates a ‘discordia’ 

likelihood map.  

 

 

RESULTS 
 

A total of 122 analyses were obtained on zircon grains from sample 214830. Results are listed in 

Appendix A1 and shown in a concordia diagram (Fig. 1.3a) and a probability density diagram (Fig. 

1.3b). Due to the change in chronometric power, dates younger than 1000 Ma were calculated using 

the 238U/206Pb ratio, whereas older grains have their age calculated based on the 207Pb/206Pb ratio. 

Additionally, due to the effect of recent Pb-loss, which does not affect the 207Pb/206Pb age, data are 

also shown as a probability density function based on this ratio.  

 

We obtained concordant to highly discordant ages from our analyses (Fig. 1.3). For the evaluation 

and interpretation of results, the following identification scheme is used: (1) Group S: concordant 

detrital zircon analyses; Group SMA: concordant detrital zircon analyses that appear to have sampled 

multiple growth domains. (2) Group M: concordant analyses with homogeneous CL response 

interpreted to reflect metamorphic zircon overgrowth; (3) Group D: analyses outside discordance 

threshold of ±10% (Appendix A1). 

 

GROUP S: DETRITAL 
 

Zircon grains assigned to this group are elongated-prismatic, with aspect ratios up to 3:1, are up to 

250 µm long, are rounded to sub-rounded, and have stubby morphologies. In CL images, well-

developed finely spaced oscillatory zonation is prolific. Homogeneous low CL luminescence response 

is less common. The grains are interpreted as detrital, and some show both patchy metamorphic 

overgrowths and thin bright CL luminescence rims. A selection of features is shown in figure 1.4. 

Group S comprises 14 analyses on 14 different zircons yielding ages between 1065 Ma and 2845 Ma. 

Main age peaks are recorded at 1119 Ma (n=5), 1219 Ma (n=4) and 1533 Ma (n=4). The youngest 

detrital grain yields an age of 1066±70 Ma (1σ error). Group SMA comprises 13 analyses yielding ages 

between 553 Ma and 1088 Ma, which appear to have been sampled mixed growth domains 

(Appendix A1). 
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Figure 1.3  (a) Tera-Wasserburg concordia diagram for sample 214830 plotted as 1σ error bars 

(concordant data in black, discordant in red); (b) Combination of probability density plot (black lines), 

kernel-density- estimation (light-grey shaded areas), and histogram (light-grey rectangles) of all zircon 

ages. 

 

 

Trace-element ratios can be used to enhance the understanding of the source of detrital zircons 

(Belousova et al., 2002). Trace-element concentrations are given in Appendix A2 and chondrite 

normalized diagrams in Fig. 1.5. The Yb/Sm ratio of detrital zircons in this study yields an average of 

82, representing a typical value for zircons derived from granitoids (Belousova et al., 2002; Fig. 1.6). 

The rare-earth element (REE) pattern of the majority of detrital zircon grains is consistent with a 

typical igneous origin with strong positive Ce anomalies, steep slopes of the light rare-earth element 

(LREE) to heavy rare-earth element (HREE), and negative Eu anomalies. Two zircon grains, 

however, have a flat LREE pattern characteristic of hydrothermal or altered zircon (Hoskin & 

Schaltegger, 2003). One grain has a depleted HREE portion of the pattern compared to all other 

zircon grains, suggesting growth with garnet in high-grade rocks (Rubatto, 2002). Notably, the 

concordant Archean zircon grain shows a steeper HREE trend, strong depletion of Pr, and weak 

enrichment in Ce. Overall, these results document that detrital zircon grains were derived from a 

heterogeneous source region.  
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Figure 1.4  Cathodoluminescence (CL) images on selected zircon grains of Group S (a, b, c, d, and 

g) and Group D (e and f). In all images, the laser ablation-inductively coupled plasma mass 

spectrometry (LA-ICPMS) analytical spot size was 33 μm. Errors on 206Pb/238U and 207Pb/206Pb ages 

are ±1σ. (a) Equant metamorphic zircon with patchy zonation; (b) elongated metamorphic zircon; (c) 

elongated igneous zircon showing typical oscillatory zonation; laser spot is located in a mixed growth 

zone; (d) elongated zircon with igneous core showing alteration between core and wide metamorphic 

overgrowth; laser spot is located in a mixed growth zone; (e) elongated zircon with metamorphic core 

and broad metamorphic overgrowths with radial cracks; (f) elongated zircon with igneous core and 

broad metamorphic overgrowth; (g) abraded detrital zircon with truncated sector zonation and CL 

bright overgrowth. 
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Figure 1.5  Rare-earth element (REE), chondrite normalized, trace element abundances for selected 

zircon groups: (a) Group S and (b) Group M of sample 214830. 

 

 

GROUP M: METAMORPHIC 
 

Metamorphic rims are present on some detrital grains and are composed of low-CL zones that are 

up to 50 µm thick. Some grains may also show the effects of metamorphic recrystallization where 

homogeneous patches traverse into core regions (Fig. 1.7b). Some discrete grains have low-CL 

response and are internally featureless. The trace-element pattern of Group M zircon typically shows 

a relatively flat HREE pattern and steeper LREE pattern, accompanied by an enrichment of Ce and 

depletion of Pr and Eu (Fig. 1.5b; data supplied in Appendix A2). One Group M zircon grain yields a 

different REE pattern with enrichment in the LREE portion of the pattern, as characteristic for altered 

zircon (Hoskin & Schaltegger, 2003). In comparison to detrital zircon grains (Fig. 1.5a), the REE 

pattern is broadly similar and suggests that the metamorphic event did not involve synchronous 

growth of zircon and garnet.  

 

The single analysis of a zircon grain with a LREE-enriched signature yields a 238U/206Pb age of 

514±17 Ma. The remaining six analyses yield a weighted mean 238U/206Pb age of 527±14 Ma. 

However, all seven analyses with various CL texture yield a concordia age of 526±12 Ma (mean 

square of weighted deviates [MSWD] of concordance and equivalence = 2.1; Fig. 1.7a). All three 

calculated ages are identical within uncertainty, which is consistent with coeval minor recrystallization, 

alteration, and metamorphic zircon growth. 
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Figure 1.6  Trace-element composition of Yb/Sm ratio against Y for detrital zircon analyses (after 

Belousova et al., 2002). 

 

GROUP D: DISCORDANT 
 

A significant number of discordant data were recorded in sample 214830, accounting for 68% of the 

total zircon population (Fig. 1.3a). The discordant grains have high to very high U concentrations 

(median 743 ppm; 95 percentile = 2050 ppm). Calculated apparent alpha doses range to values 

indicative of strongly metamict structures (apparent alpha dose: 2.21 mg*1015; 95 percentile = 13.48 

mg*1015). A diagram of 238U/206Pb age versus U content reveals that younger 238U/206Pb ages are 

associated with higher U concentrations. A similar plot of 207Pb/206Pb age versus U content reveals a 

flat trend (Fig. 1.8). Such a distribution of data is consistent with enhanced radiogenic Pb-loss in 

higher U zircon grains that have a damaged crystal structure due to metamictization. The U–Pb and 

Pb-Pb ages indicate that the timing of radiogenic Pb-loss was predominantly recent because the 

207Pb/206Pb age of the discordant data replicates the age spectrum of the concordant results more 

closely. Recent Pb-loss is also evident from the horizontal trends on the inverse concordia diagram 

(Fig. 1.3a). Pb-loss modelling following the procedure of Reimink et al. (2016) shows upper intercept 

lines representing the crystallization event and lower intercept lines that represent the maximum time 

of Pb-loss. A lower intercept at ca. 390 Ma corresponds to an upper intercept peak of ca. 1140 Ma, 

whereas lower intercept ages at ca. 534 Ma and ca. 440 Ma relate to the upper intercept ages at ca. 

1900 Ma and ca. 1680 Ma (Fig. 1.9a). A Pb-loss event is indicated by the modelling from ca. 534 Ma 

to recent times as illustrated by a ‘blue’ area in the ‘discordia likelihood map’ (Fig. 1.9b), which 

supports the view that Pb-loss was prolonged likely due to protracted fluid flow during basin formation. 

Pb-loss modelling also suggests the presence of an Archean zircon component between ca. 2750 Ma 
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and 2995 Ma, an age prevalent within the Archean Yilgarn Craton. This Archean component shows a 

large Pb-loss from 2750 Ma (upper intercept) to 145 Ma (lower intercept) and from 2995 Ma (upper 

intercept) to 244 Ma (lower intercept), which probably indicates multiple reworking processes (Fig. 

1.9b). 

 

 

 

 

Figure 1.7  (a) Tera-Wasserburg concordia diagram of U–Pb isotopic data for zircons from Group M 

illustrating concordia age and uncertainty (red ellipse). MSWD – mean square of weighted deviates. 

(b) Cathodoluminescence (CL) images of representative zircons from Group M. Errors on 206Pb/238U 

ages are ±1σ (±<10% discordance). 
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Figure 1.8  Uranium content versus zircon age displayed as 238U/206Pb or 207Pb/206Pb ages. 
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Figure 1.9  (a) Normalized probability graph as a function of upper and lower intercept ages and (b) 

discordia likelihood map of lower and upper intercept ages for sample 214830 (using the procedure of 

Reimink et al., 2016). The colour scales represent the degree of likelihood, with blue being the highest 

likelihood in the data set. Two unique blue bands, representing two different discordia lines, converge 

towards zero, identifying recent Pb-loss in zircon grains. 

 

 

 

DISCUSSION 
 

INDIAN-AUSTRALIAN METAMORPHIC EVENT IN THE EARLY CAMBRIAN 
 

We obtained an age of 526±12 Ma from seven analyses of metamorphic zircon (and one altered 

domain) from sample 214830, a finely banded grey garnet-bearing paragneiss that underlies the 

Palaeozoic Tumblagooda Sandstone in the Wendy-1 stratigraphic well. Although the sample is 

located near the Northampton Complex segment of the Pinjarra Orogen, the distinct age of 

metamorphic zircon indicates an event of Cambrian age similar to the Kuunga Orogeny, which has 

been recognized in the Leeuwin Complex (Collins, 2003) and has been interpreted to relate to the 

amalgamation of East Gondwana (Boger, 2011).  
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The metamorphic rims on detrital zircon grains yield a Kuunga age; however, the growth of garnet 

was not synchronous with these zircon rims because they are not HREE depleted (Schaltegger et al., 

1999). In addition, the detrital zircon population also is not HREE depleted but rather shows REE 

patterns consistent with crystallization in an original melt volume in which garnet did not sequester the 

HREE cargo (Fig. 1.5). There is little textural evidence to further constrain the growth sequence of 

garnet and metamorphic zircon, as all zircon inclusions in garnets appear to be detrital in morphology 

rather than metamorphic. Based on the eroded appearance of garnet, it can be speculated that garnet 

grew before metamorphic zircon and underwent minor resorption rather than growth during the 

Kuunga event. Previous geochronology in the Northampton Complex identified metamorphic U–Pb 

zircon ages ranging from 1090 Ma to 1020 Ma with cross cutting dolerite dikes dated at 750 Ma 

(Embleton & Schmidt, 1985). In addition, no Archean zircon ages were reported in the basement of 

the Northampton Complex. In the northern part of the Leeuwin Complex, an Early Cambrian 

metamorphic event at 522 Ma was reported from granulite-facies granitic gneisses (U–Pb age; 

Collins, 2003); the age of this event correlates well with results of this study on a deeply buried 

basement sample taken ~500 km farther north.  

 

Our observations of high-U contents in zircons of basement rocks of the Pinjarra Orogen match 

previously reported high-U zircons in paragneisses of the Northampton Complex (Bruguier et al., 

1999; Ksienzyk et al., 2012) and high-grade gneisses of the Leeuwin Complex (Wilde & Murphy, 

1990; Nelson, 1996; 1999; Collins, 2003). 

 

The large spread of concordant detrital ages (Fig. 1.3) in our data set shows major age peaks at 

1119 Ma, 1211 Ma, and 1533 Ma, which can be interpreted as the ages of zircon crystallization within 

their source regions (Albany-Fraser Orogen or unexposed basement ca. 230 km north of the 

Northampton Complex), whereas minor Neoproterozoic and Paleoproterozoic age components may 

indicate detrital sources from the Mawson Continent and Capricorn Orogen. Because zircon is a 

refractory phase, it is possible that much of the population reflects multi-cycle material. Large degrees 

of radiogenic Pb-loss are indicated in the Archean detrital-zircon component. Nevertheless, the 

presence of a single concordant Archean detrital zircon grain is important because it may reflect 

material that was initially derived from the Yilgarn Craton, potentially then reworked in the Albany-

Fraser Orogen. In addition, discordance modelling supports the presence of Archean crust in the 

source region for this basement rock (Fig. 1.9). 

 

 

CRUSTAL ARCHITECTURE OF THE WESTERN MARGIN OF THE WEST AUSTRALIAN CRATON 
 

Structural interpretation of potential field data allows a clear distinction between the basement of the 

Northampton Complex and the basement unit described here from the Wendy-1 drill core. By blending 

gravity and magnetic anomaly maps (Fig. 1.10), we highlight the importance of the N-S-trending Yandi 

fault, which separates not only the Mullingarra Complex from the Northampton Complex, but may also 
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separate the Northampton Complex from an unknown basement domain described in this study. 

Furthermore, the Urella fault constitutes the boundary between different basement domains and 

offsets the eastern margin of the Northampton Complex. Hall et al. (2013) correlated the NW-SE-

trending transfer faults (dextral strike-slip faults) throughout the Perth Basin to the breakup of Greater 

India in the Cretaceous (Fig. 1.10b). The NW-SE trend of the Perth Basin transfer faults is similar to 

the trend of basement signatures expressed in the geophysical data sets from the Northampton 

basement. Basement units in the Pinjarra Orogen such as the Northampton Complex may therefore 

constitute different domains that were separated by the reactivation of older structures, such as the 

Urella fault during the Late Jurassic onset of continental drift. It is unlikely that Mesoproterozoic 

domains such as the Mullingarra and Northampton Complex were transported along the western 

Yilgarn margin during ca. 530 Ma metamorphism (Fitzsimons, 2003), because a N-S-trending tectonic 

displacement of such a magnitude could only have occurred during the opening of the Indian Ocean. 

If this were the case, then the displacement would have occurred parallel to the NW-SE transfer 

directions. 

 

This study shows that an Early Cambrian tectonometamorphic event along the eastern margin of 

Gondwana was not limited to the Leeuwin Complex but had an impact on basement units farther 

north of the Pinjarra Orogen. Although the Leeuwin Complex and the newly discovered basement 

domain in the Northampton region have a similar age signature, they need not be the same domain.  
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Figure 1.10  Combination of potential field data (gravity – 400m grid and magnetic – 80 m TMI grid; 

Brett, 2014, 2015) and structural data (transfer zones after Hall et al., 2013) as a (a) detailed map of 

the Northern Perth Basin and (b) regional overview map. Gravity data are represented in colour (high-

red; low-blue) and magnetic data is displayed in greyscale to enhance contrast in the textures. Map 

(a) features (1) the depth structure of the Urella fault; (2) contrasting basement domains on the 

eastern margin of the Northampton Complex bounded by the Yandi fault; (3) NE-SW-trending dolerite 

dike systems of the Northampton Complex; (4) smoother textured crystalline Mullingarra Complex 

without dikes. Map (b) features (1) the western boundary of the Archean Yilgarn Craton; (2) 

segmentation of basement domains; (3) general NW-SE trend of transfer faults. 
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CONCLUSION 
 

The Pinjarra Orogen consists of segmented basement domains that formed during the 

Mesoproterozoic breakup of Rodinia and were reworked during the amalgamation of eastern 

Gondwana. We report the discovery of an Early Cambrian metamorphic overprint within an undefined 

segment of the northern Pinjarra Orogen. The results of U–Pb zircon geochronology of a paragneiss 

from a drill core imply an inherited Archean detrital component, linking this basement initially to the 

Yilgarn Craton. Mesoproterozoic detrital zircons in this paragneiss may have been derived from the 

Albany-Fraser Orogen (Bruguier et al., 1999; Ksienzyk et al., 2012) or from unexposed basement 

rocks ca. 230 km north of the Northampton Complex (Johnson, 2013).The identification of Early 

Cambrian metamorphism at 526±12 Ma, as recorded by zircon overgrowths, discrete grains, and 

alteration, marks the latest tectonometamorphic event in the Pinjarra Orogen and links this region to 

the northern part of the Leeuwin Complex. A ca. 530 Ma large-scale regional tectonometamorphic 

event can be traced from the Leeuwin Complex in the southwest to the Northampton region in the 

north over a distance of 500 km.  

 

Existing basement faults of Neoproterozoic or older age were apparently reactivated during the 

Jurassic onset of Gondwana breakup as documented by the termination of the Northampton Complex 

by the Urella fault. The overall NW-SE direction of faults that separated basement units within the 

Pinjarra Orogen corresponds with similarly trending Mesozoic transfer faults related to the opening of 

the Indian Ocean (Fig. 1.10b). 
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APPENDICES 

Table A1  Zircon LA-ICP-MS ages (sample 214830). 
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Table A2  Trace element contents (ppm) of zircons (≤10% disc.) in sample 214830. 

 

Grain spot Group Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Ta Th U

830 - 1.d S 441.4 BDL 14.41 0.044 0.85 1.99 0.18 9.08 3.22 38.4 14.26 69.2 14.52 127.5 27.31 0.62 141.2 239

830 - 2.d S 833 0.098 6.79 0.156 2.93 4.35 0.55 20.4 6.23 77.1 27.1 129 25.31 214.3 45.5 2.47 64.3 168.7

830 - 5.d S 983 0.070 34.7 0.6 4.93 6.2 2.85 26 8.65 103 32.5 150.2 30.6 286 54.9 0.783 599 600

830 - 8.d S 482 BDL 4.59 BDL 0.177 0.54 0.204 7.01 2.77 37.8 15.68 82 18.05 174.6 38 0.858 90.8 230.8

830 - 9.d S 761 0.089 11.26 0.687 8.16 8.55 0.57 30.5 8.27 82.9 26.1 110.4 20.2 169.8 32.4 0.94 204.3 321

830 - 10.d S 668 0.002 16.18 0.249 3.92 6.9 0.37 25.5 6.91 71.7 23.19 95.2 18.16 151.9 29.47 0.675 200.5 108.9

830 - 11.d S 1836 0.126 6.47 0.59 7.14 12.5 2.19 48.9 16.69 178.9 63.8 293 57.4 476 96 0.93 227 478

830 - 18.d S 1840 0.322 24.7 1.16 12 14 2.34 61.2 18 195 63.7 270 51.5 404 73.6 2.01 575 915

830 - 20.d S 1047 BDL 10.75 0.052 1 2.52 0.7 17.99 6.21 88.2 34.8 178.8 37 332.3 73.5 0.585 88 148.6

830 - 22.d S 722 15.600 54.3 5.8 28.4 7.9 1.33 18.7 5.52 64.6 24.19 116.1 23.14 203.3 43.1 0.353 66.6 89.2

830 - 26.d S 746 BDL 12.39 0.023 0.75 1.82 0.089 11.7 4.46 58 24.5 124.7 26.3 235 50.9 0.96 73.9 146.8

830 - 33.d S 1377 BDL 6.19 0.044 0.99 3.16 0.72 26.4 9.37 122.7 46.8 226 45.2 380 78.4 2.43 50.2 99.4

830 - 34.d S 306.9 BDL 3.1 0.015 0.33 1.45 0.116 12.8 3.79 40.5 10.16 34.4 5.25 35.4 6.22 2.49 51.1 453.4

830 - 35.d S 1191 0.171 26.7 0.57 6.48 8.2 2.17 31.3 9.94 126 40.9 194 39.3 335 67.8 1.51 285 344

830 - 36.d S 527 0.026 9.71 0.295 2.93 4.9 1.15 14.8 4.97 56.5 18.7 84.5 17.5 151 29.9 2.04 105.8 147.8

830 - 38.d S 1510 0.212 13.95 1.43 12.9 14.8 3.21 49.1 15.48 175.5 55.2 236.6 44.2 350.4 65.8 2.01 293 567

830b - 1.d S 1184 0.012 5.61 0.071 0.76 2.52 0.47 19.3 8 100.5 37.3 169.7 33.98 289.7 58.8 2.07 120 279.1

830b - 5.d S 1167 0.212 5.8 0.49 3.92 4.6 2.74 18.4 7.9 102.7 38 198.2 46.6 466 97.7 1.84 57 1000

830b - 7.d S 2660 0.228 2.35 0.181 2.22 5.98 0.209 43.3 17.81 235.2 81.7 346 58.9 438 76.8 0.814 116.1 364

830b - 11.d S 2162 0.060 4.65 0.427 5.27 8.4 1.37 47 18 213.5 73.7 322 60.7 503 94.4 0.53 199 303

830b - 13.d S 778 0.003 9.82 0.033 0.61 1.58 0.157 12 4.61 62.2 25.52 125.9 26.77 237.2 48.29 1.19 35.9 75.6

830b - 15.d S 1422 0.009 21.01 0.127 2.26 5.53 0.85 29.1 9.63 121.9 45.2 209.5 39.83 347.2 67.3 1.23 199.2 102.8

830b - 24.d S 1633 0.000 16.4 0.08 1.44 4.29 0.011 27.6 10.63 138.8 50.7 235.1 43.1 343.5 65.5 3.24 181.4 341

830b - 28.d S 1412 53.600 168.6 27.6 149 46.5 3.04 75.1 15.89 145.2 44.3 187.9 34.09 276.9 53.2 0.65 93.1 175.3

830b - 37.d S 340 BDL 7.24 0.0047 0.24 0.39 0.037 3.27 1.58 23.5 10.72 60.6 14.76 156.7 38.8 3.76 90 542

830b - 39.d S 1288 0.048 7.04 0.135 2.08 4.51 0.588 29.3 9.66 114.5 42.5 188.7 35.76 302.9 58.9 0.62 104.3 107

830b - 41.d S 777 0.015 8.14 0.041 0.92 2.53 0.19 15.2 5.25 67.2 26.44 126.8 25.23 227.3 45.57 1.22 69.1 151.9

830b - 68.d S 1128 1.120 14.8 1.06 7.3 6.6 1.05 22.3 7.2 93.9 36.6 176 37.1 336 68.8 0.565 120.7 195.5

830b - 73.d S 1104 BDL 4.67 0.036 1 3.22 0.085 20.77 7.48 93.7 35.82 170.8 33.38 290.2 57.5 1.12 107.5 342

830b - 43.d S 1057 0.087 10.58 0.437 3.7 4.31 0.96 19 6.93 92.5 32.7 157.5 30 250 46.2 2.58 141.3 943

830 - 15.d M 706 0.023 20.44 0.07 1.21 2.42 0.204 15.4 5.21 65.7 22.81 106.2 21.42 186 34.9 1.65 306.3 340

830 - 23.d M 744 BDL 26.1 0.114 2.22 4.27 0.324 19.5 6.01 68.5 24.97 111.3 22.28 190.8 37.5 1.59 252 246

830 - 28.d M 616 29.500 99 12.3 53 13.7 1.01 19.5 5.41 54.7 19.7 97.6 20.01 186.4 39 1.76 197.1 392.5

830 - 42.d M 341 0.001 11.55 0.056 1.11 2.46 0.31 11.1 2.98 34.4 11.88 50.7 10.07 87.2 17.48 0.378 135.3 253

830b - 8.d M 972 0.035 15.11 0.403 6.03 7.38 0.66 33.7 9.22 101.9 34.3 148.3 27.9 231.3 44.2 0.793 173.6 135.8

830b - 16.d M 1036 0.089 14.47 0.425 4.52 8.3 1.81 30.7 9.38 109.8 35.9 149.9 29.4 249 45.6 1.53 293 400

830b - 58.d M 425 0.003 21.76 0.114 1.52 1.94 0.32 10.7 3.34 36.9 13.08 64.9 13.16 122.9 26.19 1.22 297.1 430

BDL - below detection limits
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CHAPTER 2 
 

 

This work has been published as Markwitz et al. (2017): Variations in zircon provenance constrain age 

and geometry of an Early Paleozoic rift in the Pinjarra Orogen, East Gondwana. Tectonics, doi: 

10.1002/2017TC004696. 

 

 

 

Variations in zircon provenance constrain age and geometry of an Early Paleozoic rift 

in the Pinjarra Orogen, East Gondwana 

 

Markwitz, V., Kirkland, C. L., Wyrwoll, K.-H., Hancock, E. A., Evans, N. J., and Lu, Y. 

 

 

ABSTRACT 
 

The Tumblagooda Sandstone in Western Australia documents Early Paleozoic rifting in East 

Gondwana and provides the earliest evidence for terrestrial activity of multicellular animals on Earth. 

We constrain the provenance of this sequence using 737 concordant U–Pb ages of detrital zircons 

from two stratigraphic wells in the northern Perth Basin and Southern Carnarvon Basin, and outcrops 

of the type sections. Detrital zircon age signatures are linked to infrared spectral data and 

stratigraphic logs. These ages span 3312-466 Ma, including major Precambrian age peaks at 1079-

1544 Ma, 1695-2403 Ma, and 2640-2879 Ma, consistent with igneous sources in the West Australian 

Craton. Significant Early Paleozoic age peaks at 499-541 Ma suggest a North Indian Orogen source. 

The maximum depositional age is constrained by the youngest detrital zircon, which yields an age of 

466±8 Ma. Our age constraints imply that terrestrial activity of multicellular animals on Earth may not 

be older than Middle Ordovician (Darriwilian). Rifting resulted in the exposure of the Yilgarn Craton 

and the segmentation of the Pinjarra Orogen. The Northampton Complex segment of the Pinjarra 

Orogen constituted a basement high that separated sub-basins during the onset of rifting. Discordant 

Archean zircons provide a consistent record of radiogenic Pb-loss at ca. 470 Ma, which we interpret 

as being related to the denudation of the Yilgarn Craton. The Pb-loss event suggests that 

intracratonic rifting in the Pinjarra Orogen was initiated in the Middle Ordovician, after the Kuunga 

Orogeny completed the final amalgamation of Gondwana.  
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Key points:  

 Early Paleozoic rift in East Gondwana involved denudation of Proterozoic Pinjarra Orogen and 

Archean Yilgarn Craton basement 

 Northampton Complex (Pinjarra Orogen) constituted a basement high that separated sub-basins 

during the onset of rifting 

 Detrital zircon age spectra constrain West Australian Craton and North Indian provenance for 

continental red beds 

 

 

 

INTRODUCTION 
 

Provenance studies often rely on U–Pb zircon geochronology, because zircon grains resist a wide 

range of physical and chemical alteration processes and are able to survive multiple erosion and re-

deposition cycles (Fedo et al., 2003). Chemically unstable heavy minerals are selectively removed 

from heavy mineral assemblages during diagenesis, once the burial depth exceeds ca. 2 km (Morton, 

1986; Walderhaug & Porten, 2007). This includes garnet, titanite, epidote, pyroxene and tourmaline, 

all of which are highly susceptible to alteration and preferential dissolution (Walderhaug & Porten, 

2007). Therefore, detrital zircon geochronology can be a powerful tool in basin evolution studies to 

link sink to source regions (e.g., Cawood et al., 2003; Andersen, 2005; Veevers et al., 2005; Moecher 

& Samson, 2006; Thomas, 2011), particularly when applied within the context of stratigraphic control.  

 

The Tumblagooda Sandstone documents Early Paleozoic rifting in East Gondwana and is known 

for preserving some of the earliest evidence for complex terrestrial communities in the fossil record 

(Trewin & McNamara, 1995; Ortega-Hernández et al., 2010; McNamara, 2014). Despite its 

importance, the age of the Tumblagooda Sandstone is poorly constrained with age estimates ranging 

from Cambrian to Devonian based on trace fossil assemblages, stratigraphy and paleomagnetic 

analyses (e.g. Playford et al., 1976; Hocking, 1987; Schmidt & Embleton, 1990; McNamara, 2014). 

Previous provenance studies based their interpretations on relatively few samples that were widely 

distributed across the succession. Cawood & Nemchin (2000) interpreted the provenance of the Perth 

Basin that continues south of the Southern Carnarvon Basin and contains predominantly Permian – 

Quaternary age strata. The Tumblagooda Sandstone overlays the northern part of the Perth Basin’s 

basement. For one Tumblagooda Sandstone sample taken east of the Northampton Complex, 

Cawood & Nemchin (2000) reported Early Paleozoic to Archean U-Pb zircon ages. Wingate et al. 

(2015) and Wingate & Mory (2015) produced similar age spectra to Cawood & Nemchin (2000) from 

one coastal outcrop sample (Rainbow Valley; same location on the map in Fig. 2.1 than sample 822) 

and one drill core sample (Coburn 1).  

 

This study reports 737 new concordant U–Pb zircon ages from two drill cores located in the 

northern Perth Basin and Southern Carnarvon Basin, and from six type section samples near Kalbarri 
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(Fig. 2.1). Our objectives were to document important shifts in detrital zircon age spectra relative to 

stratigraphic position and depositional environment and to constrain age and geometry of an Early 

Paleozoic rift in the Pinjarra Orogen in East Gondwana. This study identified a complex juxtaposition 

of Pinjarra Orogen basement segments, resulting in sub-basin developments. In addition, the onset of 

rifting in the Pinjarra Orogen was also accompanied by the denudation of the Archean Yilgarn Craton 

and the North Indian Orogen. 

 

Due to a lack of datable volcanic marker horizons, younger cross cutting intrusives and diagenetic 

phosphate minerals, it is not possible to accurately constrain the age of the Tumblagooda Sandstone. 

Nonetheless, both the youngest detrital zircon analyzed (466±8 Ma) and the identification of a major 

Pb-loss event in the source of the Archean detrital zircon population at ca 470 Ma provide a similar 

minimum age constraint for the sediment and therefore limit the age of the Tumblagooda Sandstone 

to Middle Ordovician (Darriwilian) or younger.  

 

 

GEOLOGICAL SETTING 

 

The Southern Carnarvon Basin and northern Perth Basin are located at the west coast of Western 

Australia, and represent an intracratonic rift initiated supposedly in the Cambrian (Veevers et al., 

1984) with a major second phase of rifting in the Late Ordovician or Early Silurian (Hocking, 1991). 

Both basins are bounded to the east by the regional-scale Darling Fault, separating the Archean 

Yilgarn Craton in the east and Phanerozoic basin sediments in the west. The Tumblagooda 

Sandstone is a redbed sequence that formed in the Early Paleozoic (Hocking, 1991; Trewin, 1993) 

and was deposited above basement rocks of the Proterozoic Pinjarra Orogen (Playford et al., 1976; 

Treewin, 1993; Fig. 2.1), following the Neoproterozoic to Early Cambrian Kuunga Orogeny (Meert & 

Van der Voo, 1997; Collins, 2003; Meert, 2003; Boger, 2011; Markwitz et al., 2017).  

 

The assembly of the supercontinent Gondwana followed the break-up of Rodinia between 800-700 

Ma (e.g. Powell et al., 1993). Eastern Gondwana in the late Neoproterozoic - Cambrian comprised 

amongst other cratonic blocks, India and the adjacent western margin of the Yilgarn Craton (Powell & 

Pisarevsky, 2002; Gregory et al., 2009). Paleogeographic reconstruction of these cratons and the 

timing of final Gondwana amalgamation are not well constrained (Gregory et al., 2009 and references 

therein). Reconstructions of East Gondwana suggest that the Pinjarra Orogen extended into Greater 

India (Janssen et al., 2003; Fitzsimons, 2003), where the assembly of East Gondwana took place 

between 620 Ma and 530 Ma (Meert, 2003; Kuunga Orogeny). The Pinjarra Orogen is exposed in at 

least three highly deformed metamorphic complexes in Western Australia, including the Northampton 

Complex (Fig. 2.1). The Northampton Complex is bounded by the Hardabut Fault to the west and the 

Yandi Fault to the east, and consists of gneisses, migmatites, granitoids and dolerite dykes (Myers, 

1990) that record an extended magmatic history of granitic intrusions, dyke formation, and of 

metamorphic events from the Mesoproterozoic to Cambrian (Embleton & Schmidt, 1985; Bruguier et 
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al., 1999; Collins, 2003; Ksienzyk et al., 2012; Markwitz et al., 2017). Rocks of the Pinjarra Orogen 

recorded a complex tectonometamorphic history including (1) the ca. 1090-1060 Ma Pinjarra 

Orogeny, which represents the amalgamation of Gondwana, (2) a 1090-1020 Ma metamorphic event 

in the Northampton Complex that apparently postdates the tectonic events in the Albany-Fraser 

Orogen, the Mawson Craton and the North Australian Craton (e.g. Goodge et al., 2001; Spaggiari et 

al., 2015), and (3) the ca. 620-530 Ma Kuunga Orogeny that occurred during the latest stage of 

amalgamation when India-Africa and Australia-Antarctica collided (Collins, 2003; Markwitz et al., 

2017). The Kuunga metamorphic event was identified in Pinjarra Orogen basement rocks of the 

Leeuwin Complex (Collins, 2003) in the far southwest of Australia and from a previously 

unconstrained basement domain in the Northampton area, at the base of the Wendy-1 drill core 

(Markwitz et al., 2017). Several sets of post-tectonic pegmatitic dykes intruded the Northampton 

Complex during the Neoproterozoic at 748±17 Ma and ~ 550 Ma (Embleton & Schmidt, 1985). Pb 

vein-type mineralization, which has been dated at 434±16 Ma (Rb-Sr; Richards et al., 1985) is 

associated with brittle-ductile shear zones (Byrne & Harris, 1993). Detrital zircon ages from 

paragneisses of the Northampton Complex range between 2040 Ma and 1150 Ma, with major age 

peaks at 1400-1150 Ma and 1900-1600 Ma (Bruguier et al., 1999; Kriegsman et al., 1999; Ksienzyk et 

al., 2012). Johnson (2013) argued that the Meso- to Neoproterozoic detrital ages within the basement 

were similar to basement rocks intersected by the Woodleigh1 drill hole (ca. 300 km north of 

Northampton; Fig. 2.1), rather than from the much more distal Albany-Fraser Orogen further south. 

The youngest detrital zircons from a Northampton Complex paragneiss yielded a U–Pb age of 1150 

Ma, which provided a maximum age constraint on the deposition of these sediments (Bruguier et al., 

1999).  

 

Siliciclastic rocks of the Tumblagooda Sandstone were unconformably deposited on Pinjarra 

Orogen basement rocks over the northern Perth Basin and southern parts of the Southern Carnarvon 

Basin (Fig. 2.1). The upper boundary of the Tumblagooda Sandstone succession is known from the 

Coburn 1 drill core as a conformable transition to the Early Silurian Dirk Hartog Formation (Gorter et 

al., 1994). Allen & Trinajstic (2017) recently described an Early Devonian fish fauna in Wendy-1 drill 

core from an unnamed sandstone unit at 368 m above the fluvial facies of the Tumblagooda 

Sandstone. Tumblagooda Sandstone type section outcrops extend along the Murchison River Gorge 

and coastal cliffs south of Kalbarri (McWhae et al., 1956), but exposures elsewhere are discontinuous.  

 

A strong alluvial signature of the Tumblagooda Sandstone succession is evident, comprising a red 

bed sequence of more than 1.5 km in thickness (Hocking, 1991). Sediments were deposited in a 

braided-fluvial environment in the absence of any vegetation. In contrast to modern fluvial systems, 

the absence of vegetation at the basin-scale is likely to have resulted in increased sediment erodibility 

and yield, and significantly diminished development of chemically weathered clays and soils (e.g., 

Davies & Gibling, 2010). The Tumblagooda Sandstone was deposited on a paleoslope dipping 

towards the northwest of the basin related to north-south oriented channel systems (Hocking, 1987; 

Trewin, 1993). Hocking (1987) identified five different facies associations (FA1 to FA5) in measured 
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sections of the Murchison Gorge and coastal cliffs: FA1 and FA3 were deposited in broad braided 

fluvial settings; FA2 and FA4 represent in tidal environments, and FA5 as alluvial fan deposits. 

Dominant paleocurrent directions for the facies associations are towards the northwest (FA1, FA3 to 

F5) and southwest (FA2), with minor fluctuations in directions recognized towards north and west 

(FA1), southeast (FA2), south and east (FA4) and northeast (FA5). 

 

 

 

 

 

Figure 2.1  Geological map and locations of drill cores and sample sites. Outcrop of the Tumblagooda 

Sandstone is shown in red; NC = Northampton Complex (Pinjarra Orogen). 
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The Tumblagooda Sandstone is known for abundant trackways from various types of arthropods 

along with one body fossil of a large amphibious non-marine euthycarcinoid Kalbarria brimmellae that 

is among the earliest evidence for land inhabitation (McNamara & Trewin, 1993; Trewin & McNamara, 

1995). Skolithos-type bioturbation indicating marginal marine environments is common in coastal 

outcrops of the Tumblagooda Sandstone south of Kalbarri, as are Heimdallia freshwater burrows that 

are typical of shallow pools in tidal sandflat deposits (Trewin & McNamara, 1995). Retallack (2009) 

reported the occurrence of calcic paleosols in the fluvial facies of the Tumblagooda Sandstone and 

correlated these across Australia as indicators for continent wide paleoclimate changes. 

 

Based on previous U–Pb zircon geochronology, it was argued that sediment source regions were 

located to the north (Capricorn Orogen), east (Yilgarn Craton), south (Albany-Fraser Orogen; Mawson 

Orogen), and from the underlying Pinjarra Orogen (Myers, 1995; Myers et al., 1996; Byrne, 1997; 

Bruguier et al., 1999; Cawood & Nemchin, 2000; Johnson, 2013; Fig. 2.10). Paleocurrent analysis in 

the lower Murchison River area by Mandyczewsky (1973) suggested that the Northampton Complex 

was not exposed during the deposition and therefore not an apparent contributor to the detrital zircon 

record of the Tumblagooda Sandstone. 

 

 

METHODS 

 

U–PB GEOCHRONOLOGY 
 

U–Pb zircon ages were obtained by Laser Ablation Inductively Coupled Plasma Mass Spectrometry 

(LA-ICP-MS) from sixteen samples of the Tumblagooda Sandstone including ten drill core samples 

and six outcrop samples, resulting in a total of 1980 zircon spot analyses. Zircon grains were 

separated from crushed material using hand panning. No magnetic separation was performed to 

avoid bias in the detrital zircon populations induced by sample preparation. Between 120 and 150 

zircon grains were randomly selected (all colours and grain shapes) and mounted in epoxy resin. 

Polished zircon mounts were imaged with a TESCAN VEGA3 Scanning Electron Microscope (Centre 

for Microscopy, Characterisation and Analysis; The University of Western Australia) and ablated using 

the LA-ICP-MS at the John de Laeter Centre (Curtin University, Australia). Detailed descriptions and 

laser specific parameter are listed as Supplement B1. Analyses within ≤10% of concordia were used 

for provenance investigation. All discordant data (>10% discordance) were used for U–Pb zircon 

discordance modeling after Reimink et al. (2016). This statistical method generates a ‘discordia 

likelihood map’ with lower intercepts that indicate the age of potential Pb-loss events and 

corresponding potential crystallization ages at the upper intercept. 
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WHOLE ROCK CHEMISTRY 
 
Ten samples from Wendy-1 and Coburn 1 drill cores of predominantly medium to coarse grained 

sandstones were analyzed for whole-rock geochemistry in order to obtain sandstone chemical 

compositions and interpret the level of maturity. Sample material of the <2 mm fraction was 

subsequently milled and analyzed by the Geological Survey of Western Australia (GSWA). Whole 

rock samples were analyzed by inductively-coupled plasma (IP) spectrometry using a series of in-

house standards from GSWA for major oxides. The analytical data are also available under the 

respective sample numbers in the WACHEM database of GSWA 

(http://www.dmp.wa.gov.au/GeoChem-Extract-Geochemistry-1559.aspx).  

 

INFRARED REFLECTANCE SPECTROSCOPY 
 
Infrared reflectance spectroscopy, used on both drill cores (Wendy-1 and Coburn 1), is a mineral 

analysis technique that can be used to enhance conventional core descriptions through the detection 

of alteration and rock-forming mineralogy (Hunt, 1977; Clark et al., 1990; Kruse, 1996). Detailed 

descriptions and background information of this method can be found in Supplement B1.  

 

 

 

RESULTS AND INTERPRETATIONS 

 

STRATIGRAPHY AND DEPOSITIONAL ENVIRONMENT 
 
The stratigraphic succession of the Tumblagooda Sandstone is interpreted from approximately 520 

m strata of the Wendy-1 and approximately 120 m strata of the Coburn 1 stratigraphic wells (Fig. 2.2 

and Fig. 2.3; detailed logging observations in Supplement B2 and B3). Both drill cores represent 

different levels in the stratigraphy. While strata in Wendy-1 were deposited unconformably on top of 

basement rocks of the Pinjarra Orogen in the northern Perth Basin and contain strong fluvial redbed 

sequences, strata in Coburn 1 include the upper boundary of this succession with a conformable 

transition to the Early Silurian Dirk Hartog Formation. Even though the cores contain strata of different 

stratigraphic levels within the Tumblagooda Sandstone, the sedimentary composition is similar. 

 

Sediments in the basal successions of both drill cores are dominated by a monotonous succession 

of trough cross-beds, high- and low-angle planar cross-bedding and laminated sand units with minor 

incisions of small-scale troughs. These observations are consistent with a strong alluvial succession 

characterized by an irregular bedding style reflecting a bedload dominant depositional regime, with 

high rates of sediment transport. From outcrop sections in the Murchison Gorge and coastal cliffs, it 

can be inferred that the successions in the cores reflect a stacked sand sheet alluvial architecture, 

often encountered in pre-vegetation alluvial successions. Sediments are coarse- to medium-grained 

with thin pebble layers and some prominent conglomerate horizons. The medium to coarse-grained 



50 

 

sandstones are generally poorly sorted with a low degree of roundness of quartz and feldspar grains, 

and bounded by Fe-oxide concentrations and rims. The overall characteristics are consistent with the 

general claim of a braided style of alluvial deposition (Hocking, 1987). The upper parts of both cores 

show a distinctively different depositional style with medium- to fine grained massive sandstone beds. 

The preservation of small-scale symmetric ripples in fine-medium grained, well sorted sandstone units 

point to oscillatory currents. These ripple forms, associated with pervasive bioturbation structures, 

support a near-shore environment of deposition interpretation.  

 

Although the general succession of a strong red bed alluvial association and intertidal depositional 

environment recognized by Hocking (1987) is consistent with the stratigraphy in both cores, the 

examined cores could not be related to Hocking (1987) facies FA1 to FA5. We attribute this to the 

dynamic nature of the rift basin where one would expect a high degree of spatial variability in the 

sedimentary facies.   

 

.
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Figure 2.2  Spectral mineralogy and generalized sediment log of drill core Wendy-1. Results of the infrared 

reflectance spectroscopy are shown as colour coded scatter plots, where the Y-axes correspond to core 

depth (m), and the specific absorption feature depths (wavelengths in nm) and different spectral parameters 

are plotted on the X-axis: (1) Colour coded sericite composition, where muscovites are plotted in blue and 

phengites in red; (2) Kaolin counts, which represent the number of kaolin samples per interval (counts); and 

(3) Fe-oxide abundance, which is a measure of intensity of the ferrous iron absorption feature. Kaolinite-PX 

(poorly-ordered); Kaolinite-WX (well-ordered). The sediment log displays the five major lithofacies intervals 

(W1 to W5; see Supplement S2 for detailed sedimentary descriptions); beds show the general colour trend in 

the sediments. 
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Figure 2.3  Spectral mineralogy and generalized sediment log of drill core Coburn 1. Results of the infrared 

reflectance spectroscopy are shown as colour coded scatter plots where the Y-axes correspond to core depth 

(m) and the specific absorption feature depths (wavelengths in nm) and different spectral parameters are 

plotted on the X-axis: (1) Colour coded sericite composition, where muscovites are plotted in blue and 

phengites in red; (2) Kaolin counts, which represent the number of kaolin samples per interval (counts); and 

(3) Fe-oxide abundance, which is a measure of intensity of the ferrous iron absorption feature. See Figure 2 

for legend. The sediment log contains the three major lithofacies intervals (C1 to C3; see Supplement S2 for 

detailed sedimentary descriptions); beds show the general colour trend in the sediments. 
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SANDSTONE COMPOSITION AND ALTERATION 

 
Whole rock geochemical analyses from ten drill core samples were used to determine sandstone 

composition and levels of sediment maturity (Table 2.1) and to understand the weathering 

environment of the sediments and detect possible alteration. The relationship between elemental 

composition, mineralogy and rock type was classified based on the chemical classification of the 

‘SandClass’ system after Herron (1988). This scheme considers two primary parameters, the 

SiO2/Al2O3 ratio, which distinguishes between quartz-rich sandstones and clay-rich shales versus the 

Fe2O3/K2O ratio, which was used to distinguish lithic fragments from feldspars (Fig. 2.4a). Drill core 

samples reflect the low level of maturity of the sandstones, which can be regarded as immature in 

composition (Fig. 2.4b). 

 

 

 

 

Figure 2.4  Chemical classification system for Tumblagooda Sandstone drill core samples (Wendy-1 

and Coburn 1) from the northern Perth and Southern Carnarvon basins (after Herron, 1988): (a) 

Relationship between elemental composition, mineralogy and rock type; (b) maturity levels in 

sediments. 
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The SiO2/Al2O3 ratio is widely used to indicate mineralogical maturity in sediments as it is sensitive 

to weathering, transport and recycling processes (Pettijohn et al., 1972; Pettijohn, 1974). All samples 

are enriched in SiO2 and depleted (<1 wt%) in Na2O, CaO and TiO2, which can be attributed to the 

small amount of plagioclase in the sediment in general. Values increase when sediments contain 

preferably more quartz over less resistant feldspars, mafic minerals and lithic fragments (Roser & 

Korsch, 1986; Roser et al., 1996). The SiO2 content in the samples ranges from 62 to 93 wt%, typical 

for immature sandstones such as sublitharenite, subarkose, and arkose (Fig. 2.4a and 2.4b). Two 

samples from Coburn 1 (841 and 843) stand out from all other sandstones by displaying lower levels 

of chemical maturity due to increased clay content. K-feldspars dominate over plagioclase with 

K2O/Na2O ratios >>1. 

 

The effect of source rock weathering can be characterized by the widely used Chemical Index of 

Alteration (CIA) proposed by Nesbitt & Young (1982). All sandstone samples were taken from 

different weathering profiles within the fluvial system of the Tumblagooda Sandstone and show low 

CIA values between 54 and 62 with an average of 56.7±1.02 (Table 2.1), indicating low levels of 

maturity in the sediments, which is consistent with their observed mineralogy (Fig. 2.4a), the illitization 

of kaolinite (Fig. 2.2 and 2.3), and consistent with low degrees of weathering at the source. 

 

 

Table 2.1  Sandstone classification results, selected whole-rock geochemical content of major 

elements and Chemical Index of Alteration (CIA). 

 

  

Sample 

ID

Core Depth 

(m) Rock type

Al2O3

(%)

CaO

(%)

Fe2O3

(%)

K2O

(%)

MgO

(%)

Na2O

(%)

SiO2

(%)

TiO2

(%)

Zr

(ppm) CIA

833 1209.72-

1209

Sub-

litharenite

3.37 0.03 2.05 1.9 0.22 0.09 91.49 0.22 146 62.5

834 1134.4-

1133.9

Subarkose 2.63 0.01 1.08 2.01 0.03 0.09 93.56 0.06 126 55.5

836 932.15-

931.75

Subarkose 2.64 0.01 1.09 2.02 0.03 0.09 93.8 0.06 74 55.5

837 915.2-915 Subarkose 2.56  ̶ 0.91 1.93 0.06 0.16 93.87 0.16 611  ̶

839 1082-

1082.3

Subarkose 3.8 0.02 0.48 2.9 0.08 0.18 92.35 0.12 314 55.1

840 1072-

1071.7

Subarkose 3.23 0.01 0.5 2.54 0.05 0.17 92.9 0.1 239 54.3

841 1065.8-

1066

Greywacke 18.23 0.07 3.2 11.13 1.08 0.41 62.24 0.82 776 61.1

842 1048.5-

1048.8

Subarkose 6.19 0.03 0.52 4.81 0.12 0.25 86.8 0.37 710 54.9

843 1014.7-

1015

Arkose 15.35 0.06 1.7 10.93 0.62 0.32 70.08 0.33 212 57.6

844 985.8-986.1 Subarkose 3.8 0.02 0.4 3.04 0.05 0.15 92.03 0.13 320 54.2

Wendy-1

Coburn 1
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SPECTRAL TRENDS AND COMPOSITIONAL CHANGES AT STRATIGRAPHIC LEVEL 
 
Major mineralogical trends, changes in composition and sediment alteration were investigated using 

infrared reflectance spectroscopy. The most significant mineralogical spectral trends were recognized 

in the white mica composition, distinguishing high-Al muscovites from low-Al phengite, and the 

abundance of Fe-oxide and kaolin. Results were presented as colour coded plots in figure 2.2 

(Wendy-1) and figure 2.3 (Coburn 1), whereas detailed descriptions can be found in Appendix B4.  

 

Although the lithological variation in the sediments of the Tumblagooda Sandstone is only minor, 

infrared reflectance spectroscopy identified major mineralogical shifts within this succession. The 

main mineral assemblage in most sandstone sequences is either sericite ± chlorite or kaolinite and 

Fe-oxide. The mica composition varies in a systematic manner between muscovite (high-Al / low Si) 

and phengite (low-Al / high Si), reflecting the formation of distinct potassium alteration (Fig. 2.2). The 

occurrence of various types of sericite is primarily due to lithological variations, where phengite occurs 

in finer grained sandstone and siltstone beds, and muscovite and phengitic muscovite is associated 

with medium- to coarse-grained sandstone beds. With the occurrence of sericite in sediments of 

Wendy-1 at 926 m, Fe-oxide contents decrease rapidly. In sandstone sequences depleted in sericite, 

kaolinite is the dominant mineral phase, accompanied by abundant Fe-oxide and defining a typical 

red bed facies. The change in clay mineralogy represents either a change in source material, 

alteration of sediments during burial diagenesis, or a change in depositional environment. It is 

noteworthy that the striking shift from kaolinite to sericite occurs in association with changes in 

sediment characteristics and bedding styles. Consequently, we interpret this kaolinite-sericite change 

as marking the transition from the basal alluvial succession to a near–shore tidal depositional setting. 

 

 

DETRITAL ZIRCON U–PB GEOCHRONOLOGY AND AGE OF TUMBLAGOODA SANDSTONE 
 

In this study we obtained 737 concordant ages from sixteen Tumblagooda Sandstone samples, 

including ten drill core samples (four samples from Wendy-1: 833, 834, 836, 837; total of 169 

concordant ages and six samples from Coburn 1: 839 to 844; total of 212 concordant ages). 

Furthermore, six outcrop samples were collected (822, 821, 818, 825, 827; total of 356 concordant 

ages) representing the type sections FA1 to FA4 (Hocking, 1987). The LA-ICP-MS U–Pb zircon data 

is given in the table of Appendix B5. All analyses were plotted on inverse concordia diagrams (Fig. 

2.5). Overall, a large number of discordant ages (>10% discordance) were obtained. This, to some 

extent, is a function of the sample preparation and grain selection procedure employed, as no 

magnetic separation was performed and grains were selected unsystematically (irrespective of 

colouration, shape or appearance) to avoid sampling bias and to retain a representation of all material 

present. We submit that this is a more representative reflection of the U–Pb systematics of these 

rocks and demonstrates that important information that would otherwise be lost, can be extracted from 

the discordant detrital population. Based on discordance modelling (after Reimink et al., 2016) major 

detrital age peaks are found at 2828 Ma, 2388 Ma and 1763 Ma with corresponding lower intercept 
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ages at 89 Ma, 85 Ma and 470 Ma, implying major Pb-loss events in the Ordovician and Late 

Cretaceous (Appendix B6). Highly discordant analyses are related to younger grains with higher U 

contents (>500 ppm), consistent with enhanced radiogenic-Pb-loss in higher U zircon grains with 

crystal structure damage due to metamictization.  

 

Provenance interpretation is based exclusively on concordant zircon ages (≤10 % discordance). 

Zircons are characterized by either well-developed oscillatory zoning (indicating a magmatic origin), or 

featureless, irregular internal structures (indicating recrystallization or a metamorphic origin (e.g. 

Vavra et al., 1996; Taylor et al., 2016). In CL images the internal textures of Archean grains are 

predominantly irregular and featureless, with bright rims, and a minority of grains (843 and 844) show 

well-defined oscillatory zonation. In contrast, most Proterozoic zircon grains display faint to intense 

oscillatory zonation and only a few grains show irregular and featureless internal textures. Some 

Proterozoic grains have homogeneous rims that are interpreted to indicate metamorphic overgrowth 

in the detrital source region. The youngest age group in the detrital population of the Tumblagooda 

Sandstone consists exclusively of finely zoned zircons interpreted to reflect an igneous genesis. CL 

images of representative detrital zircon grains are shown in figure 2.6. The calculated ages of all 

samples are presented as stacked probability density plots to display variations in zircon provenance 

in stratigraphic order for both drill cores, and by facies associations (FA 1 to FA 4) for the outcrop 

samples (Fig. 2.7; Table 2.2).  

 

The shapes of the detrital zircons from all samples vary from euhedral - subhedral to stubby with 

generally rounded edges and pitted surfaces. Grains occur as fragments as well as pristine euhedral 

grains. While there is a high variability of grain sizes for the entire data set, the largest zircon grain 

has a length of 397 µm and a width of 172 µm (upper section of Wendy-1: 837). The smallest grain 

has a length and width of 5.9 µm (upper section of Coburn 1: 841).  

 

Archean zircon grains are on average smaller in width and length than Proterozoic and Paleozoic 

grains (e.g. the average length is 141 µm for Archean grains, 164 µm for Proterozoic and 176 µm for 

Paleozoic grains). Grain width averages show the same trend with smaller widths in Archean grains 

(85 µm) compared to Proterozoic (89 µm) and Paleozoic (92 µm) grains, although differences in width 

are more subtle than in length (Table 2.3; Appendix B5). Archean grains have smaller length to width 

ratios (1:1.6) in comparison to Proterozoic (1:1.8) and Paleozoic (1:1.9) grains, which might result 

from a more prolonged duration of abrasion and erosion on the grains surfaces (e.g. Shaanan & 

Rosenbaum, 2016; Markwitz & Kirkland, 2017). 
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Figure 2.5  Stacked inverse concordia diagrams for Tumblagooda Sandstone samples for Wendy-1 and 

Coburn 1 drill cores, and also samples from the Murchison Gorge in order of facies associations (after 

Hocking, 1987). 
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Figure 2.6  Cathodoluminescence images of selected detrital zircons highlighting location of laser 

spot, U–Pb age, and short sample number along with grain spot number. Precambrian zircon internal 

structures are interpreted to reflect both igneous (b, d) and metamorphic genesis (a, c). Typical 

Paleozoic igneous zircon grains are presented in (e) to (i). 
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Table 2.2  Summary of U–Pb zircon age results, including sample locations, major age peaks, and 

oldest and youngest grain age for each age spectra. 

 
  

ID

Core 

depth 

(m)

Lat. / 

Long. Location

Total number of 

analyses / 

concordant ages

Main age peaks (Ma; 

number of analyses) 

Oldest age 

(Ma)

Youngest 

age (Ma)

844 985.8-

986.1

118 / 30 1706 (3); 1208 (9) 2972 ± 24 472 ± 8

843 1014.7-

1015

141 / 40 1860 (3); 1695 (3); 

1368 (5); 1247 (7); 

1096 (10); 704 (3)

3246 ± 20 504 ± 8

842 1048.5-

1048.8

172 / 56 2879 (3);  2403 (4); 

1731 (5); 1181 (15)

2881 ± 11 485 ± 6

841 1065.8-

1066

158 / 36 1431 (3); 1262 (7); 

1218 (6); 535 (3); 499 

(3)

2856 ± 19 466 ± 8

840 1072-

1071.7

96 / 28 1849 (3); 1701 (7); 

1429 (3); 1190 (5); 

1075 (3)

3115 ± 12 541 ± 4

839 1082-

1082.3

150 / 41 1744 (4); 1708 (4); 

1544 (3); 1135 (7); 

943 (4) 

2866 ± 44 490 ± 6

FA1

825 -27.875 / 

114.559

Hardabut 

Fault

151 / 81 541 (5); 741 (5); 1122 

(42); 1673 (6); 1832 

(3)

3122 ± 32 513 ± 19

818 -27.788 / 

114.467

Hawks Head 123 / 67 538 (9); 806 (4); 1122 

(39)

3017 ± 61 486 ± 21

FA2

827 -27.654 / 

114.458

Z-Bend 112 / 57 703 (4); 928 (13); 

1104 (23); 1691 (6); 

2206 (3); 2408 (3)

3270 ± 22 515 ± 20

FA3

826 -27.544 / 

114.433

Top-Loop 

(West 

Lookout)

108 / 61 564 (3); 1108 (30); 

1658 (11)

2653 ± 29 549 ± 18

821 -27.745 / 

114.139

Red Bluff 90 / 52 1143 (25); 1693 (7); 

1860 (3)

3235 ± 52 686 ± 21

FA4

822 -27.757 / 

114.137

Rainbow 

Valley

95 / 37 514 (4); 750 (3); 1136 

(12); 1647 (8)

2925 ± 46 506 ± 14

837 915.2-

915

131 / 61 2841 (7); 1303 (8); 

1079 (19); 748 (3); 

523 (4)

3100 ± 14 515 ± 18

836 932.15-

931.75

83 / 56 1770 (4); 1543 (9); 

1465 (7); 1348 (13); 

1286 (16); 1202 (15)

2659 ± 12 1147 ± 25

834 1134.4-

1133.9

160 / 38 1364 (3); 1277 (5); 

1130 (6); 565 (5); 515 

(4)

2547 ± 15 507 ± 8

833 1209.72-

1209

48 / 28 2826 (7); 2771 (4); 

2640 (3); 1968 (3); 

1893 (3)

3312 ± 11 1149 ± 21

Type Sections:

Wendy-1:

Coburn 1:

Northern Perth 

Basin

Southern 

Carnarvon 

Basin

-26.699 / 

114.226

-28.309 / 

115.016

N/A
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Table 2.3  Grain size statistics of concordant detrital zircon age populations in the Tumblagooda 

Sandstone, sorted according to their age. 

 

 

 

  

Length 

(µm)

Width 

(µm) n

Length 

(µm)

Width 

(µm) n

Length 

(µm)

Width 

(µm) n

Range 86-180 45-101 17 61-288 46-119 156 89-222 43-105 14
Mean 121 71 130 74 141 77

Median 119 70 124 73 139 78

STD 32 16 42 16 41 17

Range 129-277 74-187 24 104-449 58-245 276 147-287 62-165 11
Mean 201 112 202 107 233 123

Median 204 107 193 100 239 121

STD 53 30 60 29 44 33

Range 86-242 56-165 27 64-275 38-131 113 106-207 49-124 4

Mean 140 86 134 81 171 91

Median 137 81 131 81 186 96

STD 36 21 37 18 45 31

Range 68-277 57-187 67 61-449 38-245 545 89-287 43-165 29
Mean 141 85 164 89 176 92

Median 136 81 151 86 176 89

STD 33 19 56 24 55 30

Archean Proterozoic Paleozoic

n=number of concordant analyses (≤10% disc.); STD = Standard deviation

Wendy-1

Coburn 1

Type Sections

All Samples: Tumblagooda Sandstone
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Figure 2.7  U-Pb detrital zircon age spectra displayed in normalized probability density plots (n=≤10% 

discordant ages) of the Tumblagooda Sandstone from all drill core samples (Wendy-1 and Coburn 1) 

and outcrops from the Murchison Gorge and coastal cliffs. Three major source regions are outlined: 

(1) ‘Archean’ zircon provenance in light blue, (2) ‘Proterozoic’ provenance in blue, and (3) ‘Early 

Paleozoic’ provenance in dark grey.  
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Maximum age constraint for deposition 
 
Provenance interpretation is based exclusively on concordant zircon ages (≤10 % discordance). 

The youngest detrital zircon grain of 737 concordant analyses within the Tumblagooda Sandstone 

provides a maximum depositional age constraint of 466±8 Ma (sample 841; Coburn 1). A more 

conservative estimate of the maximum age of deposition is provided by calculating the weighted 

mean of 481±3.5 Ma (MSWD – Mean Square of Weighted Deviates = 1.01) from the five youngest 

ages.  

 

U concentrations for the youngest detrital zircon grains are relatively low, ranging from 31 to 642 

ppm. The calculated apparent density (after Murakami et al., 1991) for the youngest age group ranges 

from 4.70 to 4.75 g/cm3, indicating a crystalline structure. Across all samples, the youngest single 

grain can be ascribed to an original magmatic population that has not lost radiogenic Pb. The 

youngest age of 466±8 Ma from Coburn 1 (sample 841; 1065.8-1066 m) drill core is within uncertainty 

of the youngest age of 468±11 Ma reported in Wingate et al. (2015) from the Rainbow Valley coastal 

outcrop.  

 

 

Sample similarities and potential provenance 
 
The Kolmogorov-Smirnoff (K-S) test compares age distributions between individual samples and 

tests the probability if the populations were derived from a common source (Birnbaum, 1952; Drew et 

al., 2000; Sircombe & Hazelton, 2004). Based on the K-S test a multidimensional scaling diagram 

(MDS) has been constructed as a means to graphically interpret the statistically based detrital 

similarity comparison (Fig. 2.8; Vermeesch, 2013; Spencer & Kirkland, 2016; Vermeesch et al., 2016). 

This diagram was generated using the ‘provenance’ package in R (Vermeesch et al., 2016). In the 

diagram the pairwise distances between similar U–Pb age distributions are plotted to be directly 

proportional to the dissimilarities between corresponding samples. The MDS diagram shows that most 

of the samples cluster, indicating similar U–Pb age distributions, except for sample 833 (basal 

sequence of Wendy-1; 1209.72-1209 m), 836 (Wendy-1; 932.15-931.75 m) and possibly 818 (type 

section; Murchison Gorge), which scatter along vectors towards greater incorporation of Archean (2.8-

2.7 Ga; 833), Mesoproterozoic (1.7-1.2 Ga Ma; 836) and Neoproterozoic (1.12 Ga; 818) age 

components. The latter samples therefore reflect more distinct zircon age spectra.  
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Figure 2.8  Multidimensional scaling diagram of directly proportional dissimilarities between 

corresponding samples (after Vermeesch, 2013; Vermeesch et al., 2016). Solid lines correspond to 

the closest neighbor and dashed lines the second closest neighbor. Samples are colour-coded for 

better identification of drill core and outcrop samples. 

 

 

U–Pb Discordance Modelling 
 

Approximately 60% of U–Pb zircon analyses are discordant (>10% discordance). This, to some 

extent, is a function of the sample preparation and grain selection procedure employed, as no 

magnetic separation was performed and grains were selected unsystematically (irrespective of 

colouration, shape or appearance) to avoid sampling bias and to retain a representation of all material 

present. Highly discordant analyses are most common in Archean grains with higher U contents 

(>500 ppm), consistent with enhanced radiogenic-Pb-loss due to metamictization. U–Pb discordance 

modelling (Reimink et al., 2016) allows important information to be extracted from discordant 

analyses. Based on discordance modelling major detrital age peaks are found at 2828 Ma, 2388 Ma 

and 1763 Ma with corresponding lower intercept ages at 89 Ma, 85 Ma and 470 Ma implying major 

Pb-loss events in the Ordovician and Late Cretaceous (Supplement B6a). However, when the U–Pb 

disturbance model produces a major peak, for example at 1240 Ma (see Supplement B6a) with no 



64 

 

corresponding lower intercept peak, no meaningful Pb-loss event can be determined. In the discordia 

likelihood map (Supplement B6b), major Pb-loss events at ca. 470 Ma and ca. 85 Ma – 89 Ma are 

indicated. 

 

 

DISCUSSION 

 

U–Pb zircon geochronology on systematically sampled stratigraphic levels coupled with infrared 

spectroscopy and field and drill core lithological observations allow us to characterize the depositional 

environment of the Tumblagooda Sandstone and provide a robust maximum age for deposition.  

 

The relative mineralogical immaturity of the sandstones, particularly within the medium- and coarse-

grained beds, is typical for pre-vegetation terrestrial environments (Went, 2013). The sandstones are 

principally subarkosic to arkosic in composition with a high proportion of quartz and significant 

amounts of K-feldspar over the more chemically unstable plagioclase, suggesting dynamic erosion of 

an exposed proximal granitic or metamorphic source. Low CIA values support low maturity levels 

(Table 2.1; Fig. 2.4) and indicate low degrees of weathering at the source, with large amounts of 

feldspar-rich detritus eroded from the hinterland and rapidly deposited with incomplete reworking. 

Even though the general composition of sandstone units did not change dramatically through the 

stratigraphic section in the drill cores, an important compositional boundary at 926 m core depth in 

Wendy-1 was identified by infrared spectroscopy (Fig. 2.2). At this boundary, the change in bedding 

style is clear, and illustrates the transition from strong fluvial to intertidal depositional environments. 

This change cannot be correlated to the facies associations (FA) reported by Hocking (1987).  

  

DENUDATION OF THE YILGARN CRATON IN THE EARLY PALEOZOIC AND BASIN 
EVOLUTION 

 
Concordant age data from a large number of samples highlight the differences of preserved age 

spectra in the succession (Fig. 2.7). Most of the samples contain similar zircon age spectra that span 

from Early Paleozoic to Archean populations, indicating derivation from mixed cratonic sources. 

However, samples 833 and 836 (Wendy-1) and also 818 (outcrop in Murchison Gorge) yield 

significantly different age fractions (see also section ‘Detrital Zircon U–Pb Geochronology and Age of 

Tumblagooda Sandstone’): sample 833 contains dominantly Archean, 836 dominantly 

Mesoproterozoic and 818 dominantly Neo-Mesoproterozoic age fractions in contrast to the rest of the 

samples. Dominantly Archean ages in sample 833 reflect a scarcity of multiple recycled material and 

highlight that input was likely from a singular primary source. Samples displaying a wide range of 

ages most likely contain multiply recycled sediments. In Sample 833 75% of the total detrital zircon 

population is Archean, implying that deposition on the basement rocks of the Northampton Complex 

coincided with denudation and erosion of the Yilgarn Craton. This in turn suggests that part of the 

Yilgarn Craton was exposed and available as a source during the Early Paleozoic rather than being 

covered by Proterozoic and Paleozoic strata (cf. Cawood & Nemchin, 2000). If the Yilgarn Craton had 
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been covered at the time of Tumblagooda Sandstone deposition, the majority of detrital zircon age 

components, particularly in the basal section, should contain multi-cycle material that would have 

been sourced from sedimentary rocks that themselves lack any Proterozoic and Paleozoic 

components. As no such rock unit is known, this scenario is considered unlikely. 

 

The 470 Ma age calculated by U–Pb disturbance modeling highlights a distinct Pb-loss event in the 

Archean zircon population from Yilgarn Craton rocks. Similar ages are known from Rb-Sr ages as 

young as ca. 430 Ma in the western Yilgarn Craton (Libby et al., 1999) and from zircon Raman 

radiation damage ages of an Archean Darling Range granite (420±110 Ma; Pidgeon, 2014). Although 

a considerable distance to the western margin of the Yilgarn Craton, zircon Raman radiation damage 

ages of ca. 500 Ma have also been reported from an East Pilbara Archean gneiss (Wiemer et al., 

2017). The Pb-loss at 470 Ma occurred exclusively in the Archean zircon population and occurred 

within error of the age of the youngest detrital zircon (466±8 Ma). This implies that the Pb-loss event 

either occurred in the Archean source rock or during early diagenesis in the basin. Our preferred 

interpretation is to relate the 470 Ma U–Pb disturbance age to leaching of radiogenic Pb by surface 

fluids during denudation and uplift of the western Yilgarn Craton, because there is no evidence of a 

Pb-loss event in the Proterozoic age population. This age therefore provides another independent 

constraint for the minimum sediment age, and therefore the maximum depositional age of the 

Tumblagooda Sandstone. U–Pb disturbance modeling also highlights a Late Cretaceous Pb-loss 

alteration event (Supplement B6), which would have occurred in the basin after the Jurassic breakup 

of Greater India and Australia, but at present cannot be linked to any specific known regional thermal 

or fluid-flow event in the Southern Carnarvon Basin or northern Perth Basin. 

 

 

BASEMENT SEGMENTATION OF THE PINJARRA OROGEN AND BASIN ARCHITECTURE 
 
The Pinjarra Orogen was segmented during Mesozoic rifting and the opening of the Indian Ocean, 

which caused reactivation of the Darling and Urella Faults (Fig. 2.9; Janssen et al., 2003; Hall et al., 

2013). A combined gravity and magnetic map of the study area highlights the segmentation, thickness 

of the basins and significance of regional large-scale structures. The lowest succession of the 

Tumblagooda Sandstone displayed in Wendy-1 drill core contains very coarse sandstone and 

conglomerates that rest on the eastern part of the Northampton Complex basement shoulder, and 

have dominantly Paleo – to Mesoarchean zircon ages (sample 833), interpreted to be sourced from 

the Yilgarn Craton. In contrast, the strata represented in the Murchison Gorge type section near the 

Hardabut Fault (Fig. 2.1) rest on the western part of the topographic high of the Pinjarra Orogen 

(Northampton Complex), but display a complex zircon provenance yielding Paleozoic to 

Paleoarchean zircon ages (486 Ma - 3270 Ma; Table 2.2). The type section outcrops in the Murchison 

Gorge and along coastal cliffs, located west of the Yandi Fault and Hardabut Fault, most likely 

represent a different part of the basin, underlain by different basement units of the Pinjarra Orogen 

(Fig. 2.9). Given the segmentation of the Pinjarra Orogen basement, it is possible that elements of the 
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present day architecture, such as the relatively elevated position of the Northampton Complex, 

already existed during basin formation. For this to be the case, a significant difference in basin fill (e.g. 

variations in zircon age spectra) would be expected on either side of the Northampton Complex. This 

seems to be the case, at least for the basal units represented in Wendy-1 and at the Hardabut Fault 

location, because sample 833 at the base of Wendy-1 yields Archean-dominated zircon ages and 

sample 825 from outcrop near the Hardabut Fault contains Paleozoic to Archean aged zircon grains 

(Fig. 2.7). The youngest single grain age reported from the Tumblagooda Sandstone (466±8 Ma) was 

obtained from a sample located west of the Northampton Complex (Coburn 1: sample 841; Fig. 2.1). 

Also, the MDS diagram illustrates similarities in the source regions between Coburn 1 samples and 

type section samples, all of which are located west of the Northampton Complex (Fig. 2.8). In 

contrast, the only known Archean-dominated sample was found to the east of the Northampton 

Complex at the base of Wendy-1, where the youngest detrital zircon also has a somewhat older age 

of 507±8 Ma (sample 834; Table 2.2). Cawood & Nemchin (2000) reported a youngest detrital grain 

age of 474±8 Ma from an outcrop sample located on the eastern part of the Northampton Complex. 

Their sample likely represents a higher stratigraphic level compared to Wendy-1 samples. MDS 

results also display that source similarities in the Tumblagooda Sandstone become stronger up 

section. It therefore seems likely that the present day Northampton Complex constituted a basement 

high during the onset of sedimentation and that separate sub-basins formed on either side, and likely 

became one single basin as subsidence progressed. These observations are supported by the grain 

size differences within the Archean age fraction, highlighting larger Archean detrital zircons in the 

basal section of the Tumblagooda Sandstone (sample 833) compared to upper section Archean 

fractions. The number of Archean zircons within higher stratigraphic levels of the Paleozoic 

Tumblagooda Sandstone is therefore plausibly reduced due to prolonged duration of abrasion of the 

grain’s surfaces during multiple recycling. In summary, the lower stratigraphic levels within this 

succession yield distinct age spectra, incomparable to those further up the stratigraphy. Samples 

located higher in the stratigraphy become more similar across the basin (MDS diagram; Fig. 2.8).  

 

 

ZIRCON PROVENANCE VARIATIONS IN THE TUMBLAGOODA SANDSTONE 
 
The study identifies mixed cratonic sources with considerable differences in zircon provenance 

between samples. Analyzing samples in stratigraphic order has allowed us to identify unique changes 

in zircon age spectra, from samples containing dominantly Archean (833), Mesoproterozoic (836) or 

Neo-Mesoproterozoic (818) ages. Furthermore sample 833 and 836 (Wendy-1) and 821 (Red Bluff; 

south of Kalbarri) show a lack of Early Paleozoic ages to all other samples, which yield the full range 

between Paleoarchean to Early Paleozoic ages. This study identified two major detrital zircon 

provenances, a dominant Precambrian source and a distinct Paleozoic source (Table 2.2; Fig. 2.7):  
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Figure 2.9  Combined gravity (colour) and magnetic anomaly map (shading) illustrates the highly 

segmented basement of the Pinjarra Orogen (red colours), the proximity to the Archean Yilgarn 

Craton and depth structure of basins (blue colours; NC = Northampton Complex; yellow points 

represent sample locations; yellow points with blue squares represent drill core locations). Woodleigh 

1 drill hole intersected similar basement rocks of the Pinjarra Orogen.  
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(1) Precambrian sources are represented by Paleoarchean to Neoproterozoic ages (3312 Ma to 

739 Ma). Archean sources derived from continental granitic source rocks of the northern Yilgarn 

Craton, including the Narryer Terrane (Kinny et al., 1988, 1990), with ages clustering between 2586 

Ma to 3312 Ma (Fig. 2.7). The Paleoproterozoic age components were apparently derived from the 

Capricorn Orogen (Libby et al., 1986; Sheppard et al., 2007) with typical ages peaking around 1893 

Ma. With an abundance of late Mesoproterozoic (1023 - 1316 Ma) and fewer Neoproterozoic (750 – 

943 Ma) age components, source regions contributing to the detritus in the Tumblagooda Sandstone 

could also be the Pinjarra Orogen itself (Bruguier et al. 1999) and the Albany-Fraser Orogen 

(Spaggiari et al., 2015; Fig. 2.10). The high variance in the distribution of age clusters in the 

sediments suggests complex drainage network arrangements across a variety of exposed basement 

areas during deposition. Notably, the deposition of larger, dominantly Archean zircon grains at the 

base of Wendy-1 implies parts of both, the Northampton Complex and Yilgarn Craton were exposed 

at the same time during Paleozoic rifting. The Northampton Complex represented a topographic 

basement high separating sub-basins and the Yilgarn Craton a proximal source for the large Archean 

zircon grains. 

 

(2) The Paleozoic source region is defined by the occurrence of Cambrian - Ordovician magmatic 

zircon ages (466 Ma to 540 Ma), which were present in thirteen samples out of sixteen (Fig. 2.7). The 

abundance of these exclusively igneous ages puts earlier speculations of a Greater India link on a 

more solid base. We suggest that this age group included significant contributions from the North 

Indian Orogen, which, according to the relatively immature nature of the sediment, would have been 

located close to the Southern Carnarvon Basin (Bhimphedian Orogeny at 470-550 Ma; e.g., Cawood 

et al., 2007; Wang et al., 2010; Fig. 2.10). Although the East Antarctic Orogen was proposed as a 

source region for Paleozoic age clusters by Cawood & Nemchin (2000), the low level of sediment 

maturity suggests shorter transport distances. While metamorphic Cambrian ages are known from the 

Pinjarra Orogen (Leeuwin Complex: Collins, 2003; Wendy-1 basement: Markwitz et al., 2017), it can 

be ruled out as possible source regions for detrital zircons in the Tumblagooda Sandstone, because 

the youngest detrital zircons are magmatic in origin.  

 

The maximum age of deposition is constrained to be less than the age of the youngest detrital 

zircon. The Tumblagooda Sandstone, including the trackways of terrestrial arthropods must therefore 

be younger than 466 Ma (Middle Ordovician - Darriwilian). An accurate minimum age constrain for the 

Tumblagooda Sandstone cannot be estimated by isotopic age measurement due to the lack of 

volcanic marker horizons, younger cross cutting intrusives or diagenetic phosphate minerals, although 

the uppermost strata of Wendy-1, which are of questionable relation to the Tumblagooda Sandstone, 

contain Early Devonian fish scales (Allen & Trinajstic, 2017). 
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Figure 2.10  Paleogeographic reconstruction map showing parts of East Gondwana and location of 

study area (black box). The Tumblagooda Sandstone zircon provenance from mixed cratonic source 

regions are recognized from the West Australian Craton (mainland Australia; AFO = Albany Fraser 

Orogen; PJO = Pinjarra Orogen) and Greater India, highlighted as red arrows. 

 

 

 

CONCLUSION 

 

The Tumblagooda Sandstone yields detrital zircon age spectra ranging from Paleoarchean to Early 

Paleozoic. Out of the sixteen samples, only 833, 836 and 818 are unique in their dominance of 

Archean (833), Mesoproterozoic (836) and Neo-Mesoproterozoic (818) age populations and their lack 

of Early Paleozoic ages (for sample 833 and 836). These samples reflect less recycled material within 

the succession and may better represent a singular source region. Following the Kuunga Orogeny, 

the formation of the Tumblagooda Sandstone began with dominantly Archean detritus deposited into 

a rift basin that formed on variably exposed basement segments of the Pinjarra Orogen. The 

distribution of age spectra and provenance correlations based on K-S statistics and MDS diagram are 

consistent with the present day Northampton Complex having constituted a basement high during the 

onset of rifting, with separate sub-basins forming on either side. The Tumblagooda Sandstone has a 

low maturity level, suggesting that in addition to the Pinjarra Orogen (Proterozoic sources), the 

Western Australian Craton (Paleoarchean to Neoproterozoic sources) and Greater India (Early 

Paleozoic sources) were proximal and exposed during Early Paleozoic rifting in East Gondwana, 
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possibly as rift shoulders. Our maximum age of deposition (466±8 Ma) implies that the terrestrial 

animal activity in the Tumblagooda Sandstone – the earliest known on Earth – is younger than the 

Middle Ordovician. Discordance modelling of Pb-loss events over the entire zircon data set identified 

a Middle Ordovician alteration event at ca. 470 Ma in the Archean zircon population from Yilgarn 

Craton rocks, synchronous to denudation and cooling that preceded the erosion of the Archean 

Yilgarn Craton and a Late Cretaceous Pb-loss event that occurred after the breakup of Greater India 

and Australia. The ca. 470 Ma Pb-loss age suggest that the intracratonic rift was initiated in the Early 

Paleozoic after the Kuunga Orogeny.  

 

Overall, we argue that the complexity of zircon provenance and variations in zircon age spectra in 

the Tumblagooda Sandstone reflect the diversity of depositional environments in a highly dynamic rift 

basin environment, for which basin-wide stratigraphical correlations may be problematic. Finally, we 

show that detrital zircon studies greatly benefit from stratigraphically dense sampling intervals, 

particularly at the base of highly dynamic depositional environments such as continental red beds, to 

adequately represent provenance and rift basin architecture.  
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APPENDICES 

 

 

Text B1  Methodology of U–PB geochronology and infrared reflectance spectroscopy 

 

U–PB GEOCHRONOLOGY 
 

The imaging of zircons were performed with the Scanning Electron Microscope (TESCAN VEGA 3) 

at the Centre for Microscopy, Characterisation, and Analysis (University of Western Australia). A 

working distance of 15 mm and using an accelerating voltage of 15 kV CL images from zircons were 

taken for laser spot selection for U–Pb dating. U–Pb ages of zircons were obtained by LA-ICP-MS 

(John de Laeter Centre; Curtin University), using a Resonetics RESOlution M-50A-LR laser ablation 

system with a Compex 102 193 nm excimer UV laser incorporated. All analyses were carried out 

using a 33 µm diameter laser spot with a 7 Hz laser repetition rate and laser energy of 1.8 J/cm2. 

Samples were spot ablated for 30 seconds followed by a ten second period of background analysis. 

The correction of U–Pb fractionation was performed using zircon standard GJ1 (207Pb/206Pb age of 

608.5±1.5 Ma; Jackson et al., 2004), with secondary standards 91500 (1065 Ma age; Wiedenbeck et 

al., 1995) and Plešovice (337 Ma age; Sláma et al., 2008) employed to verify the procedure. Common 

lead corrections have not been performed and only low 204Pb analyses are used to place age 

constraints. Due to the change in chronometric power, isotopic ratios that reflect ages younger than 

1000 Ma were calculated using the 206Pb/238U ratio, whereas older compositions are reported as 

207Pb/206Pb ages. 

 

 
INFRARED REFLECTANCE SPECTROSCOPY 
 

Both drill cores were scanned at 1 x 1 cm spatial resolution using the HyLogger3 automated 

infrared spectroscopy system at the Geological Survey of Western Australia (Perth Core Library).  

Reflectance data of minerals are characterized by their specific crystal structure and chemical 

composition, based on the wavelengths of their absorption feature. These absorption features are 

controlled by their relative abundance, and classified with the spectral library in ‘The Spectral 

Geologist TM’ (TSG) software (Schodlok et al., 2016). TSG also contains custom-built scripts (Cudahy 

et al., 2008; Laukamp et al., 2010) to identify the presence of rock-forming minerals for which the 

position and shape of absorption features varies as a function of the molecular bonds in their crystal 

structures (e.g. Clark et al., 1990; Beran, 2002; Doublier et al., 2010). Minerals such as quartz, mica, 

kaolinite, chlorite, feldspar, amphibole, and others are detectable in the visible and near-infrared 

(VNIR; 380 - 1000 nm), the short wave infrared (SWIR; 1000 - 2500 nm), and thermal-infrared (TIR; 

6000 - 14500 nm) spectral ranges.  
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Preferred spectral parameters:  

 

White micas (sericites) can form as an alteration product of plagioclase and have a specific 

absorption feature between 2180 – 2235 nm and two secondary features at 2344 nm and 2440 nm. In 

the crystal structure of white micas, Mg and Fe can be substituted with Al, which decreases the Si/Al 

ratio and also decreases the wavelength of the Al-OH absorption feature (House et al., 2014). Thus, 

high-Al muscovites have a lower wavelength absorption feature (2200-2208 nm) in contrast to low-Al 

phengites that have a higher wavelength absorption feature (2216-2228 nm). Intermediate 

wavelength can either indicate mixtures of mica phases or transitional compositions, such as e.g. 

phengitic muscovites.  

 

Kaolinite is an alteration product of K-feldspar, and its formation is related to low pH levels and K 

and Na concentrations in the ground water (Caroll & Walther, 1990). Kaolinite has a typical absorption 

features at 2202-2206 nm and secondary absorption features at 2160-2190 nm (Clark et al., 1990). 

The specific absorption feature at 2181 nm is related to dickite and well-ordered kaolinites are 

characterized by the prominent 2160 nm feature (Lau et al., 2003).  

 

Fe-oxides can be introduced into the sedimentary system during deposition, converted to hematite 

during early diagenesis and altered to goethite during burial diagenesis. The diagnostic reflectance 

and absorption features of Fe-oxides ranges between 775-1050 nm illustrating both, hematite and 

goethite appearances (Cudahy et al., 2008). 
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Text B2  Detailed sedimentological description of Wendy-1 and Coburn 1 drill cores 

 

WENDY-1: BASAL SECTION OF TUMBLAGOODA SANDSTONE 
 

The basal section of the Tumblagooda Sandstone rests unconformably above deeply weathered 

basement rocks of the Pinjarra Orogen (Fig. 2.2). Basement rocks extend from 1252.7 m to 1210.9 m 

core depth. Below 1220 m core depth, basement rocks appear fresh, comprising strongly foliated 

garnet-quartz gneisses intersected by small scale faults, quartz veins, and minor vein-type sulfide 

mineralization. The Tumblagooda Sandstone was deposited with a total thickness of 520 m and five 

major lithofacies intervals (see W1 to W5 below; Fig. 2.2) were distinguished by differences in 

textures and depositional style.  

 

Lithofacies Interval 1 (W1) – 1210.9 m to 1047 m 
 

Strata of Interval W1 is dominated by alternating coarse to very coarse red sandstone beds with a 

total thickness of approximately 164 m (Fig. 2.2). The beds are mainly composed of poorly sorted 

quartz rich sandstone sequences with feldspar grains evident throughout the entire section. Strong 

erosional surfaces cut across the medium- to coarse-grained sandstone beds, comprising thin quartz 

pebble conglomerate horizons reaching up to 5 cm in thickness. Coarse-grained bed reach up to 

several tenth of meters in thickness. Conglomerates are largely composed of well-rounded quartz 

clasts, ranging in size from <1 cm to 7 cm in diameter. Medium to coarse grained sandstone beds are 

characterized by decimeter to centimeter scale trough bedding with high to low-angle planar cross 

bedding (Appendix B3 a). Minor decimeter-thick planar thin siltstone beds occur between coarser 

grained sandstone beds at depths of 1141 m, 1138 m, 1105 m and 1080 m. A distinct sand-filled 

burrow in a deep red-brown siltstone bed marks the first occurrence of bioturbation at 1141.5 m 

(Appendix B3b). Black heavy mineral layers that trace bedding planes are prominent at depths 

between 1210.9 m and 1189.9 m. Isolated angular siltstone mud clasts ranging from 2 to 5 cm in 

diameter occur in medium-coarse moderately sorted sandstone beds and symmetric ripple forms first 

appear at 1134 m. In general, the facies are highly oxidized and Fe-rich, expressed in a deep-red, 

brown to pale red colour. The medium-coarse grained sandstones consist of single and polycrystalline 

quartz grains and significant subangular feldspar components. Some well-rounded gneissic rock 

fragments are recognized (Appendix B3i). The matrix is dominated by fine grained clays and Fe-

oxides as grain coatings or pore fillings parallel to bedding planes (Appendix B3g and 3h). Strong 

silica cementation and quartz overgrowths are recognized.  
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Lithofacies Interval 2 (W2) – 1047 m to 964.3 m 
 

Strata of Interval W2 contains 82.7 m medium-coarse sandstone beds with frequent ripple bedding 

structures (Appendix B3d). Bioturbation becomes more prominent and an overall lack of strong 

erosional surfaces and thin siltstone beds are evident, compared to Interval W1. Generally, medium-

coarse sandstone beds are several tenth of meters thick, moderately to poorly sorted, and contain 

dominantly subrounded quartz grains and subangular, usually larger, feldspar grains (Appendix B3d). 

Isolated, centimeter scale siltstone intraclasts (Appendix B3c) occur throughout medium-coarse beds, 

which are either horizontal planar to low angle cross-bedded. A small decimeter scale pebble horizon 

cuts through the section at 1032 m. Bioturbation is not well defined in a mottled background fabric.  

 

Lithofacies Interval 3 (W3) – 964.3 m to 926 m 
 

Interval W3 contains 38.3 m dominantly coarse sandstone beds with centimeter-scale graded 

pebble beds (Appendix B3e) and a prominent, up to 70 cm thick, deep red-brown conglomerate 

horizon at the base. The coarse-grained sandstone beds are generally massive and reach up to 20 m 

in thickness. These beds are characterized by planar cross bedding and poorly sorting, and contain 

dominantly subangular to subrounded quartz grains and larger sized feldspars. Isolated, well-rounded 

lithic fragments of gneissic composition are evident, nearly the same size of large feldspar grains 

(Appendix B3i). Quartz grain boundaries are partially coated with Fe-oxides, silica cementation is 

characterized by quartz overgrowths, and the intergranular pore space contains fine grained clays. 

The distinct conglomerate horizon between 965 m and 964.3 m core depth contains well-rounded 

quartz pebbles of up to 7 cm in diameter, set in a very coarse sandstone matrix. Due to drilling and 

poor cementation, loose and unconsolidated parts occur throughout the coarse sandstone sections.  

 

Lithofacies Interval 4 (W4) – 926 m to 807.7 m 
 

Interval W4 contains 118.3 m sandstone beds, which are dominated by rapid changing bedding 

textures and thicknesses from coarse-grained decimeter thick beds to medium-fine grained several 

meters thick beds, and minor decimeter-scale siltstone layers. Strong alteration within finer sandstone 

beds are characterized by strong colour banding from green-brown to red from ca. 880 m upwards. 

The sediments show strong erosional surfaces, prominent low-angle cross bedding and troughs in the 

upper parts of the section, and strong Fe impregnations and cementations in finer parts of the 

sandstones. The fine-medium sandstones are well sorted with subrounded grains. Some mud 

intraclasts occur at the boundaries between different grained sediment packages. Stacked ripple 

scale bedding structures and traces of bioturbation tubes filled with fine sands (e.g., at 846 m depth) 

are evident in the upper parts of this Interval (Appendix B3f). The composition of the sandstones is 

dominated by fine grained micas and quartz, with fewer feldspar grains observable. In thin section the 

dominance of sub-rounded quartz grains is evident, but also a high amount of altered feldspar grains. 

The matrix is composed of very fine clay minerals that occur dominantly as grain coatings, and Fe-

oxides that trace bedding plane and as grain rims (Appendix B3j).  
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Lithofacies Interval 5 (W5) – 807.7 to 691 m 
 

Strata of Interval W5 are dominated by massive, homogenous medium sandstone units of yellow-

white colour with an approximately thickness of 117 m. The medium sandstones are cut by weak 

erosional surfaces, are well sorted, and bounded by thin heavy mineral layers. Beds show the typical 

planar cross-bedding, laminations and faint colour banding with detrital pyrite.  

 

 

COBURN 1: UPPER SECTION OF TUMBLAGOODA SANDSTONE 
 
Strata in Coburn 1 contain the upper succession of the Tumblagooda Sandstone between depths of 

1093 m to 974.65 m. Based on textural and depositional style changes within the sandstone 

dominated facies, three lithofacies intervals were recognized: C1 to C3 (Fig. 2.3). The transition from 

the Tumblagooda Sandstone into the Dirk Hartog Formation is marked by the occurrences of dark 

grey shales and mudstones starting from 974.65 m, but some uncertainty remains regarding the 

precise stratigraphical boundary. 

 

Lithofacies Interval 1 (C1) – 1093 m to 1034.7 m 
 

Interval C1 contains 58.3 m medium-fine to coarse-grained sandstone beds with minor centimeter 

thick siltstone beds. The medium-fine sandstone beds reach thicknesses up to 16 m, are well sorted, 

and dominated by subrounded quartz grains and minor thin heavy mineral layers located parallel to 

bedding planes. In the decimeter thick medium-coarse sandstone beds, sediments are poorly sorted, 

and composed of subrounded quartz and subangular altered feldspar grains. Beds show a variety of 

bedding styles ranging from low-angle cross-cutting beds bounded by heavy mineral layers, high-

angle cross bedding, strong erosional surface, and minor planar laminated beds. There is an 

abundance of centimeter-scale mud intraclasts throughout this interval and numerous occurrences of 

ripple structures (Fig. 2.3). A distinct strong erosional surface separates a dark green siltstone horizon 

from a poorly sorted medium sandstone bed (Appendix B3k). Soft sediment deformation structures 

were observed at 1034.7 m in a thinly banded fine sandstone bed. Strong colour alteration of 

sediments become prominent in the upper levels of this interval. Notably, fine textured siltstone beds 

are more prominent in Wendy-1 succession.  

In thin section, chlorite flakes and Fe-oxide concentrations are bounded parallel bedding planes and 

tracing grain boundaries in poorly sorted medium sandstones. Isolated hornblende grains are 

scattered throughout within a clay rich matrix (Appendix B3o and 3q). Clays occur intergranular and 

as rims around feldspars. Siltstones are highly altered by Fe-oxides and clay minerals, tracing grain 

boundaries (Appendix B3p).  

 

Lithofacies Interval 2 (C2) – 1034.7 m to 1010.4 m 
 

Interval C2 contains 24.3 m of a highly altered medium to fine-grained sandstone sequence, which 

are moderate to well-sorted with a dominance of subrounded quartz grains and subangular altered 

feldspar grains. C2 is dominated by planar low-angle cross bedding with minor laminations. Isolated 
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centimeter-scale mud subangular clasts occur in combination with weak erosional contacts. Minor, 

well-sorted fine sandstone beds are generally several meters thick and occur between coarser 

grained beds. They contain prominent ripple bedding (Appendix B3m) and bioturbation marks. Typical 

for medium-fine sandstones is the strong colour alteration (Appendix B3l). Chlorite fibers grew along 

quartz grain boundaries tracing bedding planes (Appendix B3r) and the matrix exist of intergranular 

clays. 

 

Lithofacies Interval 3 (C3) – 1010.4 m to 974.65 m 
 

Interval C3 contains 35.75 m massive medium- to fine-grained sandstone beds with a thickness of 

several tenth of meters, comprising vertical bioturbation marks (Appendix B3n), planar cross-bedding 

and laminations. Beds are generally very well sorted and dominated by subrounded to well-rounded 

quartz grains with minor feldspars. Sandstones contain isolated mud drapes, separated by a few 

weak erosional surfaces within the massive sandstone beds. Strong colour alteration of sediments 

define the finer sandstone beds, ranging from pale yellow to dark brown. 




