
 

 

 

 

 

 

 

 

Origin of late Archaean granite from the 

Narryer Terrane, Yilgarn Craton 

Matthew Leonard Rowe BSc (Hons) 

 

 

 

 

 

 

 

 

 

 

 

 

This thesis is presented for the degree of Doctor of Philosophy of The University of Western 
Australia 

School of Earth Sciences 

2021 



ii 

 

Thesis Declaration 

I, Matthew Leonard Rowe, certify that: 

This thesis has been substantially accomplished during enrolment in this degree. 

This thesis does not contain material which has been submitted for the award of any other 
degree or diploma in my name, in any university or other tertiary institution. 

In the future, no part of this thesis will be used in a submission in my name, for any other 
degree or diploma in any university or other tertiary institution without the prior approval of 
The University of Western Australia and where applicable, any partner institution responsible 
for the joint-award of this degree. 

This thesis does not contain any material previously published or written by another person, 
except where due reference has been made in the text and, where relevant, in the Authorship 
Declaration that follows.  

This thesis does not violate or infringe any copyright, trademark, patent, or other rights 
whatsoever of any person. 

This thesis contains published work and/or work prepared for publication, some of which has 
been co-authored. Electronic supplementray files can be obtained from the author 
(matthew.rowe@research.uwa.edu.au). 

 

 

 

 

 

 

 

 

 

 

Signature:  

Date: 04/11/2021 



iii 

 

  



iv 

 

Abstract 

Archaean cratons are ancient composite fragments of the early Earth’s continental crust and 

comprise granite-greenstone belts, quartzofeldspathic gneiss terranes, and low Al-Ca-Fe 

subcontinental lithospheric mantle (SCLM). During their late evolution, Archaean cratons 

were stabilised by the process of cratonisation. This is typified by a period of regional 

metamorphism followed by craton-wide high K2O granitic magmatism. Ultimately, these 

global events formed Neoarchaean continents on the early Earth. However, the nature and 

origin of late Archaean magmatism related to cratonisation of Archaean cratons remains 

ambiguous. Here, it is shown that formation of the Archaean Yilgarn Craton of Western 

Australia was related to a distinctive process involving three Neoarchaean magmatic stages, 

and involving a secular evolution in magma compositions, sources, and tectonic settings, and 

decompression melting of the asthenosphere. Zircon U–Pb ages of ultramafic–felsic lower 

crust of the Narryer Terrane in the Yilgarn Craton identifies episodic magmatism at c. 2740, 

2680, and 2630 Ma. The whole-rock geochemistry of granitic rocks related to cratonisation 

compositionally evolves between magmatic stages. This is typified by nominal ‘I-type’ 

tonalitic to monzogranitic magmas inferred to be generated in a convergent tectonic setting 

at c. 2740 Ma, then later ‘A-type’ granodioritic and monzogranitic magmas related to 

intraplate tectonic settings at c. 2680–2630 Ma. Zircon U–Pb, O, and Hf isotopic compositions 

define a secular evolution in magma sources involving Hadean–Paleoarchaean supracrustal, 

infracrustal, and asthenospheric mantle end-members. A model for cratonisation of the 

Yilgarn Craton is invoked that involves Archaean crustal and SCLM thickening by proto-

tectonic collisions at c. 2740 Ma, followed by intraplate anatexis of the lower crust at c. 2680 

Ma, then middle crust at c. 2630 Ma. Here, cratonic lithospheric thickening displaces buoyant 

and depleted (low Ca-Al-Fe) SCLM into dense, high-T, fertile (high Ca-Al-Fe) asthenospheric 

mantle. A temporary increase in the isostatic buoyancy force acting on the base of the 

cratonic lithosphere resulted in rebound, ascension, and extension of the nascent craton in 

the mantle column, driving decompression melting of asthenospheric mantle. It is inferred 

that high-T CHUR mantle-derived melts and decompression of near-solidus lower crust 

induces anatexis and generation of craton-wide intraplate ‘A-type’ granitic magmas, 

ultimately cratonising the lithosphere and forming an Archaean continent. 
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Introduction 
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Preamble 

The origin of early Earth continents and magmatism related to crustal formation during the 

Hadean and Archaean Eons remains ambiguous. The composition and spatial extent of 

Hadean crust is inferred to be largely ultramafic to mafic and assumed to be the crystallisation 

product of an early Earth magma ocean (Kamber, 2015; Kemp, 2018). The evidence for 

compositionally evolved crust is largely restricted to rare occurrences of Hadean detrital 

zircons within Archaean supracrustal belts and zircon xenocrysts within Archaean 

quartzofeldspathic gneisses and granites of the Narryer Terrane in the Yilgarn Craton 

(Compston and Pidgeon, 1986; Froude et al., 1983; Nelson et al., 2000; Wilde et al., 2001). 

However, the isotopic compositions of ancient zircons can be compromised, and fractionated 

mantle-derived mafic magmas can crystallise zircon within gabbroic-anorthositic melts, 

leaving interpretations of their origin uncertain (see Kemp et al., 2010). Late Hadean tonalitic 

inclusions occur as components within complicated Archaean migmatites and multi-phase 

quartzofeldspathic gneisses of the Slave Craton (Bowring and Williams, 1999). The 

petrogenesis of these are difficult to ascertain, however, whole-rock geochemical and zircon 

isotopic evidence is suggestive of generation within an oceanic plateau tectonic setting and 

derivation from a fractionated mafic parental melt (Reimink et al., 2014). Estimations 

regarding the volume of compositionally evolved Hadean continental crust are variable and 

unreconcilable with one another (see Hawkesworth et al., 2010). This is because Hadean crust 

appears to have been almost entirely destroyed or recycled during the late heavy 

bombardment and later tectono-thermal erosion (see Kamber, 2015). One line of evidence 

derived from the Hf isotopic compositions of zircons in Archaean granitic rocks suggests that 

the generation of significant volumes of continental crust and a complementary depleted 

mantle reservoir did not occur until the Eoarchaean, casting doubt on the existence of Hadean 

continents (Kemp et al., 2010; Petersson et al., 2020; Vervoort and Kemp, 2016). Ultimately, 

assessing the composition and extent of Hadean crust on Earth may not be achievable. 

Archaean crust comprises a minor component of the present-day continents and has been 

largely metamorphosed, deformed, and eroded (Cawood et al., 2018; Hawkesworth et al., 

2017). It occurs as cratons consisting of granite-greenstone belts and quartzofeldspathic 
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gneisses underlain by a depleted sub-continental lithospheric mantle (SCLM) (see Griffin et 

al., 2008; Kamber, 2015).  

Archaean cratons are comprised of distinct terranes with different ages and compositions, 

reflecting a protracted crustal evolution. This is typified by the occurrence of early Archaean 

quartzofeldspathic gneisses derived from tonalite-trondhjemite-granodiorite (TTG) 

precursors (Moyen and Martin, 2012). These often contain supracrustal and ultramafic to 

anorthositic enclaves, are complexly deformed, and metamorphosed in the amphibolite to 

granulite facies (see Anhaeusser (2014) for review). The petrogenesis of the TTG suites and 

tectonic setting related to TTG magmatism remains uncertain, with evidence for both 

intraplate and convergent plate regimes (Laurent et al., 2020; Moyen and Martin, 2012; 

Smithies et al., 2019). However, early Archaean terranes can retain a spectrum of lithotypes 

with geochemical compositions, and, rarely, original lithospheric architecture, consistent with 

oceanic intraplate magmatism (Hickman and Van Kranendonk, 2012; Kamber, 2015; Rowe 

and Kemp, 2020; Smithies et al., 2009). Furthermore, zircon U–Pb and Hf isotopic time-arrays 

trends in quartzofeldspathic gneisses and granitic intrusions comprising early Archaean 

terranes in the Pilbara, North Atlantic, and Yilgarn cratons are congruous with protracted 

infracrustal reworking, with no evidence for mantle-derived melt hybridisation that may 

reflect arc magmatism until the Mesoarchaean (see Kemp (2018) and Kemp et al. (2010) for 

discussion). Conversely, other Archaean terranes with quartzofeldspathic gneisses 

interpreted to be derived from TTG suites are inferred to be more consistent with generation 

in a convergent tectonic setting, such as a continental or oceanic arc (Moyen and Martin, 

2012). Ultimately, it is likely that TTG-like magmas can be produced in both tectonic regimes, 

as in the Phanerozoic (Atherton and Petford, 1993; Willbold et al., 2009).  

The late Archaean components of cratons are dominated by granitic gneisses and granites 

(see Anhaeusser (2014) for review). This is typified by widespread tonalitic, granodioritic, and 

monzogranitic magmatism that occurs late in the evolution of the craton. The petrogenesis 

of these suites is also ambiguous, with whole-rock geochemical compositions possibly 

indicative of both hydrous low temperature magmatism consistent with an arc and high 

temperature anhydrous magmatism that may reflect an intraplate tectonic setting (Laurent 

et al., 2014; Sylvester, 1994). All Archaean cratons were subjected to a major Neoarchaean 
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tectonothermal event (Hawkesworth et al., 2017; Kamber, 2015). This is interpreted to reflect 

a global late Archaean granite bloom and is typified by widespread monzogranitic intrusions 

(Laurent et al., 2014; Sylvester, 1994). This magmatic event is related to cratonisation, the 

process by which Archaean continental lithosphere is amalgamated, metamorphosed, and 

chemically differentiated resulting in the formation of enduring Archaean cratons 

(Hawkesworth et al., 2017; Kamber, 2015). Petrogenesis of the Neoarchaean monzogranites 

is uncertain and controversial due to their widespread spatial distribution, brief duration of 

emplacement, and haplogranitic minimum-melt compositions (see Sylvester, 1994). Models 

related to the origin of these granitic rocks include mantle plume events, lower crustal 

delamination, and subduction zone processes (Almeida et al., 2013; Dey et al., 2012; Ivanic et 

al., 2012). However, a number of issues remain unexplained by the foregoing petrogenesis 

models. Mantle plumes may be a viable process to induce lower crustal anatexis, resulting in 

widespread granitic magmatism. High temperature mantle upwellings are inevitably related 

to voluminous mantle derived ultramafic to mafic magmas and lavas, the products of which 

are not observed during cratonisation (see Sylvester, 1994; Champion and Cassidy, 2010). 

Lower crustal delamination is another mechanism to induce crustal anatexis. This would 

require the existence of large expanses of high-density garnet eclogite (Zegers and Keken, 

2001) in the lower crust of all Archaean cratons. This material is posited to become unstable 

due to a positive density differential with the underlaying SCLM mantle, causing foundering 

into the asthenosphere (Zegers and Keken, 2001). Following this, asthenospheric mantle 

upwelling and melting is thought to provide the heat required for widespread crustal 

remelting. However, the lower crust and refractory SCLM comprising the bulk of Archaean 

cratons largely remains to the present day (Griffin et al., 2008; Bédard, 2018) and mantle-

derived ultramafic and mafic magmatism involved with the influx of high temperature 

asthenosphere does not occur during cratonisation (Sylvester, 1994; Champion and Cassidy, 

2010). Lastly, subduction zones are the archetypical tectonic setting for generating granitic 

magmas on the present-day Earth. Here, partial melting of the mantle and melt interaction 

with crust in the over-riding plate results in a diverse range of calc-alkaline mafic to felsic 

magma suites (see Kamber, 2015). This tectonic setting is typified by magmatism and 

volcanism that produces linear arcs and can involve protracted periods of time spanning up 

to c. 300 Ma (Kemp et al., 2009). However, the spatial distribution and short period of 
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emplacement of monzogranitic intrusions during cratonisation is inconsistent with an arc 

tectonic setting. Large cratons spanning up to hundreds of thousands of square kilometres 

were intruded by granitic melts in magmatic pulses as short as c. 25 Ma (see Champion and 

Cassidy, 2010). Additionally, magmas related to cratonisation are dominantly haplogranitic, 

with a notable absence of volcanism (Sylvester, 1994). Despite being a major component of 

Archaean cratons and representing the last magmatism prior to a period of quiescence, the 

source compositions and tectonic setting related to these late monzogranitic magmas 

remains ambiguous. 

A distinguishing feature of Archaean cratons is the highly depleted, refractory, and buoyant 

sub-continental lithospheric mantle affixed to the lower crust (Griffin et al., 2008; Kamber, 

2015). It is comprised of chemically differentiated mantle peridotite, consisting of spinel 

dunite-harzburgite at the crustal interface and garnet harzburgite at greater pressures 

towards the lithosphere-asthenosphere boundary (LAB) (Bernstein et al., 2007; Griffin et al., 

2008; James et al., 2004). The SCLM is the product of protracted partial melting of fertile 

mantle peridotite and the generation of komatiitic, picritic, and basaltic melts that are 

extracted and ascend in the mantle leaving in a melt depleted residuum (Griffin et al., 2008; 

Kamber, 2015). Notably, Archaean SCLM is the thickest and most chemically depleted on 

Earth, extending up to c. 300 km of depth beneath Archaean continental crust and reaching 

low densities of c. 3.30 gm/cc in the upper mantle (Griffin et al., 2008; James et al., 2004; 

Kamber, 2015). Beneath the LAB, asthenosphere is comprised of high density and fertile 

garnet lherzolite, reflecting the composition of mantle peridotite that has not been 

significantly depleted in incompatible elements by partial melting and the extraction of a 

komatiitic to basaltic melt (Griffin et al., 2008). This mantle component is relatively high 

temperature, convective, and increases in density as a function of depth from c. 3.45 gm/cc 

at 200 km (James et al., 2004; Rey et al., 2014). The longevity of enduring Archaean 

lithosphere is attributed to the uniquely thick, buoyant, and refractory SCLM that comprises 

the vast majority of Archaean cratons (see Kamber (2015) for discussion). Without this, or if 

the Archaean SCLM is not sufficiently thickened through partial melting and chemical 

depletion, thermomechanical erosion and tectonic processes are capable of destroying 

Archaean crust.  
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In summary, the origin of early Earth continents, formation of Archaean cratons, and tectonic 

setting(s) related to generation of continental crust and complementary SCLM is ambiguous. 

This is due to later tectonothermal events destroying and geochemically compromising 

Hadean and Archaean crust, resulting in a fragmentary geological record. However, the use 

of isotopic tracers and proxies on rare, well-preserved, and compositionally variable Archaean 

continental crust may yield critical information related to Earth’s chemical evolution, 

specifically, the crust-mantle system. By combining whole-rock geochemical and mineral 

isotopic methods, such as U–Pb, O, and Hf isotopic analysis of zircon (see Dhuime et al., 2012; 

Laurent et al., 2014; Næraa et al., 2012), the timing and processes related to Archaean 

planetary differentiation can be identified. This approach has the potential to determine the 

age and the various sources of zircon-bearing magmas, aiding efforts in ascertaining a given 

magmas petrogenesis and, possibly, tectonic setting. Ultimately, this information is 

fundamental for producing models regarding the late Archaean magmatic event and 

cratonisation that resulted in the formation and stabilisation of Earth’s Archaean continental 

crust. 

1. The Narryer Terrane of the Archaean Yilgarn Craton 

The Narryer Terrane is comprised of Eoarchaean to Neoarchaean mid-lower continental crust 

and forms the northwestern Yilgarn Craton of Western Australia. It consists of 

quartzofeldspathic gneisses, granites, and supracrustal belts regionally metamorphosed in 

the amphibolite to granulite facies (Myers, 1988; Williams and Myers, 1987).  

The Narryer Terrane retains evidence for early Earth magmatism spanning c. 1800 Ma, from 

the Hadean to late Neoarchaean. Notably, Hadean detrital zircon occurs in the Mount Narryer 

and Jack Hills supracrustal belts (Compston and Pidgeon, 1986; Froude et al., 1983; Wilde et 

al., 2001). Inherited Hadean zircon cores also occur in Archaean quartzofeldspathic gneisses 

and granites, suggestive of an ancient lower crust (Nelson et al., 2000). 

Early Archaean components of the Narryer Terrane include the c. 3730 Ma Manfred Complex, 

a magmatically and tectonically dismembered layered mafic intrusion (LMI) containing the 

oldest anorthosites dated by zircon U–Pb isotopes on Earth (Kinny et al., 1988; Myers, 1988; 

Rowe and Kemp, 2020). Eoarchaean quartzofeldspathic gneisses and migmatites with 



7 

 

metamorphosed sedimentary and ultramafic-anorthositic enclaves occur locally adjacent to 

the Mount Narryer and Jack Hills supracrustal belts and comprise the oldest granitic rocks in 

Australia. These composite gneisses were collectively referred to as the Meeberrie Gneiss by 

Myers (1988) and are complexly deformed and metamorphosed; consequently, the 

petrogenesis and spatial extent of the Meeberrie Gneiss is unknown. The Paleoarchaean 

Eurada gneiss comprises strongly deformed and locally banded and migmatitic tonalitic 

gneisses in the central Narryer Terrane (Nutman et al., 1991). The Mesoarchaean Dugel gneiss 

forms a minor part of the early Archaean gneiss terrane and is spatially related to the 

Meeberrie Gneiss near Mount Narryer (Myers, 1988). Here, it is tectonically intercalated with 

Meeberrie Gneiss and contains enclaves of the Manfred Complex and metasedimentary rock.  

Late Archaean components of the Narryer Terrane include quartzofeldspathic gneisses, 

granite, and supracrustal belts. Neoarchaean supracrustal belts are inferred to have been 

deposited c. 3050-2750 Ma, are complexly metamorphosed and deformed, and are largely 

comprised of siliciclastic metasedimentary rocks (Myers, 1997). The Narryer Terrane is 

dominated by Neoarchaean granite and quartzofeldspathic gneisses that occur across the 

terrane and range in age and composition (see Myers (1997) for an overview of the following). 

The earliest identified Neoarchaean granitic intrusion is the Wandarrie Granite emplaced c. 

2735 Ma. This occurs coeval with various undefined c. 2735 Ma granitic intrusions in the 

north, however, these are largely inferred and their true spatial extent is unknown. The c. 

2685 Yallalong granite was emplaced the western Narryer Terrane and exhibits as a 

heterogeneous complexly deformed quartzofeldspathic gneiss. The c. 2640 Ma Impey granite 

is interpreted to be a large component of the central Narryer Terrane consisting of 

monzogranitic intrusions. The coeval Balla granite occurs to the west of the Impey granite and 

exhibits as a distinctive mesocratic metamonzogranite. The c. 2635 Ma Churla granite is 

located in the western Narryer Terrane and occurs as deformed metamonzogranite. Lastly, 

the c. 2620 Ma Yarra Yarra granite is inferred to comprise large tracts of the northwestern 

Narryer Terrane.  

Despite being of significant geological importance, previous research on the Narryer Terrane 

has largely focused on determining the ages of early Archaean quartzofeldspathic gneisses 

and identifying and characterising Hadean detrital zircon in the supracrustal belts (Nutman et 
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al., 1991; Wilde et al., 2001). Subsequently, the late crustal evolution of the Narryer Terrane 

and the petrogenesis of Neoarchaean granitic rocks comprising the rarely exposed mid-lower 

continental crust is unknown. 

2. Thesis Objectives 

2.1 Petrogenesis of late Archaean granite: Implications for crustal evolution and 

formation of early Earth continents 

The main aim of this study is to ascertain the petrogenesis of Neoarchaean granites related 

to the formation and cratonisation of Archaean cratons. The hypothesis is that this can be 

achieved by sampling well-preserved ultramafic, mafic, intermediate, and felsic rocks 

comprising the mid-lower continental crust of the Narryer Terrane in the Yilgarn Craton of 

Western Australia. The Narryer Terrane was selected due to its mid-lower crustal exposure 

levels, placing the late Archaean granites closer to their respective magmatic sources residing 

in the lower continental crust. This results in less differentiated compositions that may retain 

more information regarding granite petrogenesis. Furthermore, by collecting a wide 

compositional range of Neoarchaean rock-types and less chemically fractionated granitic 

rocks, more detailed information regarding the tectonic setting of magmatism related to 

cratonisation may be retrieved. This research was undertaken by means of detailed fieldwork, 

petrography, whole-rock geochemistry, and zircon U–Pb, O, and Hf isotopic analysis of 

ultramafic, mafic, intermediate, and felsic rocks. Ultimately, this research seeks to produce a 

model for the formation and cratonisation of Archaean cratons that is consistent with 

geological evidence from multiple disciplines, and that can be applied to other cratons. 

3. Methods 

3.1  Fieldwork 

Fieldwork related to this PhD project was undertaken between 2016 and 2019 with logistical 

support from the Geological Survey of Western Australia (GSWA). A total of seventy-six 

samples of ultramafic, mafic, intermediate, felsic, and metasedimentary rock were collected 

from the Narryer Terrane and northwestern Murchison Domain of the Archaean Yilgarn 

Craton. These were targeted based on their geographic location to ensure a well-dispersed 
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sample and dataset. Samples included rocks analysed by previous workers, but largely 

consisted of new locations and rock exposures identified via satellite imaging. Targeted 

outcrops were inspected for sampling suitability; of those deemed appropriate on the basis 

of rock-type and preservation/alteration, large c. 10-20 kg samples of unweathered rock were 

extracted with a sledgehammer, labelled, and double-bagged prior to being stored in sealed 

buckets for transportation. From the initial seventy-six samples, forty-three were deemed a 

priority for whole-rock geochemical analysis and heavy mineral separation.   

3.2 Petrography 

All samples had standard thin-sections made to identify the rock-type, mineralogy, textures, 

and assess preservation state. These were inspected by binocular polarised light microscopy 

at the University of Western Australia (UWA). 

3.3 Whole-rock geochemistry 

Whole-rock geochemical analyses were undertaken by Bureau Veritas (Perth). Major 

elements were analysed by x-ray fluorescence spectrometry (XRF) and trace elements by laser 

ablation mass-spectrometry (LA). For detailed methods, see Chapter 2, manuscript 1, section 

3.3. 

3.4 SHRIMP zircon U–Pb isotope analysis 

Zircon uranium-lead isotopic analysis was undertaken by sensitive high-mass resolution ion 

microprobe (SHRIMP 2) at the John de Laeter Centre in Curtin University. For detailed 

methods, see Chapter 2, manuscript 1, section 3.2. 

3.5 SIMS zircon O-isotope analysis 

Zircon oxygen isotopic analysis was undertaken by secondary-ion mass spectrometry (SIMS) 

at the Centre for Microscopy, Characterisation and Analysis (CMCA) in the University of 

Western Australia. For detailed methods, see Chapter 3, manuscript 2, section 1.5 (DR 

methods). 
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3.6 LA-ICP-MS zircon Lu–Hf isotope analysis 

Zircon lutetium-hafnium isotopic analysis was undertaken by laser ablation inductively 

coupled plasma mass-spectrometry (LA-IC-PMS) at the School of Earth Sciences (SES) in the 

University of Western Australia. For detailed methods, see Chapter 4, manuscript 3, section 

4.2. 
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HIGHLIGHTS 

 U-Pb zircon geochronology in the northwestern Yilgarn Craton defines three major 

magmatic stages at c. 2740 Ma, 2680 Ma, and 2630 Ma. 

 Compositions of granitic rocks evolved during each magmatic stage. 

 Magma sources included mantle and crustal (mafic to intermediate) materials.  

 Tectonic settings changed over time from convergent arc to extensional intraplate. 

 Similar processes occurred across the Yilgarn Craton and in other Archaean cratons. 

ABSTRACT 

Assembly of the Yilgarn Craton in Western Australia was related to a Neoarchaean magmatic 

event that stabilised an Archaean continent. Neoarchaean granitic magmatism across the 

Yilgarn Craton was typified by early (2750–2680 Ma) tonalite and granodiorite emplacement, 

followed by craton-wide 2680–2620 Ma granodiorite and monzogranite emplacement. 

Products of the younger magmatic event are the most voluminous in the Yilgarn Craton, 

although magma source compositions and tectonic settings related to magmatism have 

remained ambiguous. We report U–Pb zircon ages and whole-rock geochemistry of 

ultramafic, mafic, intermediate, and felsic magmatic rocks from the Narryer Terrane and the 

adjacent Youanmi Terrane in the northwestern Yilgarn Craton. Neoarchaean magmatism 
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occurred in three stages, at c. 2740 Ma, 2680 Ma, and 2630 Ma. The compositions of granitic 

magmas evolved during each stage, from relatively high CaO/K2O, V, and EuN/Eu* tonalite, 

granodiorite, and monzogranite at c. 2740 Ma, to high K2O/Na2O, Zr, and Ga/Al2O3 

granodiorite and monzogranite with A-type affinity at c. 2680 and 2630 Ma. We infer that 

cratonisation of the northwestern Yilgarn Craton involved a change from convergent to 

intraplate tectonic environments during these three magmatic episodes, with stages 2 and 3 

cratonising the lithosphere. We suggest that thickening of Archaean continental nuclei 

through convergent tectonics was followed by extension and decompression melting of the 

lithosphere. The latter events triggered craton-wide crustal anatexis, episodic granitic 

magmatism, and stabilisation of the Yilgarn Craton. This distinctive Neoarchaean crustal 

evolution appears to be consistent with late magmatism associated with cratonisation of 

other Archaean terranes, and reflects a unique process stabilising continental crust on the 

early Earth. 

1. Introduction  

The Neoarchaean Era (2.8 – 2.5 Ga) marked the assembly of Archaean cratons by the merging 

of continental nuclei and the resulting stabilisation of Earth’s continental lithosphere (e.g., 

Dewey and Windley, 1981, and see reviews in Hawkesworth et al., 2017 and Cawood et al., 

2018). This global event was associated with widespread granitic magmatism and arguably 

represented a fundamental stage in the evolution of the planetary system (Condie and 

O’Neill, 2010; Laurent et al., 2014). The overarching process by which Archaean lithosphere 

is amalgamated, metamorphosed, and chemically differentiated, resulting in the formation 

of stable and enduring Archaean crustal blocks, is referred to as cratonisation (Hawkesworth 

et al., 2017; Kamber, 2015). However, it is unclear how Archaean cratons formed and which 

tectonic settings were associated with the voluminous granitic magmatism related to 

cratonisation (see Kamber, 2015). 

Various models have been presented to explain the origin of granitic rocks emplaced late in 

the evolution of Archaean cratons (see Sylvester 1994 and Laurent et al., 2014 for reviews). 

Recent models include: lithospheric delamination and crustal melting (Almeida et al., 2013), 

mantle plume related infracrustal melting (Ivanic et al., 2012), crustal thickening and post-
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orogenic collapse (Guo et al., 2015), basaltic underplating of the lithosphere inducing crustal 

anatexis (Romano et al., 2013), mantle overturn event(s) (Bédard and Harris, 2014), collision–

accretion and thermal reworking (Laurent et al., 2014), and uniformitarian subduction zone 

processes (Dey et al., 2012). However, many models that attempt to describe the origin of 

the late Archaean granite ‘bloom’ are not consistent with the observed geology, particularly 

the ages and spatial distribution of magmatic rocks, or with the geophysical characteristics of 

Archaean cratons. For example, lithospheric delamination, mantle overturn events, and 

plume-related magmatism would all result in voluminous ultramafic and mafic magmatism, 

the products of which are not observed during cratonisation (Sylvester, 1994; Champion and 

Cassidy, 2010). The buoyant and refractory Archaean subcontinental lithospheric mantle 

(SCLM) is typically still affixed to the lower crust of cratons (Griffin et al., 2009; Bédard, 2018), 

discrediting models for craton-wide lithospheric delamination, and the persistence of these 

lithospheric keels may explain the longevity of Archaean continental crust (Kamber, 2015). 

Furthermore, the ages of mafic and felsic magmatism within a given Archaean craton appear 

to indicate convergent tectonic settings prior to cratonisation (see Laurent et al., 2014). 

Lastly, the spatial distribution of granitic magmatism during cratonisation is inconsistent with 

Phanerozoic-type crustal thickening and uniformitarian subduction zone processes. Existing 

data suggest that the ~650,000 km2 Yilgarn Craton of Western Australia was cratonised 

between c. 2655 and 2630 Ma by craton-wide monzogranite intrusion (Myers, 1995; 

Champion and Cassidy, 2010). These geological features are difficult to reconcile with tectonic 

settings that operate on the modern Earth, which result in the emplacement of granitic 

magmas in relatively narrow arcuate chains. Further work to understand the petrogenesis of 

these Neoarchaean granitic rocks is required in order to constrain the geodynamic controls 

on cratonisation. 

The Narryer Terrane of the northwestern Yilgarn Craton preserves Eoarchaean to 

Neoarchaean continental crust exposed at middle to lower crustal levels (Myers, 1988a). 

Here, Neoarchaean granitic rocks comprise a wide compositional range, including tonalite, 

trondhjemite, granodiorite, and monzogranite, in contrast to the minimum melt haplogranitic 

compositions that typically dominate upper crustal levels in the eastern Yilgarn and other 

Archaean cratons (see Sylvester, 1994; Myers, 1997a; Smithies and Champion, 1999; Laurent 

et al., 2014).  
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We here report a comprehensive U–Pb zircon age and whole-rock geochemical study of 

Neoarchaean igneous rocks from the central Narryer Terrane and the adjacent northwestern 

Youanmi Terrane (Murchison Domain) of the Yilgarn Craton. The aim is to constrain models 

for the origin of Neoarchaean granitic magmas and cratonisation of Archaean crust. Building 

upon earlier U-Pb zircon studies (e.g., Kinny et al., 1990; Nutman et al., 1991, 1993), we 

identify three discrete magmatic stages, at c. 2740 Ma, 2680 Ma, and 2630 Ma, and discern 

an evolution in whole-rock geochemical composition. These results imply that construction 

of the Yilgarn Craton involved a progression from convergent to intraplate tectonic settings. 

This evolutionary sequence appears to be replicated in other cratons and may reflect a 

distinctive process related to the stabilisation of Archaean continental crust on Earth.  

2. Regional geology of the Narryer Terrane 

2.1 Geological overview 

The Narryer Terrane (Figure 2.1), in the northwestern Yilgarn Craton, consists of Eo- to 

Neoarchaean quartzofeldspathic gneisses, Precambrian supracrustal rocks (metamorphosed 

clastic sedimentary rocks, carbonate rocks and banded iron formation), and Neoarchaean 

granitic rocks; strips of amphibolite and ultramafic rock are interleaved throughout (Williams 

and Myers, 1987; Myers, 1988a, and see review in Kemp et al., 2018). As emphasised by 

Nutman et al. (1993), the geology of the terrane is extremely complex, reflecting multiple 

metamorphic and deformational episodes of varying intensity that imparted lithological 

heterogeneity at the metre- to tens of metre-scale; in many instances, Neoarchaean granitic 

rocks cannot be distinguished in the field from Eo- to Palaeoarchaean gneisses on the basis 

of texture or mineralogy alone. Additional limitations are posed by poor exposure of the 

crystalline basement (typically much less than 10%) and deep weathering profiles. For these 

reasons, detailed geological maps of the Narryer Terrane are not available. The region has 

been mapped at 1:250 000 scale by the Geological Survey of Western Australia, and the most 

recent map, covering the central part of the terrane, was published in 1997 (BYRO sheet; 

Myers, 1997). The main elements from that map are incorporated into Figure 2.1.  

Prior studies have therefore emphasised U-Pb zircon geochronology as a way to unpick the 

lithological complexity of the Narryer Terrane, and to resolve discrete protolith age 
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components (e.g., Kinny et al., 1988, 1990; Nutman et al., 1991, 1993). These studies have 

revealed the protracted geological history of the terrane. Hadean detrital zircons and zircon 

cores have been identified in Precambrian supracrustal belts, quartzofeldspathic gneiss, and 

granitic rocks (Froude et al., 1983; Compston and Pidgeon, 1986; Nelson et al., 2000; Wilde 

et al., 2001). Early Archaean magmatism involved the formation of layered mafic intrusions 

and emplacement of tonalite-trondhjemite-granodiorite (TTG) rocks, now largely converted 

to quartzofeldspathic gneisses (Kinny et al., 1988; Myers, 1988b; Nutman et al., 1991; Kemp 

et al., 2018; Rowe and Kemp, 2020). The gneissic rocks have been divided into the Meeberrie, 

Eurada, Dugel, and Milga Gneisses (Myers, 1988a; see review in Kemp et al., 2018). The 3730–

3600 Ma Meeberrie Gneiss is a composite, upper amphibolite facies quartzofeldspathic gneiss 

located in the central and eastern Narryer Terrane (Kinny and Nutman, 1996). The Eurada 

Gneiss comprises deformed tonalitic gneisses in the central Narryer Terrane that range in age 

from 3490 to 3440 Ma (Kinny et al., 1988; Nutman et al., 1991). The 3400–3300 Ma Dugel 

Gneiss is a minor component of the central Narryer Terrane and consists of metamorphosed 

monzogranite and syenogranite (Myers, 1988a). The Milga Gneiss, which occupies a small 

expanse south of the Dugel Gneiss, was derived from a granodioritic precursor emplaced at 

2994 ± 6 Ma (105002; Nelson, 1996c). Granodioritic gneisses yielding similar protolith ages 

are reported south of the Jack Hills, about 100 km to the northeast of the dated Milga Gneiss 

sample (Nutman et al., 1993), although the spatial extent of these rocks is not given. Following 

the emplacement of the igneous protolith to the Milga Gneiss, there was an apparent 

magmatic hiatus of c. 150 million years in the Narryer Terrane, until the first episode of 

Neoarchaean magmatism at c. 2740 Ma (see below). 

The Mount Narryer, Mount Murchison, and Jack Hills supracrustal belts consist largely of 

siliciclastic metasedimentary rocks thought to have been deposited between c. 3050 and 

2750 Ma (Myers, 1988a; Spaggiari et al., 2008). These supracrustal rocks were deformed and 

tectonically intercalated with the flanking quartzofeldspathic gneisses during a regional 

metamorphic event in the late Neoarchaean (Myers, 1988a). Supracrustal belts in the central 

Narryer Terrane have been metamorphosed to granulite facies (Myers, 1988a), whereas the 

Jack Hills belt along the southeastern margin of the terrane preserves upper greenschist to 

lower amphibolite facies assemblages (Elias, 1982; Cavosie et al., 2004). The Jack Hills belt 
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includes several successions that also contain Proterozoic metasedimentary and 

metavolcanic rocks (Cavosie et al., 2004; Wilde, 2010). 

 

Figure 2.1. Simplified geological map (modified from Myers and Hocking, 1998) showing sample locations in the 
central Narryer Terrane and adjacent Youanmi Terrane (Murchison Domain) in the northwestern Yilgarn Craton. 
The locations of prominent geographical features and homesteads are also shown. Inset shows Yilgarn Craton 
terrane subdivisions (from Cassidy et al., 2006). 

Neoarchaean quartzofeldspathic gneisses and granitic rocks occur across the Narryer Terrane.  

Some of the granitic rocks have been dated by U–Pb zircon techniques (Table 2.1, and see 

below), although geochronological coverage is sparse. Previously published U–Pb zircon ages 

for the major granitic units in the central Narryer Terrane, as recognised by Myers (1997b), 

are listed in Table 2.1 and summarised below.  
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Table 2.1. Published U-Pb zircon ages for late Archaean granitic rocks of the Narryer Terrane and northwestern 
Murchison Domain. 

 

2.2 Neoarchaean quartzofeldspathic gneisses and granitic rocks 

Myers (1997) attempted to subdivide Neoarchaean granitic rocks of the central part of the 

Narryer Terrane into a number of discrete intrusive units, although the spatial distribution of 

these was largely inferred, and available petrological information is sparse. The oldest 

identified Neoarchaean granitic intrusion is the Wandarrie Granite, which was emplaced at c. 

2735 Ma in the western Narryer Terrane (GSWA 105005; Nelson, 1996b). The c. 2685 Ma 

Yallalong Granite (GSWA 105001; Nelson, 1996c) of the western Narryer Terrane is a 

heterogeneous, complexly deformed quartzofeldspathic gneiss containing amphibolite 

enclaves (Myers, 1997b). The Tching Granite collectively refers to a widespread exposure of 

granitic plutons in the northwestern Youanmi Terrane (previously Murchison Domain) that 

were emplaced at c. 2690 Ma (GSWA 105017; Nelson, 1997). The Weiragoo Granite is inferred 

to comprise a large tract of the northwestern Youanmi Terrane, along the nominal boundary 

with the Narryer Terrane (Myers, 1997b). Nelson (1996d) reported an igneous crystallization 

Sample ID Lithology or unit name
Age    

(Ma)

Uncertainty 

(95%, Ma)
Location Reference

88-170 trondhjemitic gneiss 2620 12 Western Narryer Terrane Nutman et al. (1991)

87-305 granite 2620 - Eastern Narryer Terrane Wiedenbeck (1990)

88-195 granite 2620 - Northwestern Murchison DomainNutman et al. (1993)

GSWA 105007 Churla granite 2636 7 Western Narryer Terrane Nelson, 1996f

GSWA 105004 Balla granite 2638 6 Western Narryer Terrane Nelson, 1996e

84-97 granite 2638 11 Mount Narryer Nutman et al. (1993)

W34 monzogranite 2643 7 Jack Hills Pidgeon and Wilde (199

88-179 granite 2643 5 Southwest Narryer Terrane Nutman et al. (1993)

MN38 granite 2646 6 Mount Narryer Kinny et al. (1990)

88-196 granite 2648 2 Eastern Narryer Terrane Nutman et al. (1993)

W62 monzogranite 2654 7 Jack Hills Pidgeon and Wilde (199

88-188 granite 2654 2 Eastern Narryer Terrane Nutman et al. (1993)

88-187b granite 2656 2 Eastern Narryer Terrane Nutman et al. (1993)

GSWA 105015 Weiragoo granite 2666 6 Northwestern Murchison DomainNelson, 1996d

88-186 granite 2672 2 Eastern Narryer Terrane Nutman et al. (1993)

88-189 granite 2679 2 Eastern Narryer Terrane Nutman et al. (1993)

GSWA 105017 Tching granite 2680 3 Northwestern Murchison DomainNelson, 1997

88-187a granite 2680 - Eastern Narryer Terrane Wiedenbeck (1990)

Y5 granite 2680 - Eastern Narryer Terrane Nutman et al. (1993)

GSWA 105001 Yallalong granite 2683 4 Southwestern Narryer Terrane Nelson, 1996c

88-192 granite 2685 6 Eastern Narryer Terrane Nutman et al. (1993)

GSWA 105018 Tching granite 2689 4 Northwestern Murchison DomainNelson, 1997

GSWA 105005 Wandarri granite 2735 9 Northwestern Murchison DomainNelson, 1996b

88-182 granite 2748 12 Northwestern Narryer Terrane Nutman et al. (1993)

89-457 granite 2753 10 Southern Narryer Terrane Nutman et al. (1993)

GSWA 105002 Milga gneiss 2994 6 Central Narryer Terrane Nelson, 1996a
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age of c. 2665 Ma for a cross-cutting metamonzogranite dyke (GSWA 105015), assumed to 

be the same age as the widespread granitic intrusions in the region (Myers, 1997b).  

The Impey Granite was interpreted by Myers (1997b) to extend across much of the central 

Narryer Terrane and to consist of multiple monzogranite intrusions. This unit is not dated but 

was considered by Myers (1997b) to have been emplaced at c. 2640 Ma. The Balla Granite, 

occurring to the west of the Impey Granite, has been dated at c. 2640 Ma (GSWA 105004; 

Nelson, 1996e). The c. 2635 Ma Churla Granite (GSWA 105007; Nelson, 1996f) is located in 

the western Narryer Terrane, but of undetermined spatial extent. The Yarra Yarra Granite was 

inferred by Myers (1997b) to comprise large tracts of the northwestern Narryer Terrane. A 

sample from within this expanse, described as a garnetiferous trondhjemitic gneiss, was 

dated at 2620 ± 12 Ma (U-Pb zircon; sample 88-170 of Nutman et al., 1991). 

Pidgeon and Wilde (1998) reported geochronology and whole-rock geochemistry of 

Neoarchaean granitic rocks from the Jack Hills in the eastern Narryer Terrane. Here, two post-

tectonic monzogranites yielded U–Pb zircon ages of c. 2655 Ma and 2645 Ma. These rocks 

have elevated K2O (5.6 – 5.7 wt. %) and Rb contents (170–196 ppm), pronounced negative Eu 

anomalies, and contain rare zircon xenocrysts (c. 3611, 3563, and 3511 Ma). Zircon Hf isotope 

data were reported for these rocks by Kemp et al. (2010). Monzogranite sample W62 (c. 2645 

Ma) has a homogeneous zircon Hf of -8.3  0.6, whereas monzogranite W34 (c. 2655 Ma) has 

variable Hf values that fall between -9 and -15. These unradiogenic Hf isotope compositions 

were inferred to reflect derivation of Neoarchaean monzogranites from heterogenous 

Mesoarchaean to Hadean crustal sources (Kemp et al., 2010).  

Kinny et al. (1990) reported fine-grained, foliated granitic sheets intruded into Meeberrie 

Gneiss in the Mount Narryer region to the southwest of the Jack Hills. A biotite monzogranite 

(sample MN38, Table 2.1) was dated at c. 2645 Ma, and contains a c. 2920 Ma inherited zircon 

component (Kinny et al., 1990). Nutman et al. (1991) reported U–Pb zircon geochronology 

and whole-rock Nd isotope geochemistry of 2750–2620 Ma granitic intrusions across the 

Narryer Terrane. The initial Nd isotope compositions of these rocks were interpreted to 

reflect derivation of the granitic magmas by melting of 3000–2920 Ma gneisses (Nutman et 

al., 1991). 
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Existing U-Pb zircon geochronology therefore indicates a protracted Neoarchaean magmatic 

history for the Narryer Terrane, with emplacement of granitic rocks from c. 2740 to 2620 Ma. 

However, systematic petrographic, geochemical, and geochronological studies have not been 

conducted, and so the detailed petrogenesis of these rocks, and the tectonic controls on their 

generation, remain uncertain. 

3. Methods 

3.1 Sampling and petrography 

Forty-two igneous rock samples were collected from across the Narryer Terrane and 

northwestern Youanmi Terrane (Figure 2.1). These include 38 felsic rocks, three mafic rocks, 

and one ultramafic rock. Sample locations are widespread across the central Narryer Terrane 

and include areas close to the nominal western and eastern terrane boundaries defined by 

the Meeberrie and Balbalinga–Yalgar Faults, respectively. The sampling strategy was aimed 

at ascertaining the regional compositional variability and emplacement ages of Neoarchaean 

granitic rocks across the terrane. Outcrops were selected on the basis of spatial distribution 

and degree of weathering, as poor exposure imposed significant restrictions on sampling. Our 

new data are augmented by an additional seven Neoarchaean granitic rock samples from the 

Narryer Terrane for which U–Pb zircon geochronology and whole-rock geochemistry have 

been published by the Geological Survey of Western Australia (GSWA). In addition, whole-

rock geochemistry is reported for a Palaeoarchaean tonalitic gneiss (17TKN147) previously 

dated by GSWA at 3495 ± 3 Ma (GSWA 105009, Nelson, 1996), for comparison with the 

Neoarchaean samples. Lastly, we included two Neoarchaean monzogranites from the 

southern Jack Hills previously reported by Pidgeon and Wilde (1998), bringing the total 

number of samples considered in the present study to 51. Whole-rock geochemistry is not 

available for the Neoarchaean granitic rocks reported by Kinny et al. (1990), Nutman et al. 

(1991), and Nutman et al. (1993). Petrography was performed by optical microscopy on 

standard thin sections. 

3.2 U–Pb zircon geochronology 

Rock chips were milled and sieved to <500 µm size, then panned to concentrate heavy mineral 

fractions, from which zircons were then isolated using high-density liquids and Frantz 
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magnetic methods. Hand-picked zircon crystals, together with zircon standards, were 

mounted in 25 mm diameter epoxy disks that were polished to section the crystals for imaging 

and analysis. All zircons were photographed in transmitted and reflected light, and 

documented in cathodoluminescence (CL) images using a Tescan Mira scanning electron 

microscope (see Supplementary Materials 3e and 3f). 

Zircons from 40 samples were dated by sensitive high-resolution ion microprobe (SHRIMP II) 

in the John de Laeter Centre at Curtin University, Western Australia. Procedures for U–Th–Pb 

analysis of zircon were based on those described by Wingate and Lu (2018), Claoué-Long et 

al. (1995), and Compston et al. (1984). The primary O2
- ion beam had a net current between 

1.5 and 3.0 nA. Prior to each analysis, the surface was cleaned by rastering the primary beam 

over the analysis area (40 x 40 μm) for 2–3 minutes. Mass resolution was >5,000 to resolve 

Pb isotopes from ion interferences. Data were collected in sets of six scans through nine mass 

stations (species and count times in brackets): 196 ([90Zr2
16O]+, 2 s); 204 (204Pb+,10 s); 204.1 

(background, 10 s); 206 (206Pb+, 10 s), 207 (207Pb+, 30 s); 208 (208Pb+, 10 s); 238 (238U+, 5 s); 248 

([232Th16O]+, 5 s); and 254 ([238U16O]+, 2 s). Data were reduced using the SQUID 2.5 and Isoplot 

3.7 add-ins for Microsoft Excel (Ludwig, 2009; Ludwig, 2012), using decay constants 

recommended by Jaffey et al. (1971) and compiled by Steiger and Jager (1977). U/Pb ratios 

were calibrated to the M257 zircon standard (238U/206Pb = 10.992 (561.3 Ma), 840 ppm 238U; 

Nasdala et al., 2008) using a power law relationship between 206Pb+/238U+ and UO+/U+ and a 

calibration exponent of 2.0 (Claoué-Long et al., 1995). Concurrent analysis of zircons from the 

c. 3465.4 Ma Owens Gully Diorite (Curtin University standard OGC1; Stern et al., 2009) was 

used to monitor the accuracy of 207Pb/206Pb ratios. The measured OGC1 207Pb/206Pb ratios 

were accurate for 14 of the 16 SHRIMP analytical sessions, but for two sessions, OGC1 yielded 

younger mean 207Pb/206Pb dates (1σ) of 3457 ± 9 and 3460 ± 5 Ma, necessitating application 

of a fractionation correction to the 207Pb/206Pb ratios measured in sample zircons. Data were 

corrected for the presence of common or initial Pb using measured 204Pb/206Pb (Compston et 

al., 1984) and an average crustal Pb composition appropriate to the age of the mineral (Stacey 

and Kramers, 1975). Common-lead corrections could not be applied in one session to six 

analyses of one sample (18MRN13), due to inaccurate monitoring of background counts.  
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Zircons from one sample (17TKN80) were dated using the Cameca IMS 1280 ion microprobe 

at the Swedish Museum of Natural History. Instrument setup followed that of Whitehouse et 

al. (1999), Whitehouse and Kamber (2005), and references therein (see Supplementary 

Material 1 for details). 

3.2.1 Data reduction and reporting of results 

Interpretation of U-Pb data for each sample is presented in Supplementary Material 1, and 

analytical data are compiled in Supplementary Material 2a. Interpreted crystallisation ages 

for all samples are based on weighted mean 207Pb/206Pb dates, and are summarised in Table 

2.2 and Figure 2.2. Ages are reported with 95% confidence intervals, calculated as tσ√MSWD, 

where MSWD is >1, and by 1.96σ where MSWD is <1 (t is Student’s t; MSWD is mean square 

of weighted deviates). Individual 207Pb/206Pb dates falling more than 2.5σi from the weighted 

mean are considered for rejection from the age calculation, based ideally on evidence for 

geological heterogeneity, such as incorporation of inherited zircon material or domains that 

have lost radiogenic Pb. Uncertainties of 238U/206Pb* and dates also include reproducibility 

(external, minimum 0.50%) and calibration (internal) uncertainties. Mixture modelling of 

multi-component data used the algorithm of Sambridge and Compston (1995), as 

implemented in Isoplot 3.7.  

3.3 Whole-rock geochemistry 

Large rock samples (10–20 kg) were processed with a tungsten carbide (WC) jaw- and plate-

crusher to remove weathered surfaces and alteration and to produce rock chips of the 

freshest and most homogeneous material. Rock powders were subsequently produced with 

a WC ring mill. Whole-rock geochemical analyses were undertaken by Bureau Veritas Pty Ltd 

in Perth, Western Australia. Major elements were analysed by x-ray fluorescence 

spectrometry (XRF). Fused discs were prepared by fusing a 1:10 sample:flux mix (LiBO2, LiB4O7 

and LiNO3 flux) at c. 1025˚C. Loss on ignition (LOI) was determined by thermogravimetric 

analysis. Trace element concentrations were conducted by laser ablation inductively coupled 

plasma mass spectrometry (LA-ICPMS) on the same fused discs used for XRF analysis (for 

analytical conditions, see Lowrey et al., 2020). Detection limits ranged between 0.001 and 

0.01% for major and minor elements, and between 0.01 and 5 ppm for trace elements. Rock 

standards analysed with the samples included GRD-1, OREAS 24b, NCSDC86308, 
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NCSDC14004a, OREAS 120, JSS 831-1, BB1, SARM4, and GIOP-114 (Morris, 2007; OREAS, 

2020). There is generally good agreement between measured and expected values for 

reference materials, between duplicate sample pairs, and between original and repeat 

analyses.   

4. Results 

4.1 Field observations and petrography 

4.1.1 Intermediate and felsic intrusive rocks 

Deformed metatonalites in the southeastern Narryer Terrane and northwestern Youanmi 

Terrane (Table 2.2) intruded along the Balbalinga Fault within and adjacent to the older 

gneisses. In the northwestern Youanmi Terrane, metatonalites intrude quartzofeldspathic 

gneisses, and are medium- to coarse-grained, with equigranular to augen gneissic textures 

and recrystallised plagioclase. All metatonalites exhibit weak tectonic fabrics defined by 

aligned biotite, or have more developed plagioclase and biotite-dominated gneissic layering. 

Constituent minerals include quartz, plagioclase, hornblende, biotite, magnetite, titanite, 

allanite, apatite, and zircon, with secondary epidote and carbonate (Supplementary Material 

3a). Magnetite is commonly overgrown by titanite (Supplementary Material 3a).  

Palaeoarchaean trondhjemitic gneiss (17TKN147) occurs as strips interlayered with 

quartzofeldspathic gneiss in the western Narryer Terrane (Table 2.2). The gneiss is medium-

grained, equigranular, with a gneissic fabric defined by biotite. Minerals include quartz, 

plagioclase, biotite, apatite, magnetite, titanite, and zircon. The gneiss has an oxidised mineral 

assemblage of magnetite with titanite coronae. 

Granodioritic gneisses, intrusions, and enclaves within monzogranite occur across both the 

Narryer Terrane and northwestern Youanmi Terrane (Table 2.2). Some granodioritic gneisses 

contain leucocratic patches of coarse quartz and K-feldspar. Porphyritic metagranodiorite is 

located in the northeastern Jack Hills region, and metagranodiorite enclaves within 

monzogranite also occur in the eastern Narryer Terrane, south of the Jack Hills. Granodioritic 

rocks range from fine- to medium-grained with gneissic layering defined by biotite, to coarse-

grained porphyritic rocks with microcline phenocrysts. Constituent minerals include quartz, 
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K-feldspar, plagioclase, hornblende, biotite, apatite, magnetite, titanite, allanite, zircon, and 

rarely clinopyroxene (e.g. sample 17TKN135). Metagranodiorites contain an oxidised 

assemblage of magnetite and titanite, or solely magnetite. 

Table 2.2. Summary of sample information and isotopic ages. 

 

Sample ID Lithology Age   95% uncertainty Xenocryst ages Terrane Easting Northing 

(Ma) (Ma) (Ma) (m) (m)

Magmatic stage 3

17TKN154 metamonzogranite 2619 5 - Narryer 396826 7018155

18MRN28 monzogranitic gneiss 2621 4 - Narryer 396804 7018215

17TKN151 metagabbronorite 2623 4 - Narryer 396589 7063044

17TKN152 metapyroxenite 2625 3 3092, 3083, 3036, 2685 Narryer 396553 7062784

17TKN131 monzogranite 2627 2 - Narryer 428810 7027209

11TKN25 monzogranite 2629 6 - Narryer 437354 7064005

17TKN130 metamonzogranite 2630 2 - Narryer 427863 7026465

11TKN32 metamonzogranite 2636 5 3096, 2892, 2651 Narryer 396558 7062940

18MRN15 leucomonzogranite 2642 2 3596, 3585, 3320, 2654 Narryer 471276 7085886

18MRN16 metamonzogranite 2643 2 3324, 2693 Youanmi 471371 7084524

11TKN28 metagranodiorite 2645 5 2675 Narryer 437306 7063984

Magmatic stage 2

18MRN13 monzogranite 2674 5 3615, 3468, 3316, 3165 Narryer 487135 7106031

12TKN73 metagabbronorite 2674 5 3401 Narryer 445646 7090417

17TKN135 granodioritic gneiss 2674 4 - Narryer 431611 7057613

18MRN18 monzogranitic migmatit 2676 5 3352–2707 Youanmi 474494 7075223

17TKN146 metamonzogranite 2678 4 3455, 3284, 3235 Narryer 424570 7064495

11TKN10 granodiorite 2679 4 - Narryer 502673 7113824

17TKNDW monzogranite 2680 5 3489, 2702 Narryer 416647 7032358

17TKN127 monzogranite 2682 5 3154 Narryer 416647 7032358

18MRN22 metagranodiorite 2684 4 - Youanmi 497460 7092189

18MRN21 metamonzogranite 2688 3 2976, 2736 Narryer 493640 7094868

15TKN47 granodiorite 2691 4 - Youanmi 459667 7042335

18MRN19 monzogranite 2692 7 3049–2721 Youanmi 474672 7075276

18MRN23 monzogranite 2698 3 3226 Youanmi 484778 7028609

Magmatic stage 1

18MRN01 metamonzogranite 2725 4 2785-2740 Narryer 439676 7106873

15TKN34 tonalitic gneiss 2734 5 3253, 3298, 2747, 2750 Youanmi 453123 7034503

14TKN35 granodioritic gneiss 2739 3 - Youanmi 453347 7036189

17TKN80 tonalitic gneiss 2739 4 - Narryer 452609 7036744

18MRN10 granodioritic gneiss 2739 8 - Narryer 448349 7105056

14TKN36 tonalitic gneiss 2740 2 - Narryer 451187 7036641

12TKN27 monzogranitic gneiss 2741 2 - Narryer 441521 7041228

15TKN17 monzogranite 2745 4 2799 Youanmi 452101 7030555

Paleoarchaean samples

12TKN02 granodioritic gneiss 3308 6 - Narryer 440910 7073305

15TKN41 tonalitic gneiss 3447 4 3619, 3489 Youanmi 454775 7036700

17TKN147 tonalitic gneiss 3490 3 - Narryer 423641 7063690

Undated samples

15TKN19 metamonzogranite - - - Youanmi 452777 7030752

16MRN16 monzogranite - - - Narryer 427405 7050572

17TKN132 metamonzogranite - - - Narryer 447910 7043664

17TKN140 metagabbronorite - - - Narryer 437207 7065933

17TKN128 metamonzogranite - - - Narryer 434162 7044136

18MRN37 metatonalite - - - Youanmi 489136 7065834

18MRN46 metagranodiorite - - - Narryer 535126 7122858

Undated samples inferred to be Neoarchaean based on field relationships; UTM zone 50 J; Easting and Northing in metres
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Monzogranites occur as widespread plutons, sheet-like intrusions, deformed gneisses, and 

enclaves within younger monzogranites across the Narryer Terrane and northwestern 

Youanmi Terrane (Supplementary Material 3b; Table 2). Leucomonzogranite and 

monzogranite were emplaced within both the supracrustal belts and in the 

quartzofeldspathic gneisses. Many late monzogranitic intrusions are almost undeformed, 

whereas others have been affected by regional metamorphism, resulting in a range of igneous 

to gneissic textures. Monzogranites and monzogranitic gneisses in the western Narryer 

Terrane locally contain metasedimentary and quartzofeldspathic gneiss enclaves and are 

intruded by small bodies of ultramafic and mafic igneous rocks. In the central Narryer Terrane, 

monzogranites intrude early Archaean quartzofeldspathic gneisses and commonly contain 

gneissic enclaves. In the eastern Narryer Terrane and northwestern Youanmi Terrane, 

monzogranite occurs as large plutons and discrete sheet-like intrusions in the gneissic rocks. 

Monzogranite and monzogranitic gneisses exhibit a diverse range of grain sizes and textures. 

Leucomonzogranite (e.g. 18MRN15) has a fine- to medium-grained equigranular texture, and 

some samples exhibit weak biotite alignment. Other textural variations include coarse-

grained monzogranitic gneiss with K-feldspar augen (e.g. 18MRN01), metamonzogranite with 

microcline phenocrysts (e.g. 17TKN127), and mesocratic monzogranitic augen gneiss with a 

mylonitic texture (e.g. 17TKN154). Common constituent minerals include quartz, K-feldspar, 

plagioclase, biotite, hornblende, apatite, allanite, magnetite, titanite, and zircon 

(Supplementary Material 3a). Uncommon variants (e.g. 15TKN19) may also contain garnet, 

monazite, and ilmenite. Monzogranite and leucomonzogranite contain both oxidised and 

reduced assemblages of magnetite and titanite or ilmenite, respectively.  

4.1.2 Ultramafic and mafic intrusive rocks 

1 to 5 meter sized bodies of weakly metamorphosed pyroxenite and gabbronorite intruded 

the Churla Granite of the western Narryer Terrane and form larger 200 meter bodies within 

quartzofeldspathic gneisses west of Mount Narryer. A metapyroxenite sample (17TKN152) 

has a medium- to coarse-grained cumulate texture consisting of poikilitic orthopyroxene 

masses, 5–30 mm long, with inclusions of plagioclase, clinopyroxene, spinel, and zircon, with 

secondary amphibole, phlogopite, rutile, and sericite (Supplementary Material 3a). 

Metagabbronorite (17TKN151), sampled from a 1m-wide sheet within the Churla Granite, has 
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a medium-grained cumulate igneous texture consisting of poikilitic orthopyroxene with 

inclusions of plagioclase, orthopyroxene, clinopyroxene, spinel, and zircon. 

Amphibolite and metagabbronorite bodies are tectonically intercalated with 

quartzofeldspathic gneiss to the southwest of Mount Narryer, where they follow the north-

south regional structural trend and range from 50 to 400 metres long. The larger gabbroic 

masses have sharp contacts with the encapsulating gneisses. Metagabbronorite (17TKN140) 

is fine- to medium-grained and porphyritic, containing orthopyroxene phenocrysts and 

plagioclase laths, clinopyroxene, spinel, and minor interstitial quartz. Clinopyroxene is 

overgrown by brown hornblende that is also intergrown with plagioclase laths 

(Supplementary Material 3a).  

Metagabbronorite also occurs in the Mount Dugel region north of Mount Narryer as metre-

scale bodies within quartzofeldspathic gneisses and monzogranites. The contacts are not 

exposed. Metagabbronorite (12TKN73) is medium- to coarse-grained and, unlike the other 

mafic and ultramafic samples, has an equigranular granoblastic texture and consists of 

plagioclase, clinopyroxene, orthopyroxene, minor spinel and secondary pale green 

amphibole. A diffuse layering defined by variations in modal pyroxene may represent a relict 

igneous feature. 

4.2 U–Pb zircon geochronology 

In general, U–Pb analyses for each sample define clusters of data on or near concordia (Figure 

2.2a). Analyses forming these clusters are typically of zircons that exhibit oscillatory zoning, 

consistent with magmatic crystallisation (see Supplemental Material 1). Four samples 

contained only metamict zircons and yielded dispersed data, which were subsequently 

excluded from the geochronology results. 

Coherent data clusters on U–Pb concordia diagrams are interpreted to indicate the magmatic 

crystallisation age of the igneous rock sample. These ages, reported in Table 2.2, were 

calculated from weighted mean zircon 207Pb/206Pb dates of the analyses in each data cluster.  

Some samples also yielded analyses that are significantly younger or older than the main 

cluster. Younger analyses can be interpreted to reflect loss of radiogenic Pb. Older analyses 
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were obtained from zircon cores that were recognisable in CL images. These older cores range 

in age from c. 3620 to 2650 Ma, and their occurrence appears to be unrelated to rock type or 

sample location (Figure 2.2b, Table 2.2).  

Thirty-two samples indicate Neoarchaean emplacement ages and three samples yield zircon 

ages that are significantly older (Figure 2.2). The older (Palaeoarchaean) ages were obtained 

from tonalitic gneisses (15TKN41 and 17TKN147) and granodioritic gneiss (12TKN02) (Table 

2.2). Data from the Neoarchaean magmatic rocks confirm granitic emplacement in the 

Narryer Terrane from c. 2750 Ma to 2620 Ma, as established by prior studies (e.g., Kinny et 

al., 1990; Nutman et al., 1991, 1993). However, the new U-Pb zircon data resolve clearly into 

three major age groups, at 2745–2725 Ma, 2680 Ma, and 2660–2630 Ma, separated by 

apparent gaps of c. 20 million year duration (Figure 2.2). We interpret these age peaks to 

represent three distinct magmatic episodes, which we refer to below as Neoarchaean 

magmatic stages 1, 2, and 3.  

 

Figure 2.2. SHRIMP U–Pb zircon data for samples from the Narryer Terrane and northwestern Youanmi Terrane. 
a) Concordia diagram showing analyses between c. 2760 and 2550 Ma that define three magmatic stages (1, 2, 
3 in b). Grey symbols indicate data with discordance >5%; error bars are 1 sigma. b) Weighted mean 207Pb/206Pb 
dates for samples assigned to each magmatic stage, including previously results listed in Table 2.1. Symbol colour 
indicates general rock composition; error bars are 95% confidence intervals, n is the number of samples in each 
stage. The relative probability curve is based on weighted mean sample emplacement ages and 95% 
uncertainties. 
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4.2.1 Palaeoarchaean magmatism: c. 3445 and 3310 Ma 

Tonalitic gneiss 15TKN41 occurs as an enclave within granodiorite 15TKN47 and yielded a 

weighted mean 207Pb/206Pb age of 3447 ± 4 Ma. Granodioritic gneiss 12TKN02 sampled from 

the east of Mount Narryer yielded a weighted mean 207Pb/206Pb age of 3308 ± 6 Ma. These 

ages are interpreted to reflect the crystallisation ages of the igneous protoliths.  

4.2.2 Neoarchaean Magmatic stage 1: c. 2745–2725 Ma 

Nine samples with ages of 2745 to 2725 Ma represent tonalite, granodiorite, and 

monzogranite intrusions (Figure 2.2, Table 2.2). These magmatic rocks form kilometre-scale 

intrusions within the southeastern Narryer Terrane. Monzogranitic augen gneiss (18MRN01) 

and granodioritic gneiss (18MRN10) are located in the north-central Narryer Terrane and 

occur as 5–50 m-diameter intrusions within older quartzofeldspathic gneisses.  

4.2.3 Neoarchaean Magmatic stage 2: c. 2680 Ma 

Widespread emplacement of gabbronorite, trondhjemite, granodiorite, and monzogranite in 

the Narryer Terrane and northwestern Youanmi Terrane marked magmatic stage 2. 

Seventeen samples indicated ages of 2700 to 2675 Ma (Figure 2.2), with a peak at c. 2680 Ma. 

The felsic magmas intruded both the older quartzofeldspathic gneisses and granitic rocks of 

magmatic stage 1 (Figure 2.1).  

Metagabbronorite 12TKN73 yielded only six zircons, of which only three could be analysed. A 

small, elongate, subhedral crystal with oscillatory zoning yielded a date of c. 3400 Ma, and is 

interpreted as a xenocryst. Five analyses of two large, equant, anhedral zircons yielded a 

weighted mean date of 2674 ± 5 Ma. The rock has been metamorphosed in granulite facies, 

and it is unclear whether these two zircons formed during igneous crystallisation or 

metamorphism, or are inherited. A xenocrystic origin would accord with the low SiO2 (47 wt. 

%) and extremely low Zr (2 ppm) content of the rock, although these zircons could also have 

grown in late-stage interstitial melt in a largely solidified crystal mush, and is the 

interpretation adopted here.   

4.2.4 Neoarchaean Magmatic stage 3: c. 2655–2619 Ma 

Magmatic stage 3 is defined by 15 samples that yield emplacement ages of 2655–2619 Ma. 

The data are roughly bimodal, with major age components at c. 2642 and 2625 Ma (Figure 

2.2), which we interpret as pulses in a single, broad magmatic episode. Magmatic stage 3 
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involved the emplacement of pyroxenite, gabbronorite, and voluminous monzogranite into 

early Archaean quartzofeldspathic gneiss and Neoarchaean supracrustal belts, granitic gneiss, 

and metamonzogranite (Figure 2.1). Zircons in the pyroxenite and gabbronorite yielded mean 

ages of c. 2625 Ma and 2623 Ma respectively, and are interpreted to reflect magmatic 

emplacement rather than inheritance because: 1) both sampled units intrude c. 2640 Ma 

monzogranite 11TKN32, indicating that the assigned age is geologically reasonable; 2) zircons 

in pyroxenite 17TKN152 have high and variable Th/U (0.7–7.7, most >2), consistent with 

zircon crystalizing from a mafic melt (e.g. Lanyon et al., 1993; Wingate and Giddings, 2000); 

3) there is no textural evidence for zircon resorption; and 4) both samples almost entirely 

yield single age components. The pyroxenite has 54.7 wt. % SiO2 and 84 ppm Zr, and the 

gabbronorite has 53.5 wt. % SiO2 and 31 ppm Zr, suggesting that these magmas were capable 

of crystallising zircon. 

4.3 Whole-rock geochemistry 

Whole-rock geochemical compositions are summarised in Figure 2.3 and Figure 2.4 

(Neoarchaean felsic samples) and Supplementary Material 3c (ultramafic and mafic samples). 

Neoarchaean granitic rocks from the Narryer Terrane are compared with Archaean ‘low-Ca’ 

granites from the Yilgarn Craton (Supplementary Material 3d), late potassic ‘hybrid’ granites 

from other Archaean cratons (Figure 2.5a), and are related to potential magmatic sources 

(Figure 2.5b). All analyses are reported in Supplementary Material 2c. Whole-rock 

geochemistry is described below within the context of the three magmatic stages. The impact 

of metamorphism and weathering on the geochemistry of rocks analysed in this study is 

difficult to assess but has been minimised by selecting well-preserved samples free of obvious 

alteration or veining for analysis. This is reflected by low LOI (total average 0.50%; maximum 

1.09%; see Supplementary Material 2c) and generally well preserved primary mineralogy. We 

therefore consider the geochemistry of the samples reported here to be reasonably 

representative of the bulk-rock composition of the igneous protoliths.  

4.3.1 Palaeoarchaean granitic rocks 

Palaeoarchaean tonalite, trondhjemite, and granodiorite samples (Supplementary Material 

2c) have between 67.5 and 72.3 wt. % SiO2, high Al2O3 (15.1 – 16.5 wt. %) and Na2O (4.3 – 5.5 

wt. %), and low K2O (1.2 – 3.2 wt. %) relative to Neoarchaean granitic rocks from the Narryer 
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Terrane. Samples are weakly peraluminous (Aluminium Saturation Index, ASI, from 1.02 to 

1.05), and plot in the calcic to calc-alkalic field on the modified alkali-lime index (MALI) 

diagram of Frost et al. (2001). The Palaeoarchaean granitic rocks have relatively high Sr (419–

498 ppm), and low Y (6–8 ppm), Rb (53–100 ppm), and Th (7–24 ppm) compared to the 

Neoarchaean granites. Rare earth element (REE) contents are strongly depleted in HREEs and 

have either minor positive or negative Eu anomalies, and LaN/LuN ratios range between 27 

and 105.  
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Figure 2.3. Major elements vs. age for Neoarchaean granitic rocks of the Narryer Terrane and northwestern 
Youanmi Terrane. Grey fields indicate magmatic stages 1, 2, and 3. Note that all geochemical plots include both 
pre-existing published data and the new data reported here. 
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Figure 2.4. Trace elements vs. age for Neoarchaean granitic rocks of the Narryer Terrane and northwestern 
Youanmi Terrane. Grey fields indicate magmatic stages 1, 2 and 3. 
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Figure 2.5. Ternary diagram of Neoarchaean Narryer Terrane granitic rocks compared with late potassic ‘hybrid 
granites’ from other Archaean cratons (2 ∗ A/CNK (molar Al2O3/[CaO + Na2O + K2O] ratio); Na2O/K2O ratio; 2 ∗ 
(FeOt + MgO) wt.% ∗ (Sr + Ba) wt.% (=FMSB) (adapted from Laurent et al., 2014). 

4.3.2 Neoarchaean Magmatic stage 1 

Stage 1 granitic rocks (9 samples, Supplementary Material 2c) have between 64.5 and 77.9 

wt. % SiO2 and, compared to granitic rocks of stages 2 and 3, exhibit variable and high CaO 

(average 2.7 wt. %), moderately high MgO and moderate to low K2O (average 3.1 wt. %) 

(Figure 2.3). ASI values of 1.0 – 1.1 indicate metaluminous to weakly peraluminous 

compositions (Supplementary Material 3d). The analyses plot in the calcic to calc-alkalic fields 

on a MALI diagram (Supplementary Material 3d). Trace elements V, Sr, Cr, Cu, and Ni extend 

to relatively high concentrations (Figure 2.4); however, Rb, Zr, Ga, Th, Sn, Ta, Nb, Y, Hf, and 

REE contents are low relative to the younger granitic rocks. Distinctive compositional trends 

and element ratios of stage 1 granitic rocks compared to those of magmatic stages 2 and 3 

include: high MgO/(MgO+FeOt) (0.3 – 0.6), high maximum CaO/K2O (3.3), and Sr/Y (64) (see 

Figure 2.6); low Ga/Al2O3 (1.2 – 1.6), K2O/Na2O (0.3 – 2.0) and Zr (average 237 ppm). 

Magmatic stage 1 samples exhibit similar light rare earth element (LREE) contents, but show 

highly variable HREE trends, with both strongly and moderately depleted HREE patterns 



39 

 

(Figure 2.6d). This is reflected in the large variation in LaN/LuN ratios (6.9 – 107.9). With the 

exception of the most silica-rich sample 12TKN27, Eu anomalies are minor or absent.  

 

Figure 2.6. Whole-rock geochemistry of stage 1 granitic rocks. (a) MgO/(MgO+FeOt) vs. age (compared with 
other magmatic stages); (b) Zr vs V bivariate plot (compared with other magmatic stages); (c) multi-element 
variation diagram (normalised to primitive mantle); (d) REE concentrations (normalised to chondrite). Reference 
values from Sun and McDonough (1989). 

4.3.3 Neoarchaean Magmatic stage 2 

Magmatic stage 2 granitic rocks (16 samples) contain 63.2 to 75.6 wt. % SiO2, moderate to 

high K2O (2.4 – 5.4 wt. %) and FeO (1.4 – 8.2 wt. %) (Figure 2.3), and elevated average Na2O 

(3.5 wt. % compared to 2.9 wt. % for magmatic stage 3). ASI values are 0.9 – 1.1, and MALI 

values are calc-alkalic and alkali calcic (Supplementary Material 3d). Relative to stage 1 

granitic rocks, stage 2 samples have high Ga, Zr, Cl, Cu, Nb, Sn, Y, Cs, and REEs, and low Co 

and Th (Figure 2.4). 

Stage 2 samples display compositional trends and element ratios distinct from those of 

magmatic stage 1. These include high Ga/Al2O3 (1.0 – 1.8), variably elevated high field strength 

elements (HFSE) Y+Zr+Nb (up to 810 ppm) (Figure 2.7a,b), Zr contents between 160 and 729 

ppm, and a positive correlation between Zr and V  (Figure 2.6b). REE patterns vary, with 
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LaN/LuN ratios between 10.6 and 65.7, and all samples exhibit conspicuous negative Eu 

anomalies (Figure 2.7d). 

Stage 2 mafic rocks comprise a single metagabbronorite (12TKN73), which has 47.5% SiO2, 

26.7 wt. % Al2O3 and 15.9 wt. % CaO, with relatively low MgO (3.4 wt. %) and Mg# 

(MgO/[MgO+FeO]*100) of 56.8, reflecting the plagioclase-dominated mineralogy. Distinctive 

trace elements relative to mafic rocks in magmatic stage 3 include higher Sr (134 ppm) and 

low Cr (35 ppm), Ni (43 ppm), and Zr (2 ppm). Elemental ratios of Zr/TiO2 vs Nb/Y plot as 

basaltic, and the REE pattern is flat (Supplementary Material 3c).  

 

Figure 2.7. Whole-rock geochemistry of stage 2 granitic rocks. (a) High field strength elements (HFSE) Y+Zr+Nb 
vs. age (compared with other magmatic stages); (b) Zr vs. Ga/Al bivariate plot (after Whalen (1987) (compared 
with other magmatic stages; some legacy GSWA samples have lower Ga concentrations than those sampled by 
the present study, likely related to less sensitive Ga analytical methods); (c) multi-element variation diagram 
(normalised to primitive mantle); (d) REE concentrations (normalised to chondrite). Reference values from Sun 
and McDonough (1989). 

4.3.4 Neoarchaean Magmatic stage 3 

Relative to the older granitic rocks, the 13 monzogranite samples in stage 3 exhibit high 

maximum K2O (5.7 wt. %) and FeO (4.6 wt. %) contents (Figure 2.3), generally low Na2O (2.5 
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– 3.5 wt. %) and MgO (0.1 – 0.9 wt. %). SiO2 ranges from 66.7 to 75.0 wt. % and decreases 

with increasing emplacement age. ASI is 0.9 – 1.1, with most rocks being weakly 

peraluminous, and on a MALI diagram, rock compositions are dominantly alkali-calcic, with 

subordinate calc-alkalic samples (Supplementary Material 3d). 

Trace element compositions include high maximum Rb, Ga, Th, Zr, Be, Nb, Sn, U, Y, and REEs, 

and low Sr, Cr, Ni, and V compared to granitic rocks in magmatic stages 1 and 2 (Figure 2.4). 

Compositional trends and element ratios that distinguish monzogranites in stage 3 from older 

granitic rocks include: high maximum FeO/MgO (5.1), K2O/Na2O (1.2 – 2.2), U+Th (20–105 

ppm) and Rb/Sr (up to 6). Most samples plot in the A-type granite field of Whalen (1987) 

(Figure 2.7b). Zr vs V trends are similar to magmatic stage 2, extending to high Zr with low V 

compared to magmatic stage 1. Maximum Sr/Y ratios are low (17) largely reflecting depleted 

Sr contents (see Figure 2.8). 

The REE contents of stage 3 monzogranites are variable and extend to higher concentrations 

compared to stage 1 and 2 samples. Stage 3 rocks have both low and high HREE contents, 

reflected by variable LaN/LuN ratios (14.1 – 131.6), as well as both small positive and large 

negative Eu anomalies (Figure 2.8). 

Pyroxenite (17TKN152) has 54.7 wt. % SiO2, 22.6 wt. % MgO, 2.5 wt. % CaO, and 5.2 wt. % 

Al2O3, with a Mg# of 69.6. Relative to the mafic rocks (17TKN140, 17TKN151, and 12TKN73), 

trace element compositions include high Co (76.4 ppm), Ni (1620 ppm), Zr (84.5 ppm), Nb (6.5 

ppm), and Y (15.3 ppm), and low Sr (2.2 ppm) and Sc (12.4 ppm). Elemental ratios of Zr/TiO2 

vs Nb/Y and SiO2 concentrations are in the basaltic range. REE trends exhibit elevated LREEs 

and low HREEs, with a distinctive negative Eu anomaly (Supplementary Material 3c). 

Gabbronorite 17TKN151 has 53.5 wt. % SiO2, 13.4 wt. % MgO, 12.2 wt. % CaO, 8.3 wt. % Al2O3, 

and an Mg# of 59.3. Relative to other Neoarchaean mafic and ultramafic rocks, trace element 

compositions include high Cr (1300 ppm), Sc (54.7 ppm), and V (238 ppm), and low Ni (182 

ppm) and Nb (1.5 ppm). Zr/TiO2 vs Nb/Y and SiO2 concentrations are basaltic, with elevated 

Th/Nb relative to the coeval pyroxenite 17TKN152. REE concentrations are low, with a flat 

normalised pattern and small negative Eu anomaly (Supplementary Material 3c). 
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Figure 2.8. Whole-rock geochemistry of stage 3 granitic rocks. (a) K2O/Na2O vs. age (compared with other magmatic stages); (b) Sr/Y vs. Y bivariate plot (compared with other 
magmatic stages); (c) multi-element variation diagram (normalised to primitive mantle); (d) REE concentrations (normalised to chondrite). Reference values from Sun and 
McDonough (1989).
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Figure 2.9. Whole-rock geochemical compositional evolution of Neoarchaean granitic magmas from the Narryer 
Terrane and northwestern Youanmi Terrane. (a) Stage 1 granitic melts extend to elevated Ca2O/K2O ratios 
compared to younger granitic magmas; stage 3 monzogranites become more calcic during the youngest melting 
event at c. 2640 Ma; (b) EuN/Eu* generally decreases with time, reflecting source melting conditions and the 
role of plagioclase fractionation or accumulation; (c) stage 2 and 3 granitic melts extend to elevated Ga/Al2O3 
consistent with similarities to intraplate A-type granites; note six legacy GSWA samples systematically have 
lower Ga concentrations, likely related to less accurate Ga analysis methods (d) stage 3 monzogranites extend 
to high Rb/Sr ratios, consistent with derivation from intermediate to felsic crustal sources involving biotite 
partial melting; younger monzogranites have lower Rb/Sr ratios, possibly reflecting more mafic sources; (e) SiO2 
in stage 3 monzogranites decreases over time; (f) stage 3 monzogranites have high Th contents, possibly related 
to intermediate and felsic sources; (g) stage 3 monzogranites extend to high La+Ce+Nd concentrations; (h) some 
stage 2 and 3 granitic melts have high V+Cr+Ni contents, possibly reflecting mantle and/or mafic source end-
member contributions. 
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5. Discussion  

5.1 Distribution of Neoarchaean granitic rocks in the Narryer Terrane 

The new geochronology data reported herein have implications for the extents and 

relationships between mapped geological units in the Narryer Terrane. The data confirm 

previous suggestions (e.g., Nutman et al., 1991) that early Archaean quartzofeldspathic 

gneisses are pervasively intruded by, and/or tectonically intercalated with, Neoarchaean 

granitic rocks that are difficult to distinguish from the older gneisses based on field evidence 

alone. U–Pb zircon data show that Neoarchaean granitic rocks dominate the Narryer Terrane, 

and it is likely that early Archaean quartzofeldspathic gneisses occupy a smaller spatial extent 

than previously believed.  

Many Neoarchaean granitic intrusions previously mapped or inferred by Myers (1997b) are 

in fact composites with multiple age components, despite lithologically resembling one 

another. This complication has prevented attempts to infer the relative volumes of magma 

generated during each magmatic stage. For example, the Weiragoo Granite, inferred to 

extend along the southeastern margin of the Narryer Terrane, comprises at least four 

Neoarchaean granitic components with ages of c. 2745 Ma (sample 15TKN17), 2690 Ma 

(sample 15TKN47), 2680 Ma (sample 18MRN18), and 2640 Ma (sample 16MRN16) (see Figure 

2.1). These results suggest that the age and currently inferred extent of the Weiragoo Granite 

is incorrect, a key observation given the location of this granite, which straddles the boundary 

between the Narryer Terrane and the Youanmi Terrane. These age complexities are 

compounded by Neoarchaean regional metamorphism, deformation, and tectonic 

imbrication (see Myers, 1988), combined with younger extensional tectonics, all of which we 

consider to have contributed to the present-day field relationships and structures along the 

western margin of the Yilgarn Craton. For example, the youngest Neoarchaean monzogranite 

(17TKN154) was emplaced at c. 2619 Ma, however, it has a tectonic fabric suggesting that 

Neoarchaean granitic magmatism was not strictly a post-tectonic phenomenon.   

5.2 The Neoarchaean granite bloom: magmatic temporal structure 

The Neoarchaean granite bloom is conspicuous within all Archaean cratons and reflects a 

distinctive period of global magmatism (Condie and O’Neill, 2010; Laurent et al., 2014; Halla 
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et al., 2017). It is typified by the emplacement of ‘late’ monzogranites related to regional 

metamorphism, crustal anatexis, and cratonisation (see Sylvester, 1994, and references 

therein). Neoarchaean cratonisation involved the accretion of discrete fragments of 

continental crust onto primordial Archaean cratons, resulting in widespread granitic 

magmatism; this is typically considered to be a single event within individual cratons (Laurent 

et al., 2014; Cawood et al., 2018). 

Neoarchaean magmatism in the Narryer Terrane occurred in three main stages at 2745–2725 

Ma, 2680 Ma, and 2642–2619 Ma, over an interval of c. 130 Ma (Figure 2.2). The wide range 

in age implies that cratonisation was not a single event, and may have involved different 

processes and tectonic settings.  

Neoarchaean magmatic stage 1 (2745–2719 Ma) coincided with magmatism in greenstone 

belts of the northwestern Youanmi Terrane, to the southeast of the Narryer Terrane. 

Neoarchaean magmatism in the northwestern Youanmi Terrane involved andesitic, dacitic, 

and rhyolitic volcanism between c. 2760 and 2740 Ma, and gabbro, tonalite, and 

monzogranite intrusion between c. 2755 and 2710 Ma (Cassidy et al., 2002; GSWA, 2019, 

2021). Notably, this interval included emplacement of sanukitoid rocks in the northern 

Youanmi Terrane at 2760–2750 Ma, possibly derived from metasomatised mantle, and 

consistent with a subduction-related tectonic setting (Cassidy et al., 2002). The occurrence of 

widespread, coeval volcanism and magmatism in the northwestern Youanmi Terrane during 

magmatic stage 1 in the Narryer Terrane suggests the two events may be related, and 

warrants further discussion (see sections 5.3 and 5.5.1). 

Neoarchaean magmatic stage 2 was widespread across the Narryer Terrane at c. 2680 Ma 

and is similar in age to a major pulse of granitic magmatism observed throughout the Youanmi 

Terrane and Eastern Goldfields Superterrane of the eastern Yilgarn Craton (Cassidy et al., 

2002; Champion and Cassidy, 2010; Czarnota et al., 2010). We consider that Magmatic stage 

2 in the Narryer Terrane was therefore related to this voluminous, craton-wide magmatic 

event. 

 

Neoarchaean magmatic stage 3 in the Narryer Terrane occurred in two pulses at c. 2640 and 

2625 Ma, and coincided with widespread granitic magmatism (the Neoarchaean granite 
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bloom), regional metamorphism, and ‘orogenic’ gold mineralisation across the Yilgarn Craton 

(Cassidy et al., 2002; Champion and Cassidy, 2010; Doublier et al., 2014). The two magmatic 

pulses that comprise stage 3 are interpreted to reflect the timing of lower and middle crustal 

anatexis, respectively (see sections 5.3 and 5.5.3).  

5.3  Secular variation in whole-rock geochemistry and inferred magma sources 

5.3.1 Neoarchaean Magmatic stage 1 

As noted above, magmatic stage 1 tonalite and granodiorite exhibit relatively high CaO, MgO, 

V, Cr, and Ni concentrations compared to younger granitic rocks. These elements are notably 

elevated in samples from the southeastern Narryer Terrane along the nominal boundary with 

the northwestern Youanmi Terrane. The more mafic character of the tonalite and 

granodiorite intrusions (15TKN34, 14TKN35, and 14TKN36) with SiO2 between 64 and 68 wt. 

% and the highest MgO, V, Cr, and Ni contents (Figure 2.3, Figure 2.4, and Figure 2.9), could 

be related to hybridisation with basaltic magma, or derivation from a primitive mafic crustal 

source (see Laurent et al., 2014). However, there is no field evidence for mingling of granitic 

and basaltic melts, such as basaltic enclaves within these granitic rocks. Monzogranitic augen 

gneiss 18MRN01 and granodioritic gneiss 18MRN10 from the northwestern Narryer Terrane 

have more evolved compositions accompanied by strongly depleted HREEs (see Figure 2.7d). 

This is potentially related to derivation from a lower-crustal garnet amphibolite source, as 

proposed by Moyen and Martin (2012) to explain low concentrations of HREEs in some 

Archaean TTG suites. 

Several other chemical features support derivation of stage 1 rocks from amphibolitic sources 

and/or by hybridisation with basaltic melts. For example, low Nb is suggestive of a hydrous 

source and melt generation within the stability field of either rutile (high pressure), titanite 

(low pressure), and/or amphibole (Green et al., 1987). Low Rb and Th contents are also 

consistent with a mafic source. With the exception of the high-silica quartzofeldspathic gneiss 

12TKN27, negative Eu anomalies are absent or minor, consistent with a hydrous amphibolitic 

source and consumption of plagioclase during melting. Elevated Sr/Y is also consistent with 

source plagioclase depletion during melting, accompanied by stabilisation of amphibole or 

garnet (Moyen and Martin, 2012).  
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The Zr concentrations of granitic rocks may give insights into parental magma temperatures. 

Granitic rocks with high Zr have been related to anhydrous, high-temperature parental 

magmas (Watson and Harrison, 1983). On this basis, the low to moderate Zr concentrations 

in granitic magmas generated in magmatic stage 1 are interpreted as evidence for hydrous, 

relatively low-temperature magmatism.  

Importantly, magmatic stage 1 is the only group sampled in this study for which most Zr vs 

Ga/Al2O3 compositions are consistent with a convergent tectonic setting, in contrast to 

magmatic stages 2 and 3 that have an overwhelmingly intraplate signature (see below). 

5.3.2 Neoarchaean Magmatic stage 2 

Stage 2 granodiorite and monzogranites vary from low to high FeO/MgO and LREE contents 

with decreasing age, suggestive of greater degrees of magmatic differentiation in the younger 

samples. Elevated Ga/Al2O3, Cl, and Sn contents are characteristic of fractionated A-type 

intraplate magmas derived from refractory lower-crustal sources that have been partially 

melted during earlier thermal events (see Collins et al., 1982; Whalen et al., 1987; Bonin, 

2007). Granitic rocks with high Nb and Ta may reflect the partial melting of rutile, titanite, 

and amphibole (minerals with high Nb and Ta contents; Green, 1987) in the source, consistent 

with dehydration melting of amphibolite. Granitic melts with low EuN/Eu* are produced by 

shallow crustal melting in the plagioclase stability field or fractional crystallisation of 

plagioclase during magma ascent from the lower to middle crust (Kemp and Hawkesworth, 

2003).  

High REE concentrations indicate a role for magmatic differentiation (Wu et al., 2017). 

Elevated Y may reflect partial melting outside the garnet stability field, conceivably related to 

amphibolite dehydration melting (Moyen and Martin, 2012). The distinctively high and 

variable Zr contents (see Figure 2.4) possibly reflects both hydrous (moderately low 

temperature) and anhydrous (high temperature) magmas (Watson and Harrison, 1983). The 

variable Zr concentrations may also reflect different degrees of magmatic differentiation, and 

conceivably, source compositional differences, the latter also being suggested by the variable 

SiO2, V, Cr, and Ni contents of granitic rocks in magmatic stage 2. For example, three granitic 

intrusions generated during stage 2 have geochemical compositions that could be attributed 

to mixing with a basaltic magma. Granodioritic gneiss 17TKN135 has relatively high MgO, CaO, 
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FeOt, TiO2, and Sc compared to most other stage 2 rocks (Figure 2.3). Similarly, granodiorite 

15TKN47 and monzogranite 105017 have elevated V, Cr, Ni, and Sc (Figure 2.4). 

5.3.3 Neoarchaean Magmatic stage 3 

Stage 3 monzogranites exhibit elevated K2O relative to older granitic rocks (Figure 2.3). This 

may reflect more refractory mafic and intermediate to felsic sources, high degrees of 

magmatic differentiation, and the involvement of amphibole and/or biotite melting in magma 

generation (see section 5.4; Hanson, 1978; Johannes and Holtz, 2012). High K2O/Na2O ratios 

are consistent with both remelting of refractory amphibolite (Ebadi and Johannes, 1991) and 

partial melting of intermediate crustal sources (Johannes and Holtz, 2012). Monzogranites 

with low MgO/(MgO+FeO) are interpreted as a product of magmatic differentiation and/or 

derivation from intermediate to felsic sources (e.g. W62, 18MRN15, 18MRN16). High 

Ga/Al2O3 is again consistent with intraplate A-type affinity (Whalen et al., 1987). 

Stage 3 monzogranites were emplaced in two magmatic pulses (Figure 2.2). Early c. 2642 Ma 

monzogranitic rocks have elevated SiO2, K2O, Pb, Th, and Rb, consistent with derivation from 

intermediate to felsic mid-crustal sources, such as biotite–hornblende tonalitic gneisses. In 

contrast, younger c. 2630 Ma monzogranites have lower SiO2 and elevated CaO, MgO, Eu, Ba, 

Sr, Sc, Y, and REE trends consistent with derivation from mafic crustal sources, such as 

amphibolites. 

High Rb and Rb/Sr values possibly reflect magmatic processes and/or melt source 

compositions. For example, magmatic differentiation can increase melt Rb contents because 

Rb is an incompatible trace element in granitic magmas (Halliday et al., 1991). Dehydration 

melting of biotite-bearing intermediate to felsic crustal sources can also result in melts with 

high Rb (Kemp and Hawkesworth, 2003; Rollinson, 2014). Fractional crystallisation can 

decrease Sr concentrations, owing to Sr partitioning into plagioclase (Moyen and Martin, 

2012; Rollinson, 2014). In addition, low Sr may suggest plagioclase stability/depletion in the 

source (Kemp and Hawkesworth, 2003).  

Conversely, monzogranites with low Rb/Sr ratios (e.g., 18MRN28, 17TKN154, and 11TKN32) 

may derive from mafic crustal sources. The high U+Th monzogranites (e.g., 18MRN15, 

18MRN16, and 17TKN131) possibly derive from intermediate to felsic crustal sources, owing 
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to the abundance of U- and Th-bearing accessory minerals, such as allanite, zircon, titanite, 

monazite, and apatite (Bea, 1996), in such compositions. This is a notable characteristic that 

distinguishes some granitic magmas in stage 3 from older granitic rocks. Y and Yb are 

incorporated by amphibole (Rollinson, 2014); accordingly, elevated Y and Yb are consistent 

with amphibole melting at the source. High Zr contents are suggestive of high-temperature 

magmatism in which zircon would be eliminated from the melt residue (Watson and Harrison, 

1983). Zr–V trends are similar to those of magmatic stage 2, extending to both high and low 

Zr contents. Variable REE trends and concentrations are interpreted to reflect a range of mafic 

and intermediate to felsic sources, source H2O activity, magmatic differentiation, and depth 

of melting. A notable feature is the transition from the c. 2645 Ma granitic rocks with elevated 

LREEs and negative Eu anomalies, to the slightly younger samples (c. 2625 Ma) depleted in 

HREEs with minor or absent negative Eu anomalies. The latter is interpreted as evidence for 

relatively high-pressure hydrous amphibolitic lower-crustal sources (Moyen and Martin, 

2012), and implies a shift in the depth of melting from mid-crustal to lower crustal during 

stage 3.  

5.3.4 Ultramafic and mafic intrusions 

Ultramafic and mafic intrusions occur late within magmatic stages 2 and 3. The c. 2675 Ma 

stage 2 metagabbronorite (12TKN73) has a whole-rock geochemical composition consistent 

with plagioclase accumulation, based on the low MgO and REE concentrations, weak calc-

alkaline affinity, and a positive Eu anomaly (Supplementary Material 3c). Such an origin is 

further supported by the presence of relict igneous layering. The c. 2625 Ma stage 3 

pyroxenite (17TKN152) and gabbronorite (17TKN151) have a tholeiitic affinity and are 

temporally related to cratonisation. These samples may suggest mantle-derived magmatism 

during the Neoarchaean granite bloom, although the REE patterns, particularly the LREE 

enrichment and substantial negative Eu anomalies, suggest that these rocks formed as 

cumulates from evolved magmas that had already crystallised plagioclase. The abundance of 

magmatic zircons may also suggest a crustal origin for the parental magma. Radiogenic 

isotope data are required to further resolve the crust versus mantle affinity of these rocks. 
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5.4 Compositional evolution of crustal sources and stabilisation of Archaean crust  

The whole-rock geochemistry and emplacement ages of Neoarchaean granitic rocks during 

each magmatic stage in the Narryer Terrane are inconsistent with a single source 

composition, or with the rocks being related through a common magmatic differentiation 

process. Rather, these data more suitably reflect partial melting of a range of mafic, 

intermediate, and felsic sources in the lower and middle crust. In this section, we consider 

geochemical trends as evidence for evolution of crustal source compositions. 

Progressive dehydration of amphibolitic lower crust in the Narryer Terrane by incremental 

melt extraction may have produced the compositional evolution of the Palaeoarchaean to 

Neoarchaean granitic rocks (Figure 2.10). This trend could also partly reflect the participation 

of intermediate-composition melt sources, particularly during the late Neoarchaean, inferred 

from a secular change in whole-rock geochemistry towards granitic rocks with relatively high 

SiO2, K2O, Rb, Pb, Th, and REEs. 

Four monzogranites (17TKN154, 18MRN28, 11TKN32, and 17TKN130) emplaced between c. 

2640 and 2620 Ma may have been derived from amphibolitic sources (see 5.3.3), based on 

REE trends similar to those of Palaeoarchaean tonalitic and trondhjemitic gneisses (i.e. 

11TKN32), relatively low SiO2, and high CaO, FeO, Eu, Sr, Ba, and Eu/Eu* compared to older 

stage 3 monzogranites. Additionally, some of these monzogranites have hornblende–biotite 

assemblages, conceivably reflecting a hydrous mafic crustal source. Overall, granitic magmas 

resulting from partial melting of amphibolite changed from tonalitic, with high Al2O3, Na2O, 

and Sr, to monzogranitic with elevated K2O or CaO, Nb, Y, Yb, and variable SiO2, Eu and Sr. 

Partial melting of hydrous amphibolite can produce tonalitic and trondhjemitic melt 

compositions with high Al2O3, Na2O, and Sr (Johannes and Holtz, 2012; Moyen and Martin, 

2012). As melting commences, the melt fraction has a relatively high H2O activity. This results 

in the hydroxylation of Na in the tonalitic melt, producing NaOH complexes, and subsequently 

decreases the chemical activity of albite in the melt, requiring additional albite dissolution to 

achieve thermodynamic equilibrium (Johannes and Holtz, 2012). As a result of these 

processes, and the selective hydroxylation of Na relative to K, further partial melting of an 

amphibolitic source produces melts with lower H2O and Na, but higher K (see Figure 2.10). 

Importantly, the melt derived from an amphibolite source will evolve as a function of the 
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residual modal mineralogy, water activity, and fraction of prior melt extraction (Johannes and 

Holtz, 2012). These factors impose a first-order control on the composition of a siliceous melt 

derived from an amphibolitic source and may have contributed to the geochemical variation 

of granitic magmatic rocks in the Narryer Terrane. 

 

Figure 2.10. Whole-rock geochemical compositional evolution of granitic rocks in the Narryer Terrane and 
northwestern Youanmi Terrane. (a) CIPW norm An-Ab-Or contents indicate a temporal evolution towards high 
K2O/Na2O (Palaeoarchaean TTG whole-rock data from the present study); (b) progression of REE concentrations 
(magmatic stage average over chondrites) may reflect evolution of melt sources. 
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Increasing K2O/Na2O in late Neoarchaean Narryer Terrane monzogranites is therefore 

consistent with remelting and dehydration of refractory amphibolite sources (Johannes and 

Holtz, 2012). This reflects the advanced stages of amphibolite melting, and the final melt from 

a lower-crustal source that has achieved a geochemically and gravitationally stable 

distribution of components, and is no longer able to yield significant melt volumes.  

A result of protracted and repeated partial melting throughout the Archaean is the 

progressive removal of K2O, H2O, U, and Th by incremental melt extraction from the lower 

crust and delivery into the middle and upper crust. This process of removing radioactive heat-

producing nuclides results in long-term cooling, and therefore strengthening, of the lower 

crust (Kemp and Hawkesworth, 2003). Consequently, this compositional evolution likely 

assisted in the preservation of Archaean cratons and the development of the chemical 

stratification observed in the continental crust (Kemp and Hawkesworth, 2003). 

5.5 Inferred tectonic settings and implications for cratonisation   

5.5.1 Neoarchaean Magmatic stage 1: subduction-related convergent tectonics (c. 2740 

Ma) 

The mineralogy (hornblende-biotite-magnetite±titanite assemblages) and whole-rock 

geochemistry of tonalitic to monzogranitic rocks generated during magmatic stage 1 are 

consistent with hydrous, and oxidised magmatism. We interpret these characteristics to 

reflect generation of the granitic rocks in a convergent setting (Figure 2.11a). This implies that 

granitic rocks formed during magmatic stage 1 are related to convergent tectonic processes 

amalgamating the two discrete terranes. This model accords with the spatial distribution of 

stage 1 granitic intrusions, which were most voluminously emplaced in the southeastern 

Narryer Terrane adjacent the present-day inferred terrane boundary (Figure 2.1). We infer 

that the strongly deformed stage 1 granitic rocks that occur further west (see Figure 2.1, and 

sample 88-182 of Nutman et al., 1993) were tectonically transported into their present 

positions during the assembly of these terranes. 
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Figure 2.11. Origin and tectonic setting of Neoarchaean magmatism in the Narryer Terrane and northwestern 
Youanmi Terrane; (a) Magmatic stage 1 (c. 2740 Ma) involved low-T hydrous arc magmatism and crustal 
thickening; (b) stage 2 (c. 2680 Ma) involved widespread intraplate mantle (high-T and/or metasomatized) and 
lower-crustal melts via decompression melting of near-solidus lithosphere following regional metamorphism; 
(c) stage 3 (c. 2630 Ma) involved continued extension, deformation, and intraplate decompression partial 
melting of the lower and middle crust. SCLM, subcontinental lithospheric mantle. 
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The above model is consistent with previous research into the structural and magmatic 

evolution of the northwestern Yilgarn Craton (Cassidy et al., 2002; Zibra et al., 2017; 

Goscombe et al., 2019; Lowrey et al., 2020). Magmatic stage 1 in the Narryer Terrane was 

coeval with magmatism in the Youanmi Terrane to the southeast (GSWA, 2019, 2021; Ivanic 

et al., 2012; Lowrey et al., 2020). Cassidy et al. (2002) reported the occurrence of high MgO, 

LILE, Ni, and Cr granitic rocks of the ‘Norie Clan’, interpreting these as evidence for arc 

magmatism in the northern Youanmi Terrane at c. 2755 Ma. In addition, Lowrey et al. (2020) 

described boninite-like rocks within the 2800–2740 Ma Polelle Group, which occur with 

coeval high-Mg andesites and sanukitoids, and are interpreted to reflect arc magmatism at 

2820–2730 Ma (Lowrey et al., 2020). This supports the suggestion of Cassidy et al. (2002) that 

the northern Youanmi Terrane greenstone belts represent volcanic arcs, with subduction 

towards the present-day southeast. In this scenario, the Narryer Terrane would have initially 

been a passive margin on the subducting plate (Figure 2.11a). It is difficult to ascertain on the 

present dataset alone if the larger stage 1 magmatic bodies, and those with elevated Cr, Ni, 

and V contents, presently located in the southeastern Narryer Terrane (e.g., 15TKN17, 

14TKN36, and 15TKN34) are directly related to the former arc system, involving mantle-

derived basaltic magma mixing and differentiation, or are high-pressure melts of thickened 

mafic crust, as inferred for samples 18MRN01 and 18MRN10. 

Our interpretation implies that the Narryer Terrane amalgamated with the nascent Yilgarn 

Craton during the late Neoarchaean, consistent with suggestions by Myers (1988a). The 

remnants of this collision may partly form the region to the southeast of the presently defined 

Narryer Terrane, surrounding the Balbalinga fault zone. This nominal terrane boundary has 

no known surface expression (Myers, 1988a; Myers, 1997b), and any prior crustal 

architecture that existed may have been exploited as a magmatic conduit and consequently 

became the focus for widespread granite emplacement, including granitic bodies emplaced 

during magmatic stages 2 and 3. The configuration of the original terrane boundary was 

therefore obscured by this magmatism. The convergent deformation, tectonic imbrication, 

regional metamorphism, and crustal thickening attending terrane amalgamation were not 

directly related to cratonisation, but are interpreted as an important prerequisite for later 

high-K granitic magmatism (see below). 
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5.5.2 Neoarchaean Magmatic stage 2: intraplate lower crustal (±mantle) melts (c. 2680 Ma) 

Stage 2 granitic rocks sampled in the present study have trace element systematics typical of 

A-type granites (Figure 2.7). Modal mineralogy and whole-rock geochemistry (section 5.3.2), 

suggests that these rocks were derived from a diverse range of sources, and were emplaced 

across both the Narryer Terrane and the structurally-juxtaposed northwest Youanmi Terrane. 

This episode is interpreted to reflect widespread magmatism in an intraplate tectonic setting, 

with partial melting of mafic and intermediate lower crustal (±mantle) sources to form the 

most voluminous magmatic event preserved in the Narryer Terrane (Figure 2.11b). Magmatic 

stage 2 is therefore thought to represent the initial phase of cratonisation, as these granitic 

magmas occur during the craton-wide late granite bloom in the Yilgarn Craton and are the 

first group with intraplate ‘A-type‘ geochemical compositions. 

5.5.3 Neoarchaean Magmatic stage 3: intraplate lower and middle crustal melts (c. 2630 

Ma) 

Monzogranites generated during magmatic stage 3 also have compositions, spatial 

distributions, and ages consistent with an intraplate tectonic setting (Figure 2.11c). The two 

magmatic pulses at c. 2642 and 2625 Ma are interpreted to reflect early mid-crustal melting 

of compositionally evolved sources, followed by melting of mafic sources in the deeper crust 

during a waning thermal event. Magmatic stage 3 represents the final phase of cratonisation 

in the Narryer Terrane. 

5.6 Comparison with Neoarchaean granites related to cratonisation 

5.6.1 Late ‘low-Ca’ granites in the Archaean Yilgarn Craton 

Neoarchaean granitic rocks from the Narryer Terrane are compositionally similar to c. 2680 

and 2630 Ma granitic rocks across the Yilgarn Craton (Supplementary Material 3d); Champion 

and Cassidy, 2010). This is particularly evident for the magmatic stage 3 monzogranites in the 

Narryer Terrane and the ‘low-Ca’ granites emplaced from c. 2655 to 2630 Ma in the Youanmi 

Terrane and Eastern Goldfields Superterrane (see Supplementary Material 3d). Coeval 

crystallisation ages for stage 2 and 3 granitic rocks in the Narryer Terrane and the ‘late’ 

granitic rocks in the remainder of the Yilgarn Craton imply a craton-wide event, the nature of 

which is discussed below.  
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5.6.2 High-K ‘Hybrid granites’ in Archaean cratons  

Many Archaean cratons were intruded by high-K granitic magmas, generally during the late 

stages of craton evolution (see Sylvester 1994). Laurent et al. (2014) presented whole-rock 

compositional fields of late granitic rocks in the Dharwar, Amazonia, Baltica, Wyoming, and 

Superior cratons (Figure 2.5a), and referred to these rocks collectively as ‘hybrid granites’, 

reflecting their complex petrogenesis involving multiple sources. Stage 3 monzogranites in 

the Narryer Terrane are most appropriate for comparison with the ‘hybrid granites’ because 

they also occur late in the evolution of the craton and prior to a protracted period of 

magmatic quiescence. However, the Narryer monzogranites occupy a smaller compositional 

field when compared to hybrid granites of other Archaean cratons, extending to higher A/CNK 

ratios, lower and clustered Na2O/K2O ratios, with a slightly larger variation in FMSB values 

(Figure 2.5a; Figure 2.12). This may be a result of relatively well-defined formation ages, 

because inclusion of magmatic stage 2 samples results in greater overlap with the 

compositional fields of late granites from other cratons. Nonetheless, the Narryer Terrane 

preserves a distinctive range of late monzogranites compared to other Archaean cratons. 

Three explanations can be envisaged for compositional differences between the Narryer 

Terrane stage 3 granitic rocks and the ‘hybrid’ granitic rocks from other cratons. The first is 

that the relatively potassic composition of these stage 3 monzogranites reflects greater 

degrees of fractional crystallisation. This explanation may apply specifically for a group of 

leucocratic monzogranites (i.e. 18MRN15, 18MRN16, W62, 105007, and 105004) that extend 

to the highest A/CNK ratios coupled with the lowest FMSB values. However, fractional 

crystallisation alone cannot explain the geochemical diversity of all the monzogranites. This 

is because the stage 3 monzogranites have different emplacement ages and fall into two age 

groups, of which the most felsic samples are the oldest (see section 5.3.3). Additionally, these 

leucogranites have 73.1 – 75.0 wt. % SiO2 and moderate Rb/Sr ratios of 1.3 – 5.9, consistent 

with formation by small-degree partial melting of an intermediate composition source rather 

than extended fractional crystallisation from a more primitive parental melt (Halliday et al., 

1991). Experimental studies show that similar leucogranitic melt compositions can be derived 

from tonalitic sources at 8 and 4 kbar (Figure 2.12c) (Patiño-Douce, 1997). 
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Figure 2.12. Potential sources of Neoarchaean granitic rocks in the Narryer Terrane and Youanmi Terrane by 
comparison with experimental melts derived from amphibolitic-mafic (Patino Douce and Beard, 1995; Sen and 
Dunn, 1994; Gao et al., 2016), andesitic (Gao et al., 2016), and tonalitic sources (Carroll and Wyllie, 1990; Patino-
Douce, 1997); Na2O/K2O ratio, 2*A/CNK (molar Al2O3/[CaO + Na2O + K2O] ratio), and 2*FM (square root of FeOt 
+ MgO [wt.%]) (adapted from Laurent et al., 2014); (a) Neoarchaean granitic rocks from the Narryer Terrane 
compared with the compositional variation fields of experimental melts (b) Magmatic stage 3 monzogranites 
compared with the compositions of granitic melts (SiO2 above 60 wt. %) from amphibolites (Sen and Dunn, 1994; 
Johannes and Holtz, 2012), quartz amphibolites (Patino-Douce and Beard, 1995), and andesites (Gao et al., 
2016); basalt composition from Le Maitre (1976); (c) Magmatic stage 3 monzogranites compared with the 
compositions of sources and related granitic melts from high-K amphibolite (Sen and Dunn, 1994; Johannes and 
Holtz, 2012), LVC tonalite (Patino-Douce, 1997), and CW tonalite (Carroll and Wyllie, 1990). 

A second possibility is that the stage 3 monzogranites formed by hybridisation between 

coeval mantle-derived mafic magmas and intermediate to felsic crustal rocks, which would 

account for the more mafic compositions of the stage 3 intrusions. However, there is no 

evidence for a trend towards higher Na2O/K2O with increasing FeO+MgO, as would be 

expected from addition of mantle-derived basaltic melts (Figure 2.12b), and the 

monzogranites have low V+Ni+Cr concentrations (Figure 2.9).  

A third option is that the source composition of the youngest stage 3 monzogranites was 

different to that of the hybrid granitic rocks of other Archaean cratons. Some of the 

monzogranites that formed between c. 2630 and 2620 Ma (e.g. 17TKN154, 18MRN28, and 
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17TKN130) extend to higher FMSB values and lower A/CNK ratios, but retain low Na2O/K2O. 

It is possible that these whole-rock compositions reflect derivation from unusual mafic 

sources in the middle to lower crust. To explore this, we compare the whole-rock 

geochemistry of the monzogranites in stage 3 to those of experimental melts derived from 

amphibolitic (Sen and Dunn, 1994; Patiño-Douce and Beard, 1995; Gao et al., 2016), andesitic 

(Gao et al., 2016), and tonalitic sources (Carroll and Wyllie, 1990; Patiño-Douce, 1997) (Figure 

2.12). Stage 3 monzogranites do not significantly overlap with experimental granitic melt 

compositions (SiO2 above 60 wt. %) derived from partial melting of basalts, andesites, or 

amphibolites. Rather, they have compositional similarities with granitic melts generated from 

the quartz–amphibolite composition of Patiño-Douce and Beard (1995) (Figure 2.12). 

Monzogranites 18MRN28, 17TKN154, and 17TKN130 have features supporting derivation 

from amphibolitic sources, such as hydrous mineral assemblages (hornblende, biotite) and a 

metaluminous chemistry (see section 5.3.3). The younger monzogranites in stage 3 also have 

relatively high CaO, FeO, Eu, Sc, Sr, Zr, and Y, and lower SiO2, Rb, Pb, Th, compared to the 

slightly older leucocratic monzogranites, suggestive of an amphibolitic source. The 

experimental composition that produces melts with similar A/CNK, Na2O/K2O, and FM values 

to late monzogranites in the Narryer Terrane is a synthetic quartz amphibolite (53.9% 

hornblende, 19.6% plagioclase, 24.5% quartz, and 2% ilmenite) with 60.7 wt. % SiO2 (Patiño-

Douce and Beard, 1995). The experiments were conducted under vapour-absent melting 

conditions at temperatures of 840–1000 ˚C and pressures of 3–15 kbar, where melting 

accompanied decomposition of a single hydrous mineral phase, in this case hornblende. 

However, despite the chemical similarities evident in Figure 2.12, other aspects of the 

experimental quartz–amphibolite melts do not match those of the stage 3 monzogranites. 

For example, Na2O/K2O ratios of the quartz amphibolite melts range between 1 and 25, 

whereas the Na2O/K2O ratios of the stage 3 monzogranites are all less than 1, reflecting 

relatively high K2O contents (Supplementary Material 3e). Secondly, Patiño-Douce and Beard 

(1995) report that the quartz–amphibolite melts are dominantly strongly peraluminous, in 

contrast to the metaluminous to weakly peraluminous monzogranites of stage 3 

(Supplementary Material 3e).  
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Alternatively, we suggest that an amphibolite that has had partial melt removed is a more 

suitable source composition for the stage 3 Narryer Terrane granitic rocks (see section 5.4). 

This is supported by the low Na2O and Sr/Y, and high K2O nature of the late monzogranites, 

particularly those with hornblende–biotite assemblages. Partial melting of a refractory 

amphibolitic source dominated by hornblende and depleted in plagioclase would yield a 

relatively low-Na2O and low-Sr granitic melt enriched in K2O, CaO, and Y, compared to one 

derived from fertile amphibolite (see section 5.4). This is due to decomposition of hornblende 

through dehydration melting. Conversely, partial melting of a more fertile amphibolite source 

is conducive to the production of typical early Archaean TTG compositions (Moyen and 

Martin, 2012; Hernández-Montenegro et al., 2021). 

The question that arises from the above discussion is why such a source composition should 

be present in the deep Narryer crust, and reworked late in the magmatic history of the 

terrane, to produce the distinctive stage 3 granitic rocks. We suggest that this could relate to 

an ancient crustal reservoir in the Narryer Terrane that was depleted during prior magmatic 

episodes. The oldest preserved felsic igneous crust in the Narryer Terrane is c. 3730 Ma 

(Nutman et al., 1991), and there were a number of younger magmatic events that produced 

granitic rocks (tonalite to syenogranite) during the Palaeoarchaean and in the early 

Neoarchaean (e.g. Kemp et al., 2018). Any of these could have left a partly residual 

amphibolite source that was then remelted at high temperature to generate stage 3 magmas 

during cratonisation at c. 2645–2620 Ma. This inference is consistent with the unradiogenic 

zircon Hf isotope compositions of Neoarchaean granitic rocks in the Jack Hills region of the 

Narryer Terrane, suggesting that the parental magmas were produced by reworking of early 

Archaean (and possibly Hadean) crustal sources (see Kemp et al., 2010). Hadean zircon 

xenocrysts have also been identified in a stage 3 granite (Nelson et al., 2000), attesting to the 

ancient sources of these rocks. 

6. Origin of Neoarchaean magmas in the Narryer Terrane 

The Neoarchaean granite ‘bloom’ associated with cratonisation of the Narryer Terrane was 

episodic and extended over c. 130 Ma. The geochemical evolution of granitic magmas is 

consistent with transitions in magmatic source compositions and inferred tectonic settings. 
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This culminated in stage 3 intraplate monzogranitic magmas largely derived from refractory 

lower crustal sources previously depleted by episodic melting during stages 1 and 2. 

Evidence from the Narryer Terrane suggests that cratonisation involved episodic intraplate 

magmatism and partial melting of the lower crust (and possibly mantle), followed by partial 

melting of both lower and middle crust during decompression of cratonic lithosphere. We 

suggest that this process is driven by isostatic buoyancy forces acting on the low-density 

subcontinental lithospheric mantle (SCLM) of Archaean cratons at the lithosphere-

asthenosphere boundary, and commences when continental lithosphere is thickened 

sufficiently by convergent tectonics (Figure 2.11). This results in uplift of the nascent Archaean 

craton in the mantle column and extension of the cratonic lithosphere, causing 

decompression melting of mantle and various lower-crustal sources. Melting then progresses 

towards middle crustal levels, followed by late lower-crustal melts with lower SiO2. 

Ultimately, this process could result in the formation and stabilisation of ‘supercratons’ from 

the amalgamation of continental nuclei during the Neoarchaean (see Hawksworth et al., 

2017).  

The results and tectonic model developed here for the Yilgarn Craton are consistent with the 

abundance and wide extent, in all Archaean cratons, of late Neoarchaean granitic rocks, the 

composition and distribution of which are irreconcilable with generation in a subduction zone 

tectonic setting or with emplacement in linear magmatic arcs. The model is also consistent 

with the absence of voluminous mantle-derived basaltic and komatiitic melts associated with 

mantle plumes during cratonisation. 

7. Conclusions 

We sampled 42 felsic, mafic, and ultramafic rocks from the northwestern Youanmi Terrane 

and Narryer Terrane to constrain models for Neoarchaean crustal evolution of the 

northwestern Yilgarn Craton, and for the origin of granitic magmas related to cratonisation.  

The new U–Pb zircon geochronology reveals a three-stage Neoarchaean magmatic history, 

with pulses of granitic emplacement at 2740–2725 Ma, 2680 Ma, and 2642–2625 Ma. 

Geochemical compositions of granitic rocks evolved during these magmatic episodes, from 
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high CaO, MgO, V, Cr, and Ni tonalite to monzogranite, to high K2O, Ga/Al2O3, Rb, and Th 

monzogranite. We interpret these changes to reflect a diverse range of magma sources and 

tectonic settings during the Neoarchaean in the Narryer Terrane. These geochronological and 

geochemical patterns are interpreted to reflect regional plate convergence and arc-related 

magmatism at c. 2740 Ma, intraplate lower-crustal and possibly mantle-derived magmatism 

at c. 2680 Ma, and, finally, younger intraplate lower- and middle-crustal anatexis related to 

cratonisation of the Yilgarn Craton at 2642–2625 Ma. These results discredit the notion that 

the Neoarchaean granite ‘bloom’ associated with cratonisation of the Yilgarn Craton was a 

single event. Rather, the evidence indicates that the granite ‘bloom’ was episodic, reflecting 

a sequence of magmatic stages with different tectonic settings and diverse magma sources. 

We propose a model for cratonisation that involved convergence of continental nuclei to form 

the Yilgarn Craton during the Neoarchaean, resulting in collision and thickening of the Yilgarn 

lithosphere. This model explains the observed sequence of magmatic rocks related to 

cratonisation during the Neoarchaean, the compositions and inferred tectonic settings of 

granitic rocks, the spatial distribution of coeval and widespread granitic magmatism during 

cratonisation, the inferred variability of crustal magma sources, the absence of ultramafic and 

mafic volcanic rocks related to mantle plumes and arcs, and why cratonisation can only occur 

once for a given Archaean craton. 
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ABSTRACT 

Granitic magmas derived from supracrustal sources such as sedimentary and volcanic rocks 

typically have distinctively high zircon δ18O values above 6.0 ‰. In contrast, granites 

produced by partial melting of infracrustal sources have lower, mantle-like zircon δ18O values 

of 5.3 ± 0.6 ‰ (2σ). The oxygen isotope signatures of zircon therefore constrain the 

petrogenesis of granitic magmas, and have been used, in particular, to evaluate whether 

reworking of supracrustal rocks associated with convergent plate tectonics occurred in the 

Archaean. Here, we report a rare occurrence of mantle-like δ18O values in an Archaean 

diatexite in the Narryer Terrane of the Yilgarn Craton (Western Australia). Field relations, 

strongly peraluminous mineral assemblages, and whole-rock geochemistry suggest that these 

rocks were derived from sedimentary sources. U–Pb geochronology of magmatic zircon rims 

establish partial melt generation at 2644 ± 2 Ma, and strongly unradiogenic zircon Hf isotope 

ratios indicate derivation of the sedimentary protolith from an ancient, possibly Eoarchaean, 

crustal provenance. Magmatic zircon rims from two samples yielded mantle-like δ18O values 

of 4.8 ± 0.9 ‰ and 4.8 ± 1.0 ‰, challenging long-held assumptions that granitic melts derived 

from supracrustal sources always yield zircon δ18O values >6.0 ‰. Our results necessitate a 

re-evaluation of the use of oxygen isotopes in zircon to constrain input of sedimentary 

materials into Archaean felsic magmas. Mantle-like zircon O isotope signatures do not 

preclude convergent geodynamic processes in the early Earth that enabled deep burial and 

reworking of supracrustal protoliths.  
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1. Introduction 

Geodynamic controls on the formation and differentiation of Earth’s crust in the Archaean 

Eon remain contested. Models that favour some form of “modern style” plate tectonics (e.g., 

Arndt, 2013) require the existence of lithospheric plates that are sufficiently rigid to permit 

the mechanical coupling and sustained subduction of coherent slabs. Plate rigidity also 

permits the development of rift-controlled sedimentary basins (Cawood et al., 2018; 

Hawkesworth et al., 2017), and convergent tectonics provides the mechanism for the deep 

burial, thickening, and metamorphism of sedimentary and volcanic successions. Reworking of 

supracrustal protoliths is thus a consequence of plate tectonic processes (e.g., Collins and 

Richards, 2008), and therefore detecting sedimentary input into magmas provides insights 

into the geodynamic evolution of ancient orogens. Oxygen isotopes are a key geochemical 

tracer used for this purpose, because 18O and 16O are readily fractionated by low temperature 

and surficial fluid–rock interactions. Mature, clay-rich sedimentary rocks have high whole-

rock δ18O values (15 to 25 ‰; Kolodny and Epstein, 1976). In contrast, rocks that exchange 

oxygen with liquid water at high temperature can acquire 18O-depleted compositions, with 

δ18O values ranging between 0 and 5 ‰ (Taylor, 1968; Kolodny and Epstein, 1976). Many 

studies, particularly of old, metamorphosed igneous rocks, emphasise the importance of 

obtaining O isotope data from zircon, a robust mineral that can retain its primary geochemical 

signature throughout intense thermal and deformational processes (Valley et al., 2005). 

Intriguingly, existing global datasets show that the O isotope compositions of Archaean 

zircons fall dominantly within the mantle range, and only deviate to significantly heavier (i.e., 

18O-enriched) compositions after 2.5 Ga (Payne et al., 2015; Valley et al., 2005). This is 

consistent with the paucity of ‘S-type’ granites in Archaean cratons (Sylvester, 1994). It is 

unclear whether this lack of O isotope evidence for substantial sedimentary reworking 

militates against the operation of Archaean plate tectonics, or if it simply reflects muted O 

isotope fractionation associated with different styles of weathering and sedimentation in the 

Archaean (Payne et al., 2015).  

Here, we report the discovery of migmatitic Archaean sedimentary rocks in the Narryer 

Terrane of the Yilgarn Craton, Western Australia. The zircon crystals in these rocks record 

Neoarchaean U–Pb ages but have mantle-like δ18O, despite clear field, mineralogical, and 
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geochemical evidence for derivation from a strongly peraluminous sedimentary source. The 

absence of elevated δ18O values in these Archaean zircons is attributed to hydrothermal 

alteration of the supracrustal source by 18O-depleted fluids prior to melting. Our results show 

that O isotope analysis of zircon alone may not be sufficient to identify Archaean granites 

generated by partial melting of sedimentary precursors. 

2. Archaean diatexites from the Narryer Terrane 

The Narryer Terrane comprises the northwestern part of the Yilgarn Craton of Western 

Australia (see Fig. DR3 in the GSA Data Repository1; Myers, 1988). The terrane consists of 

early Archaean quartzofeldspathic gneisses and supracrustal belts, and abundant 

Neoarchaean granite (Myers, 1988; Williams and Myers, 1987). These rocks have been 

complexly deformed and metamorphosed in the upper amphibolite to granulite facies (Kemp 

et al., 2018). 

A tract of layered migmatitic rocks with strongly peraluminous mineralogy occurs within the 

Murchison River in the northern Narryer Terrane (Figure 3.1). These rocks have the field 

characteristics of diatexites (e.g., Sawyer, 1998), where a pervasive granitic component is 

interspersed with numerous biotite-rich schlieren, biotite–cordierite clots and elongate 

enclaves and rafts of metasedimentary rock (Figure 3.1). The metasedimentary enclaves vary 

from weakly banded gneisses and stromatic migmatites (Figure 3.1a) to quartzites and 

biotite-rich compositions. Some migmatite rafts have patches of coarse-grained leucosome 

that contain large (2 to 5 cm) intergrowths of garnet and cordierite, which may be the 

products of melting reactions (e.g., Sorcar et al., 2020); similar features are seen in the granitic 

portions of the diatexite (Figure 3.1b). Elongate trails of coarse K-feldspar crystals in the 

diatexite may represent dismembered pegmatitic leucosomes. Sample 18MRN12 was 

collected from a granitic part of the diatexite and consists of quartz, alkali feldspar, 

plagioclase, biotite, cordierite and minor, irregularly-shaped garnet. The rock exhibits igneous 

textures, with large, subhedral perthitic alkali feldspar containing well-shaped plagioclase and 

quartz inclusions (Fig. DR4d). Coarse-grained cordierite in this sample is overgrown by 

andalusite and biotite aggregates, possibly reflecting a retrograde reaction associated with 

melt crystallisation (Fig. DR4c). Sample 18MRN11 is from a gneissic, relatively biotite-and 
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garnet-rich component of the diatexite. Sample 18TKN14 was obtained from a 

quartzofeldspathic schist enclave within the diatexite, and is dominated by biotite, cordierite, 

and quartz, with minor garnet. 

 

Figure 3.1. Field photographs of (a) a large migmatitic metasedimentary enclave (approximately 10 x 4 metres) 
within diatexite (b) garnet–cordierite aggregates with leucosome halos (arrowed) contained within the granitic 
portion of the diatexite; grt: garnet; bt: biotite; crd: cordierite (see also Figure DR10). 
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The whole-rock compositions of the Narryer diatexites resemble Archaean S-type granites, 

particularly the SP3-type granites formed by the partial melting of greywacke and pelite 

(Figure 3.2; Sylvester 1994, and see Table DR1, Fig. DR5). The diatexites are monzogranitic, 

with high SiO2 (71.9–72.2 wt. %), K2O (4.1–6.0 wt. %), and Rb (138–182 ppm), but low CaO 

(0.4–0.6 wt. %), Na2O (0.9–1.3 wt. %), Sr (31–35 ppm), Cr (5–6 ppm), and Ni (4–6 ppm). 

Alumina saturation index (ASI) values of 1.3 and 1.9 corroborate the strongly peraluminous 

mineralogy. The slightly higher CaO, Na2O, and K2O contents of sample 18MRN12 accord with 

a larger granitic melt component in this rock. Elevated FeO (3.5 wt. %) and MgO (2.9 wt. %) 

contents, and ASI values, in 18MRN11 reflect the modal abundance of garnet and cordierite. 

Sample 18MRN12 exhibits a REE pattern that is typical of granitic rocks, with elevated light 

REEs and a negative Eu anomaly. The relative heavy REE enrichment in 18MRN11 is attributed 

to a greater abundance of garnet (Figure 3.2).  

Forward phase equilibria modelling to ascertain the peak metamorphic conditions recorded 

by diatexite sample 18MRN11 yielded broad P–T constraints of ~3.7–6.6 kbar and 780–840°C 

(see DR metamorphic modelling). 
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3. Zircon U–Pb, O, and Hf isotopes 

Zircon grains extracted from both diatexite samples are optically clear, and have rounded to 

irregularly shaped cores with oscillatory zoning that is truncated by the subtle concentric 

zonation of the less luminescent rims (Fig. DR6). Zircon cores in sample 18MRN11 yield 

207Pb/206Pb dates ranging from c. 2770 Ma and 2730 Ma (see SHRIMP Data Interpretation, DR 

Methods, Tables DR2 and DR6; Figure 3.3). Similarly, zircon cores in the granitic-dominated 

diatexite 18MRN12 have 207Pb/206Pb dates ranging from c. 2760 to 2735 Ma. The zircon rims 

in sample 18MRN11 return a weighted mean 207Pb/206Pb date of 2644 ± 2 Ma (n = 11; MSWD 

= 1.08) (Figure 3.3). Zircon rims were mostly too thin for analysis in sample 18MRN12, but 

two concordant analyses yield a concordia age (Ludwig, 1998) of 2650 ± 9 Ma (MSWD = 2.0). 

Despite different U–Pb dates, the zircon cores and rims have similar O and Hf isotope 

systematics (Tables DR3, DR4, and DR6). Zircon cores from diatexite 18MRN11 yielded mostly 

sub-mantle δ18O values, varying from 3.7 to 5.2 ‰ (Figure 3.3). Zircon cores of the granitic 

diatexite 18MRN12 returned an overlapping δ18O range (4.3 to 5.0 ‰). The zircon rims of 

both diatexite samples yielded δ18O values between 4.0 and 5.4 ‰ (mean δ18O = 4.8 ± 1.0 ‰, 

n = 8, in 18MRN11; mean δ18O = 4.8 ± 0.9 ‰, n = 3, in 18MRN12; Figure 3.3).  

A small range of 176Hf/177Hf ratios were measured from zircon cores (0.28087 to 0.28077), 

translating to εHf (2767 – 2732 Ma) values between −9.5 and −7.3. Comparable 176Hf/177Hf ratios 

were obtained from the zircon rims (0.28084 to 0.28092). The corresponding εHf (2644 Ma) values 

of the zircon rims cluster between −10.5 and −7.8, with a mean of −8.9 (Figure 3.3). 
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4. Archaean S-type magmas with mantle-like zircon δ18O 

The field relations, aluminous mineral assemblages and whole rock geochemical features are 

consistent with formation of the Narryer Terrane diatexites by anatexis of sedimentary 

precursors. In this interpretation, the zircon cores represent relict detrital components in the 

protolith, whereas the zircon rims reflect the crystallisation of partial melts at c. 2650–2640 

Ma. Embayments in some zircon cores could reflect partial dissolution either prior to, or 

during the growth of the magmatic rims (e.g., Kemp et al., 2007). The unradiogenic Hf isotope 

data suggest that the sedimentary protolith was itself derived from ancient, and perhaps 

Eoarchean crust (Figure 3.3b). Strikingly, however, and despite the clear evidence for an 

aluminous sedimentary parentage, the mantle to sub-mantle δ18O values of both zircon cores 

and magmatic rims are inconsistent with the partial melting of clay-rich supracrustal rocks. 

There are several possible reasons for the anomalously low zircon δ18O of the diatexites. An 

obvious option is post-crystallisation isotopic disturbance, perhaps linked to alteration of the 

zircon grains and O isotope exchange with surface-derived fluids (e.g., Claesson et al., 2016). 

However, the igneous microstructures (Fig. DR6) and coherent U–Pb isotopic systematics of 

the zircon crystals are inconsistent with metamictisation and isotope disturbance that could 

be linked to loss of primary O isotope signatures. Ingress of mantle-derived magmas with low 

δ18O into the diatexites is not supported by field evidence, or by the uniformly unradiogenic 

zircon Hf isotope compositions of the samples analysed in this study. 

We instead favour a process whereby the low zircon δ18O of the Narryer Terrane diatexites 

was inherited directly from the sedimentary protolith, where these source rocks acquired an 

18O-depleted character prior to partial melting. We propose the following three-stage 

scenario. First, the c. 2760–2720 Ma zircon cores crystallised from granitic magmas with 

mantle-like to marginally sub-mantle δ18O. These magmas were derived by reworking of an 

ancient crustal source, the specific nature of which cannot be determined with the present 

dataset alone. Second, these intrusions were uplifted and eroded, shedding sediments into a 

proximal basin, where this detritus was then altered by high temperature interaction with 

18O-depleted fluids, imparting a low δ18O bulk rock signature. This process may have occurred 

in a large hydrothermal system associated with magmatism, extension, and localised basin 
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formation (e.g., Bindeman and Valley, 2001). Neoarchaean granulites with low zircon δ18O 

occur elsewhere in the Narryer Terrane (Hammerli et al., 2018), suggesting that this process 

may have been regionally significant. Destruction of feldspar in the sedimentary protolith 

during intense hydrothermal alteration might also explain the low contents of the fluid mobile 

elements Ca, Na, and Sr in the diatexites. Finally, the altered sedimentary rocks were buried 

during convergent tectonics, metamorphosed, and partially melted at c. 2645 Ma to produce 

the diatexites analysed in this study. The low δ18O of the magmatic zircon rims reflects the 

18O-depleted sedimentary source of these rocks. 

5. Implications for sedimentary reworking in the early Earth 

Greenstone belts comprised of sedimentary and volcanic rocks are a substantial component 

of Archaean cratons. Consequently, it is conceivable that granitic magmas were commonly 

derived by anatexis of supracrustal sources on the early Earth. This inference is consistent 

with petrogenetic models whereby Archaean TTG suites are produced by partial melting of 

hydrated basalt (e.g., Laurent et al., 2020). Yet, few Archaean granites have zircon δ18O values 

that unambiguously reflect a supracrustal parentage (Valley et al., 2005) or a strongly 

peraluminous, S-type affinity (Sylvester, 1994). The absence of these features has been 

interpreted as evidence against the operation of subduction zone magmatism in the early 

Archaean (c.f. Dhuime et al., 2012).  

Payne et al. (2015) suggested that the paucity of elevated δ18O in Archaean zircon is due to a 

combination of lack of tectonic burial and remelting of supracrustal rocks in thinner crust, and 

the operation of a different weathering regime (anoxic, submarine) that retards production 

of clay minerals that sequester 18O. The present study adds a further possibility – that clay-

rich protoliths were indeed remelted in the Archaean, however the environment in which 

these sediments were deposited, namely a rift setting with intense hydrothermal activity, 

effectively erased the 18O-enriched signatures that developed during weathering and erosion 

of the precursor crystalline rocks. Such environments could be locally common in the basinal 

structures in which Archaean greenstone belt sequences accumulated, and would result in 

hydrous, peraluminous supracrustal assemblages with low and mantle-like δ18O. 
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Granitic rocks formed from pelitic sedimentary sources can be readily recognised by their 

characteristic strongly peraluminous mineralogy (White and Chappell, 1988). A heavy oxygen 

isotope signature can also be used to pinpoint supracrustal input into felsic magmas when 

the chemical evidence is less obvious, or for detrital zircon grains removed from the context 

of the parent rock. The present study demonstrates that even where sedimentary 

contributions to magmas are substantial, zircon O isotopes may not register this. Evidence for 

granitic magmatism related to reworking of sedimentary rocks may therefore be camouflaged 

and underrepresented in models of Archaean crustal evolution. One implication is that 

recognition of terranes within Archaean cratons that have been amalgamated by convergent 

tectonics, demarcated by the closure of intervening sedimentary basins and generation of 

granitic magmas from thickened supracrustal materials, may not be viable by means of zircon 

O isotopic analysis alone.  The operation of geodynamic processes capable of reworking 

sedimentary rocks in the deep crust during the Archaean, such as occur in plate tectonic 

regimes, cannot therefore be excluded by oxygen isotope evidence alone.  
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HIGHLIGHTS 

 Episodic ultramafic–felsic magmatism in the Narryer Terrane at c. 2740, 2680, and 

2630 Ma 

 Zircon O-Hf isotopes reveal a secular evolution of magma sources involving mantle 

and crustal end-members 

 Inferred tectonic settings change from c. 2740 Ma convergent plate to c. 2680–2630 

Ma intraplate 

 Tectonic collisions and lithospheric thickening linked to craton-wide crustal anatexis  

 Cratonisation of Archaean crust related to decompression melting of the 

asthenosphere  

ABSTRACT 

Earth’s continental crust mainly forms in two distinct tectonic settings: (1) intraplate 

magmatism, and (2) convergent plate arc magmatism. Archaean continental crust (c. 4000–

2500 Ma) comprises a minor component of the Earth’s lithosphere and has been 

metamorphosed and eroded. Consequently, these ancient fragments can be geochemically 

compromised, resulting in ambiguous interpretations regarding their formation. However, 
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rare exposures of compositionally diverse mid- to lower continental crust in Western Australia 

provide an opportunity to understand the formation and cratonisation of an Archaean craton. 

Here, we show that the assembly of the Archaean Yilgarn Craton is related to both convergent 

plate and intraplate tectonic settings, involving a specific sequence and magmatic 

compositional evolution. Zircon U–Pb, O, and Hf isotopes from ultramafic, mafic, 

intermediate, and felsic rocks in Narryer Terrane of the Yilgarn Craton provide evidence for a 

process involving the amalgamation of continental nuclei by convergent plate tectonics, 

resulting in crustal collisions and subsequent cratonisation by intraplate magmatism. This 

process is typified by thickening of continental crust and low-density lithospheric mantle, 

increasing the asthenospheric isostatic buoyancy force acting on the base of the nascent 

Archaean craton. This results in decompression melting of the mantle and lower crust, then 

mid-crust, that ultimately stabilises the lithosphere and cratonises Archaean continental 

crust. 

1. Introduction  

The late (c. 3000-2500 Ma) part of the Archaean Eon was a significant period of Earth 

evolution (Kamber, 2015; Hawkesworth et al., 2017; Cawood et al., 2018). This is reflected by 

distinctive geochemical changes in the lithosphere (Dhuime et al., 2012; Brown and Johnson, 

2018), hydrosphere (Shields, 2007), and atmosphere (Smit and Mezger, 2017). Compositional 

trends in multiple geological and isotopic proxies have been interpreted as evidence for the 

initiation of plate tectonics (Shirey and Richardson, 2011; Dhuime et al., 2012), increased 

crustal thickening, reworking and erosion, continental emergence from the oceans, and 

formation of supercontinents (Hawkesworth et al., 2017; Cawood et al., 2018) (Figure 4.1a,c).   

The stabilisation of Archaean continental crust is related to cratonisation, the process by 

which fragments of the Earth’s lithosphere are amalgamated, chemically differentiated and 

stabilised (Kamber, 2015; Hawkesworth et al., 2017). Cratonisation is typified by a period of 

intense metamorphism and deformation followed by widespread and voluminous granitic 

magmatism (Sylvester, 1994; Cawood et al., 2018) (Figure 4.1b). However, due to later 

overprinting, the Neoarchaean granite-greenstone belts and quartzofeldspathic gneisses of 

cratons rarely retain their primary geochemistry or structural architecture. This has 
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complicated inferences regarding what tectonic settings are related to continental formation, 

resulting in opposing models (see Kemp, 2018; Moyen and Laurent, 2018). Models for the 

origin of the late Archaean granitic magmatism related to cratonisation are, therefore, 

contrasting (Sylvester, 1994; Laurent et al., 2014). These include mantle plume activity (Ivanic 

et al., 2012), lower crustal delamination (Almeida et al., 2013), and subduction zone processes 

(Dey et al., 2012). However, plume-derived komatiitic and basaltic volcanism is not associated 

with the late monzogranites, the lower crust and sub-continental lithospheric mantle (SCLM) 

still endures in many Archaean cratons (Griffin et al., 2009), and the spatial distribution of late 

monzogranitic intrusions are inconsistent with arc magmatism (Figure 4.1d). Ultimately, 

ascertaining the petrogenesis of the widespread and voluminous late monzogranitic magmas 

is key to developing a model for the stabilisation of Archaean cratons. By determining the 

timing of magmatism and inferring magmatic sources and tectonic settings, hypotheses 

regarding cratonisation can be formulated and tested. 

Here, oxygen and hafnium isotopes in zircon are used to investigate the petrogenesis and 

magma sources of Neoarchaean granitic rocks of the Narryer Terrane, Yilgarn Craton, 

Western Australia. These data show that the cratonisation of an Archaean continent is related 

to a sequence involving convergent plate tectonics and accretion of ancient continental 

nuclei, lithospheric thickening, then intraplate decompression melting. This results in mantle 

and lower crustal melting, then mid-crustal melting that produces a magmatic compositional 

evolution. The hallmarks of this process appear to be evident in the late magmatic evolution 

of Archaean cratons, and likely reflect a fundamental and permanent change of the early 

Earth.
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Figure 4.1. Proxies for early Earth evolution; (a) Detrital zircon age peaks (Spencer, 2020) and normalised seawater 87Sr/86Sr curve (Shields, 2007) verses age (Ma); (b) late 
Archaean magmatism recorded in fifteen cratons (grey duration reflects TTG magmatism; pink duration reflects cratonisation by late monzogranitic magmas); ‘NA’ North 
Atlantic Craton (Friend et al., 1996; Huang et al., 2013; Naeraa et al., 2014); ‘T’ Tanzanian Craton (Mshiu and Maboko, 2012); ‘D’ Dharwar Craton (Sylvester, 1994; Moyen et 
al., 2003); ‘K’ Karelian Craton (Mikkola et al., 2012); ‘P’ Pilbara Craton (Champion and Smithies, 2001; Hickman and Van Kranendonk, 2012); ‘Y’ Yilgarn Craton (Smithies and 
Champion, 1999; Champion and Cassidy, 2007); ‘Kv’ Kaapvaal Craton (Laurent et al., 2013); ‘Sl’ Slave Craton (Davis and Bleeker, 1999); ‘Zi’ Zimbabwe Craton (Jelsma et al., 
1996; Kampunzu et al., 2003); ‘NC’ North China Craton (Peng et al., 2013); ‘SC’ South China Craton (Guo et al., 2015); ‘Am’ Amazonian Craton (Almeida et al., 2013); ‘SF’ Sao 
Francisco Craton (Romano et al., 2013); ‘Su’ Superior Craton (Card, 1990; Sylvester, 1994; Whalen et al., 2004); ‘W’ Wyoming Craton (Sylvester, 1994; Frost et al., 1998); (c) 
volume of continental crust and crustal reworking rate (Dhuime et al., 2012) (%) verses age (Ma) (see alternative treatment by Korenaga, 2018); (d) Archaean Yilgarn Craton; 
craton-wide spatial distribution of c. 2700-2625 Ma granitic magmas (Champion and Cassidy, 2010).



 

94 

 

2. Geological background  

The Yilgarn Craton of Western Australia dominantly comprises granite-greenstone terranes 

that formed during the Neoarchaean (Figure 4.1d) (Myers, 1988; Champion and Cassidy, 

2007). The greenstone belts typically contain metamorphosed supracrustal rocks, including 

ultramafic to felsic volcanic and sedimentary rocks (Champion and Cassidy, 2007). Episodic 

granitic magmatism during the Neoarchaean resulted in a diverse assemblage of tonalitic to 

monzogranitic components in the granite-greenstone belts and adjacent gneiss terranes 

(Champion and Cassidy, 2007). The most significant of these is the late Archaean craton-wide 

magmatic event that stabilised the lithosphere by the intrusion of granitic magmas c. 2680-

2620 Ma (Smithies and Champion, 1999; Champion and Cassidy, 2007). 

The northwestern Yilgarn Craton consists of the c. 3730–2620 Ma Narryer Terrane and 

includes early Archaean quartzofeldspathic gneisses, Archaean supracrustal belts, and late 

Archaean granite (Williams and Myers, 1987; Myers, 1988) (Figure 4.2). Here, mid- to lower 

continental crust is exposed and comprises a wide compositional gamut, ranging from 

ultramafic to felsic. The Eoarchaean Manfred Complex includes the remnants of a 

dismembered layered mafic intrusion and has been interpreted as forming coeval with TTG 

and deep-sea sediments in an ocean plateau setting (Rowe and Kemp, 2020). Consequently, 

early Archaean crustal evolution of the Narryer Terrane is argued to have occurred in an 

intraplate environment, similar to that inferred for the eastern Pilbara Craton (Smithies et al., 

2009), and in line with recent intraplate petrogenetic models for TTG suites (Reimink et al., 

2014; Laurent et al., 2020). The Narryer Terrane is significant due to the occurrence of Hadean 

zircons within Archaean supracrustal belts, quartzofeldspathic gneisses, and granite (Froude 

et al., 1983; Compston and Pidgeon, 1986; Nelson et al., 2000; Wilde et al., 2001). 

Furthermore, previous research analysing zircon U–Pb and Hf isotopes of Archaean 

quartzofeldspathic gneisses and granitic rocks in the Jack Hills region of the Narryer Terrane 

has inferred that components of the lower crust may be Hadean to Eoarchaean in age, 

establishing it as one of the most ancient remnants of the early Earth (Kemp et al., 2010). This 

interpretation is based on the observation that the least radiogenic Hf isotopic data from the 

Neoarchaean granitic rocks plot near the extension of the εHf(t) – time array defined by the 
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filtered Hadean detrital zircon data from the Jack Hills and the evolutionary trend of Hadean 

mafic crust (see Kemp et al., 2010). 

 

Figure 4.2. Simplified geological map (modified from Myers and Hocking, 1998) showing sample locations with 
respective zircon εHf(t) values (± 2 SD) in the central Narryer Terrane and adjacent Youanmi Terrane (Murchison 
Domain) in the northwestern Yilgarn Craton. Inset shows Yilgarn Craton subdivisions. Samples W62 and W34 
from Kemp et al. (2010). 

 

3. Neoarchaean magmatism in the Narryer Terrane  

Ultramafic, mafic, and intermediate to felsic intrusions in the Narryer Terrane related to the 

Neoarchaean assembly and formation of the Yilgarn Craton were emplaced over c. 130 Ma, 

forming magmatic stages at c. 2740, 2680, and 2630 Ma (Figure 4.3) (see Chapter 2, section 

4.2). This temporal magmatic structure reflects amalgamation of the Narryer Terrane with 
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the nascent Meso- to Neoarchaean Yilgarn Craton. The late Archaean magmatic stages 

defined here are correlated with widespread magmatism observed across the Yilgarn Craton 

(Figure 4.1d) and have been interpreted as a period of assembly and stabilisation of the 

Yilgarn, inferred from zircon U–Pb ages of granitic rocks (Champion and Cassidy, 2010). 

Ultramafic and mafic magmatism occurred at c. 2680 and 2630 Ma (see Chapter 2, section 

5.3.4). Granitic magmas generated during the three Neoarchaean magmatic stages in the 

Narryer Terrane show a secular compositional evolution. This is reflected by the formation of 

tonalitic to monzogranitic rocks at c. 2740 Ma then later granodioritic to monzogranitic rocks 

at c. 2680–2630 Ma. This compositional evolution is discussed in detail below. 

3.1 Magmatic stage 1: c. 2740 Ma tonalite–granodiorite–monzogranite. 

Tonalitic to monzogranitic intrusions formed during the earliest Neoarchaean magmatic 

event in the Narryer Terrane at c. 2740 Ma. The largest and most extensive of these intrusions 

are located in the southeastern Narryer Terrane and formed coeval with the northern 

greenstone belts of the Murchison Domain (Cassidy et al., 2002). These tonalitic to 

monzogranitic rocks have hydrous and oxidised mineral assemblages consisting of 

hornblende, biotite, magnetite, and titanite. They have geochemical compositions with 

relatively high Mg# (MgO/MgO+FeOt; [0.3 – 0.6]), high maximum CaO/K2O (3.3), Sr/Y (64), 

and EuN/Eu* ratios, and low K2O/Na2O (0.3 – 2.0), Ga/Al2O3 (1.2 – 1.6), Rb/Sr (0.2 – 2.4; 0.8 

mean), Th, Zr, and LREEs (La+Ce+Nd) compared to younger granitic rocks (see Chapter 2, 

section 4.3.2). Furthermore, stage 1 granitic rocks have Zr contents and Ga/Al2O3 ratios similar 

to nominal ‘I-type’ granites generated at convergent plate boundaries. On this basis, the 

tonalitic to monzogranitic intrusions are interpreted to be derived from mafic (± juvenile 

mantle) sources and related to hydrous, oxidised, and low temperature melts within a 

convergent tectonic setting (see Chapter 2, section 5.5.1). 
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Figure 4.3. Zircon U-Pb, O, and Hf isotopic compositions of Neoarchaean ultramafic, mafic, intermediate, and 
felsic magmas from the Narryer Terrane, Yilgarn Craton; (a) zircon mean δ18O values (±2 standard deviations) 
versus weighted mean 207Pb/206Pb ages (error bars are 95% confidence intervals); (b) zircon weighted mean 
207Pb/206Pb ages (error bars are 95% confidence intervals) vs mean εHf(t) (±2 standard deviations); pale blue and 
orange samples inferred to be derived from intermediate crustal sources on the basis of whole-rock 
geochemistry; the putative evolution lines of c. 3.25, 3.50, 3.60, 3.73 and 4.0 – 4.5 Ga mafic crust (176Lu/177Hf = 
0.022; Blichert-Toft and Albarède, 2008) extracted from chondritic mantle are shown for comparison with the 
weighted mean zircon εHf(t) values of samples in the study. These are also compared with the inferred putative 
evolution lines of 1) c. 3.50 Ga intermediate crust (176Lu/177Hf = 0.016) derived from reworking c. 3.60 Ga mafic 
crust (176Lu/177Hf = 0.022; εHf(t) = –0.8); 2) c. 3.49 Ga intermediate crust (176Lu/177Hf = 0.016) derived from 
reworking c. 3.73 Ga mafic crust (176Lu/177Hf = 0.022; εHf(t) = –2.0; 3) c. 3.60 Ga intermediate crust (176Lu/177Hf 
= 0.016) derived from reworking c. 3.73 Ga mafic crust (176Lu/177Hf = 0.022; εHf(t) = –1.4). 
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3.2 Magmatic stage 2: c. 2680 Ma granodiorite–monzogranite. 

Granodioritic to monzogranitic magmas were emplaced across the Narryer Terrane c. 2680 

Ma and are coeval with granitic magmatism across the Yilgarn Craton (Cassidy et al., 2002). 

Geochemically, these rocks have relatively high Ga/Al2O3 (1.0 – 1.8) and high-field strength 

element contents (Y, Zr, and Nb), and low Sr/Y (1.1 – 27.4; 8.6 mean) and EuN/Eu* ratios 

compared to granitic rocks from other magmatic stages (see Chapter 2, section 4.3.3). Some 

samples have markedly higher Ni and Cr contents when compared to those of other later 

granitic rocks. Zr concentrations and Ga/Al2O3 ratios are similar to A-type granites generated 

in an intraplate tectonic setting. Consequently, these granodioritic and monzogranitic rocks 

are interpreted to have been generated by lower crustal anatexis, possibly related to coeval 

mantle-derived magmatism, within an extensional intraplate tectonic setting (see Chapter 2, 

section 5.5.2).  

3.3 Magmatic stage 3: c. 2630 Ma monzogranite. 

Late ‘A-type’ monzogranitic magmas intruded the Narryer Terrane at c. 2630 Ma, also being 

coeval with monzogranitic magmatism across the Yilgarn Craton (Cassidy et al., 2002). These 

rocks generally have high maximum K2O (5.7 wt. %), Ga/Al2O3 (2.5), Rb, and Th relative to 

granitic magmas generated in earlier magmatic stages (see Chapter 2, section 4.3.4). The REE 

profiles of these monzogranites are variable, with some resembling the patterns of early 

Archaean TTG gneisses in the Narryer Terrane. The monzogranites exhibit both positive and 

negative Eu anomalies, and many samples are strongly enriched in La, Ce and Nd. Early 

monzogranites in magmatic stage 3 have higher SiO2, Rb, and LREEs compared to later 

monzogranites that have elevated MgO and CaO, and lower SiO2 (see Chapter 2, section 

5.3.3). All the monzogranites also have Zr concentrations and Ga/Al2O3 ratios consistent with 

A-type granites generated in an intraplate tectonic setting, similar to the granitic rocks of 

magmatic stage 2. As a result, the late monzogranites are interpreted to be derived from 

compositionally variable mid- and lower crustal sources within an intraplate tectonic setting 

during a waning thermal event (see Chapter 2, section 5.5.3). 
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3.4 Summary of Neoarchaean magmatism in the Narryer Terrane. 

The inferred magmatic sources and tectonic settings of granitic magmas generated during the 

three Neoarchaean magmatic events in the Narryer Terrane are based on the episodic 

emplacement, spatial distribution, and whole-rock geochemical compositions of the tonalitic 

to monzogranitic rocks (see Chapter 2, section 5.3). However, inferring the age of the sources 

and discriminating between mantle and crustal source end-members requires zircon O–Hf 

isotopic data to ascertain. These data, combined with the whole rock geochemistry, are 

essential for determining the petrogenesis of the granitic magmas related to cratonisation in 

the Narryer Terrane, ultimately forming a foundation to a model for the cratonisation of the 

Yilgarn Craton. 

4. Methods 

4.1 SIMS zircon O-isotope analysis. 

Oxygen isotope compositions (18O/16O) of zircon were measured using Cameca IMS-1280 at 

the Centre for Microscopy, Characterisation and Analysis (CMCA), University of Western 

Australia (UWA). A ~ 2.5 nA focused Cs+ primary beam was operated at 10 kV and the 

secondary ion beam was extracted at -10 kV. The analysis area was pre-sputtered using a 15 

× 15 μm raster for 40 seconds, followed by automated secondary centering in the field 

aperture (FA; 3000 μm) and entrance slit (ES; 150 μm). The analysis used a 10 × 10 μm raster 

employing dynamic transfer at a 100 × field magnification for 12 × 4 second integrations. Two 

oxygen isotopes were measured simultaneously using multicollection Faraday Cup (FC) 

detectors with amplifiers of 1010 Ω resistor for 16O and 1011 Ω for 18O. An exit slit of 500 μm 

was used on each of the multicollector detectors, providing a nominal mass resolving power 

(MRP) of c. 2500. The magnetic field was regulated using nuclear magnetic resonance (NMR). 

A normal incidence electron gun was used for charge compensation for all analyses. Typical 

16O and 18O count rates were 1.8 × 109 and 3.5 × 106 cps, respectively. The average external 

precisions (2 SD) for analyses of zircons 91500 (primary standard; 18O = 9.86  0.1 ‰), 

Penglai (18O = 5.31  0.1 ‰), and OGC (18O = 5.88  0.1 ‰) zircon were ≤ 0.5 ‰. Filtered 

zircon oxygen and hafnium isotope data are reported in Supplementary Table A; all oxygen 

isotope data of samples and zircon standards are reported in Supplementary Table B. 
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Targeted analytical spots were optically clear, unaltered zircon with sharp magmatic zoning 

and concordant U–Pb systematics and inspected by scanning electron microscopy following 

each analytical session. Spots that overlapped a crack were excluded from the weighted mean 

calculation. Analytical spots were also excluded for reasons related to SHRIMP U–Pb data 

reduction, such as: analysis of high U or Th crystals; discordance greater than 5%; no 

complementary U–Pb data from analysed crystal domain; analysis of an older inherited zircon 

core; high common Pb domain; evidence for ancient and recent Pb loss resulting in a relatively 

younger concordant spot date compared to analyses comprising the weighted mean age. 

4.2 LA-ICP-MS zircon Hf-isotope analysis. 

Zircon Lu–Hf analyses were undertaken at The University of Western Australia using a 193 nm 

Cetac Analyte G2 excimer laser installed with a two-volume HelEx2 sample cell, and a Thermo-

Scientific Neptune Plus Multicollector ICP-MS. The Lu–Hf spots ranged in size from 20 to 50 

μm. These overlapped pits from previous U–Pb isotope analyses. Each analysis was initiated 

by a 30 s electronic on-peak baseline followed by an ablation period of 60 s involving 60 

integration cycles of one second each. A laser pulse repetition rate of 4 Hz was used and the 

laser energy was held at ~5 J/cm2, which equates to an ablation rate of ~0.05 μm per pulse 

for zircon. Helium carrier gas (1.0 l/min) was used to transport the ablated particles from the 

sample chamber. This was combined with argon gas (flow rate c. 0.6 l/min) and nitrogen 

(~0.012 l/min) further downstream before entering the argon plasma torch. Masses 171Yb, 

173Yb, 175Lu, 176(Hf + Lu + Yb), 177Hf, 178Hf, 179Hf and 180(Hf + W + Ta) were measured simultaneously 

by Faraday detectors. Isobaric interference of 176Yb and 176Lu on 176Hf was calculated using the 

measured intensities of 171Yb and 175Lu along with known isotopic ratios of 176Yb/171Yb = 

0.897145 (Segal et al., 2003) and 176Lu/175Lu = 0.02655 (Vervoort et al., 2004). Mass bias 

corrections were calculated using the exponential law. For calculations of βHf, measured 

intensities of 179Hf and 177Hf and a canonical 179Hf/177Hf ratio of 0.7325 were used (Patchett and 

Tatsumoto, 1980). βYb was calculated using the measured intensities of 173Yb and 171Yb and a 

173Yb/171Yb ratio of 1.130172 (Segal et al., 2003). Mass bias behaviour of Lu was assumed to be 

identical to Yb. OGC, FC1, and 91500 zircon references were used for quality control (solution 

analysis data from Woodhead and Hergt (2005), Blichert-Toft (2008), and Kemp et al. (2017)) 

(Supplementary Table C). Analysed 176Hf/177Hf ratios of the sample zircon were normalised 
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based on a comparison between the average of analysed 176Hf/177Hf of Mud Tank zircon 

measured in a given session and its reported 176Hf/177Hf of 0.282507 ± 0.000006 determined 

by solution analysis (Woodhead and Hergt, 2005) (Supplementary Table C). All analyses were 

screened for within run variability to decipher any heterogeneities within the analysed zircon 

grains. Calculations of εHf were done using the weighted mean 207Pb/206Pb zircon age of the 

sample, λ176Lu = 1.867 × 10−11 a−1 (Söderlund et al., 2004), (176Lu/177Hf)CHUR = 0.0336 and 

(176Hf/177Hf)CHUR = 0.282785 ± 11 (Bouvier et al., 2008). 

5. Results 

The locations, magmatic stage grouping, and weighted mean zircon εHf(t) values of 

ultramafic, mafic, intermediate, and felsic samples from the Narryer Terrane are reported in 

Figure 4.2. Intra-sample zircon O and Hf isotope variability is minor in most cases (Table 4.1), 

thus the data is presented as weighted means, where low mean square weighted deviates 

(MSWD) establish single magmatic populations. The weighted mean δ18O and εHf(t) values of 

zircons are reported forming a single weighted mean 207Pb/206Pb age population 

corresponding to the interpreted magmatic emplacement age in all samples. Samples that 

display significant variation in zircon δ18O and εHf(t) values, identified by MSWD markedly 

larger than 1.0 (Table 4.1), are discussed in more detail (see Supplementary Materials 1). 

Individual zircon spot δ18O and εHf(t) values are displayed for each magmatic stage in Figure 

4.4. 
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Table 4.1. Summary of sample information and isotopic data. 

 

Sample D Lithology Age   Uncertainty (±) Xenocryst ages εHf ±2 sd εHf MSWD δ18O ±2 sd δ18O MSWD Terrane Easting Northing 

(Ma) (95%, Ma) (Ma) (average) (wt. mean) (average) (wt. mean) (m) (m)

Magmatic stage 3

17TKN154 metamonzogranite 2619 5 - -7.8 0.8 -7.8 0 68 5.8 0.4 5.7 1.03 Narryer 396826 7018155

18MRN28 monzogranitic gneiss 2621 4 - -7.7 0.5 -7.7 0 67 5.8 0.3 5 8 1.42 Narryer 396804 7018215

17TKN151 metagabbronorite 2623 4 - -1.4 1.2 -1.4 0 89 7.2 0.4 7 2 1.93 Narryer 396589 7063044

17TKN152 metapyroxenite 2625 3 3092, 3083, 3036, 2685 -10.8 0.6 -11 1.45 6.9 0.2 6 9 0.41 Narryer 396553 7062784

17TKN131 monzogranite 2627 2 - -11.2 0.7 -11 0 62 5.9 0.4 5 9 2.26 Narryer 428810 7027209

11TKN25 monzogranite 2629 6 - -11.7 1.0 -11 0.74 4.8 0.5 4 8 1.37 Narryer 437354 7064005

17TKN130 metamonzogranite 2630 2 - -10.8 1.1 -11 1 90 6.3 0.5 6 3 3.22 Narryer 427863 7026465

11TKN32 metamonzogranite 2636 5 3096, 2892, 2651 -7.9 1.7 -7.9 2 00 6.7 1.2 6 6 13.40 Narryer 396558 7062940

18MRN15 leucomonzogranite 2642 2 3596, 3585, 3320, 2654 -13.6 0.8 -14 1.44 6.1 0.2 6.1 0.15 Narryer 471276 7085886

18MRN16 metamonzogranite 2643 2 3324, 2693 -11.6 2.3 -12 10.30 6.1 0.7 6.1 1.58 Youanmi 471371 7084524

11TKN28 metagranodiorite 2645 5 2675 -8.7 0.8 -8.6 0 69 5.0 2.7 4 9 37.10 Narryer 437306 7063984

Magmatic stage 2

18MRN13 monzogranite 2674 5 3615, 3468, 3316, 3165 -7.2 1.5 -7.2 6 08 6.3 0.5 6 3 2.09 Narryer 487135 7106031

12TKN73 metagabbronorite 2674 5 3401 -11.9 0.9 -12 2 39 5.4 1.4 5.4 22.60 Narryer 445646 7090417

17TKN135 granodioritic gneiss 2674 4 - -6.8 2.0 -6.9 2 39 5.9 0.4 5 9 2.02 Narryer 431611 7057613

18MRN18 monzogranitic migmatite 2676 5 3352–2707 -5.1 4.0 -4.9 32.00 6.1 0.3 6.1 0.46 Youanmi 474494 7075223

17TKN146 metamonzogranite 2678 4 3455, 3284, 3235 -10.0 0.7 -10 1 27 5.6 0.6 5 6 3.40 Narryer 424570 7064495

11TKN10 granodiorite 2679 4 - -12.5 2.1 -13 3.49 6.5 0.6 6 5 1.81 Narryer 502673 7113824

17TKNDW monzogranite 2680 5 3489, 2702 -8.5 1.1 -8.5 1 50 5.5 0.3 5 5 0.65 Narryer 416647 7032358

17TKN127 monzogranite 2682 5 3154 -7.0 2.1 -7.3 5 35 5.5 0.4 5 5 2.16 Narryer 416647 7032358

18MRN22 metagranodiorite 2684 4 - -7.3 0.9 -7.3 0 89 5.1 0.8 5.1 4.52 Youanmi 497460 7092189

18MRN21 metamonzogranite 2688 3 2976, 2736 -4.7 6.1 -4.9 57.20 5.2 0.9 5 3 5.98 Narryer 493640 7094868

15TKN47 granodiorite 2691 4 - -10.7 1.3 -11 0 96 6.5 0.2 6 5 0.30 Youanmi 459667 7042335

18MRN19 monzogranite 2692 7 3049–2721 -2.1 1.1 -2 1.12 5.4 0.8 5.4 2.25 Youanmi 474672 7075276

18MRN23 monzogranite 2698 3 3226 -4.5 2.2 -4.4 9 80 5.6 0.3 5 6 1.89 Youanmi 484778 7028609

Magmatic stage 1

18MRN01 metamonzogranite 2725 4 2785-2740 -4.0 0.6 -4 0 20 5.0 0.6 5 0 4.42 Narryer 439676 7106873

15TKN34 tonalitic gneiss 2734 5 3253, 3298, 2747, 2750 -4.7 1.4 -5.1 2.42 6.1 0.4 6.1 1.60 Youanmi 453123 7034503

14TKN35 granodioritic gneiss 2739 3 - -5.5 0.9 -5.6 1 05 6.1 0.6 6.1 2.27 Youanmi 453347 7036189

18MRN10 granodioritic gneiss 2739 8 - -4.9 0.5 -5.1 2.42 5.6 0.8 5 6 5.29 Narryer 448349 7105056

14TKN36 tonalitic gneiss 2740 2 - -4.7 1.0 -4.6 1 50 5.8 0.5 5 8 1.46 Narryer 451187 7036641

12TKN27 monzogranitic gneiss 2741 2 - -1.3 0.6 -1.3 0 57 4.9 0.4 4 9 1.49 Narryer 441521 7041228

15TKN17 monzogranite 2745 4 2799 -5.7 1.9 -5.6 4 80 5.4 0.3 5.4 0.99 Youanmi 452101 7030555

UTM zone 50 J; Easting and Northing in metres
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Figure 4.4. Zircon spot δ18O values (±2 standard errors) versus complementary spot εHf(t) values (±2 standard 
errors) of Neoarchaean ultramafic, mafic, intermediate, and felsic igneous rocks from the Narryer Terrane, 
Yilgarn Craton; (a) Magmatic stage 1 (c. 2740 Ma); (b) Magmatic stage 2 (c. 2680 Ma); (c) Magmatic stage 3 (c. 
2630 Ma). 
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5.1 Magmatic Stage 1 c. 2740 Ma 

The weighted mean zircon δ18O values of seven stage 1 tonalitic to monzogranitic rocks range 

from 4.9 to 6.1 ‰ (Figure 4.3a; Table 4.1). Five samples plot within the infracrustal-mantle 

field (δ18O values of 5.3 ± 0.6 ‰ [2σ]) and two samples fall in the supracrustal field (δ18O 

values above 6.0 ‰). No secular trend is evident (Figure 4.3a). The MSWD of zircon δ18O 

values in three samples are significantly above 1.0 (18MRN01 = 4.4; 14TKN35 = 2.3; 18MRN10 

= 5.3).  

The weighted mean zircon εHf(t) values of these granitic rocks, calculated at the magmatic 

emplacement age, range between –5.6 and –1.3 (Figure 4.3b; Table 4.1). Sample 12TKN27 is 

an outlier, with a more radiogenic zircon Hf (εHf(t) –1.3) compared to the other samples that 

have zircon εHf(t) values ranging from –4.0 and –5.6. The MSWD of three samples are 

significantly above 1.0 (15TKN17 = 4.8; 18MRN10 = 2.4; 15TKN34 = 2.4). With the exception 

of sample 12TKN27, the data form a secular trend towards slightly more radiogenic Hf isotope 

compositions with decreasing emplacement age.   

Individual zircon spot δ18O and εHf(t) isotopic values are displayed in Figure 4.4a. These show 

notable variation within some samples. Monzogranite 15TKN17 exhibits variability in zircon 

spot εHf(t) values, ranging between –4.0 and –7.2. However, these remain within the δ18O 

infracrustal-mantle field. Three samples (15TKN34, 14TKN35, and 14TKN36) exhibit some 

variation solely in zircon spot δ18O values, extending from the infracrustal-mantle into the 

supracrustal field. There is no clear covariation between zircon O and Hf isotopic data for 

individual samples, or collectively.  

On a weighted mean zircon δ18O versus εHf(t) diagram (Figure 4.5), magmatic stage 1 samples 

form a trend from relatively radiogenic Hf isotopic compositions with infracrustal-mantle 

zircon δ18O values to unradiogenic Hf paired with supracrustal δ18O values. However, this 

trend is not related to the ages of emplacement. 

5.2 Magmatic Stage 2 c. 2680 Ma 

The weighted mean zircon δ18O values of thirteen gabbroic, granodioritic, and monzogranitic 

rocks emplaced c. 2700 to 2670 Ma forming magmatic stage 2 range between 5.1 and 6.5 ‰ 
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(Figure 4.3a; Table 4.1). Eight samples plot within the infracrustal-mantle field and five 

samples in the supracrustal field. There is a secular trend involving relatively older granitic 

rocks plotting in the infracrustal-mantle field to younger granitic rocks plotting in both the 

infracrustal-mantle and supracrustal fields for O isotopes. The MSWD of zircon δ18O values in 

six samples are significantly above 1.0 (Table 4.1). Notable examples of these include samples 

18MRN21 (MSWD = 5.9), 18MRN22 (MSWD = 4.5), 17TKN146 (MSWD = 3.4), and 12TKN73 

(MSWD = 22.6). 

 

Figure 4.5. Zircon O and Hf isotopic compositions of Neoarchaean ultramafic, mafic, intermediate, and felsic 
igneous rocks from the Narryer Terrane, Yilgarn Craton; zircon mean δ18O values (±2 standard deviations) versus 
mean εHf values (±2 standard deviations). 

The weighted mean zircon εHf(t) values of thirteen gabbroic and granitic rocks range between 

–13.0 and –2.0 (Figure 4.3b; Figure 4.5; Table 4.1). The MSWD of six samples are significantly 

above 1.0. Samples exhibiting large variations in zircon εHf(t) values and a relatively high 

MSWD include 18MRN23 (9.8), 18MRN21 (57.2), 17TKN127 (5.4), and 18MRN13 (6.1). 

Granitic sample 18MRN21 exhibits the most variation, with εHf(t) values extending from near 

chondritic (+0.5) to strongly unradiogenic (–8.3). Cathodoluminescence imaging of these 
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zircons reveals complex and irregular microstructures (see Chapter 2, Supplementary 

Material 1). There is a secular trend in this group from older granitic rocks at c. 2700–2690 

Ma with relatively radiogenic Hf isotopic compositions (εHf(t) –2.0 to –4.4) to younger c. 2675 

Ma granitic rocks and a gabbroic rock with unradiogenic Hf (εHf(t) –6.9 to –12.0) (Figure 4.5). 

Individual zircon spot δ18O and εHf(t) isotopic values are displayed in Figure 4.4b. These show 

evidence for variation within many samples, resulting in complicated distributions. 

Monzogranite 18MRN21 exhibits a covariation between zircon δ18O and εHf(t) values, where 

zircon δ18O values increase slightly (from 4.5 to 5.7 ‰) with decreasing εHf(t). Monzogranite 

18MRN23 also shows a slight covariation between zircon spot δ18O and εHf(t) isotopic values. 

These range from εHf(t) –2.9 with δ18O 5.3 ‰ to εHf(t) –6.6 with δ18O 5.9 ‰. Sample 

18MRN18 shows a variation in spot εHf(t) values, ranging between –3.4 and –9.6; there is no 

correlation with δ18O. Gabbronoritic sample 12TKN73 has consistent spot zircon εHf(t) values 

ranging between –11.8 and –12.3. However, zircon δ18O values range between 4.8 and 6.3 

‰, spreading across the mantle-infracrustal and supracrustal fields. 

Weighted mean zircon δ18O and εHf(t) values in magmatic stage 2 form a general trend from 

relatively radiogenic Hf isotopic compositions with infracrustal-mantle zircon δ18O to 

unradiogenic Hf coupled with supracrustal δ18O (Figure 4.5). As reported above, these 

samples have the highest variability in weighted mean zircon εHf(t) values of Neoarchaean 

granitic rocks in the Narryer Terrane, however, this is not correlated with the highest 

variability in zircon δ18O. 

5.3 Magmatic Stage 3 c. 2630 Ma 

The weighted mean zircon δ18O values of eleven pyroxenitic, gabbroic, and monzogranitic 

rocks emplaced c. 2645 to 2620 Ma forming magmatic stage 3 range between 4.8 and 7.2 ‰, 

exhibiting the largest variation of the three Neoarchaean magmatic stages (Figure 4.3a; Table 

4.1). Five samples plot within the infracrustal-mantle field and six samples in the supracrustal 

field. No secular trend is evident. The MSWD of zircon δ18O values in four samples are 

significantly above 1.0 (11TKN28 = 37.1; 11TKN32 = 13.4; 17TKN130 = 3.2; 17TKN131 = 2.3).  

The weighted mean zircon εHf(t) values of these rocks ranges between –14.0 and –1.4 (Figure 

4.3b). Gabbroic sample 17TKN151 is an outlier from the main group (εHf(t) –1.4; MSWD 0.89). 



 

107 

 

Coeval and spatially related pyroxenitic sample 17TKN152 plots within the main group 

consisting of granitic rocks (εHf(t) –11.0; MSWD 1.5) (Figure 4.3b). The MSWD of two samples 

are significantly above 1.0 (18MRN16 = 10.3; 17TKN130 = 1.9) (Table 4.1). The ultramafic to 

felsic samples generated during this magmatic stage exhibit the smallest variation of within-

sample zircon εHf(t) values. There is a secular trend from older monzogranitic rocks with 

relatively unradiogenic Hf isotopic compositions to younger monzogranitic rocks and a 

pyroxenitic rock with radiogenic Hf values (Figure 4.3b). 

Individual zircon spot δ18O and εHf(t) isotopic values are displayed in Figure 4.4c. The majority 

of monzogranitic rocks show no significant variation in zircon spot δ18O and εHf(t) values. 

However, monzogranite 18MRN16 has a small variation in both spot εHf(t) (–10.5 to –13.3) 

and δ18O (5.6 to 6.9 ‰) values. Monzogranite 11TKN28 has consistent spot εHf(t) values (–

8.5 to –9.1) but variable δ18O, ranging between 3.8 and 6.5 ‰ (n = 3). Overall, there is no 

strong evidence for covariation between zircon spot δ18O and εHf(t) isotopic values.  

There is no overall correlation between weighted mean zircon δ18O and εHf(t) isotopic values 

of monzogranitic rocks within magmatic stage 3, unlike magmatic stages 1 and 2 (Figure 4.5). 

Gabbroic sample 17TKN151 is an outlier from the main group (εHf(t) = –1.4; δ18O = 7.2 ‰). 

5.4 Zircon O-Hf isotopes results summary 

The zircon δ18O and εHf(t) systematics from ultramafic, mafic, and intermediate to felsic rocks 

in the Narryer Terrane change between the three Neoarchaean magmatic stages. In general, 

the weighted mean zircon δ18O values tend to increase over time, expanding from the mantle-

infracrustal field into the supracrustal field (Figure 4.3a). Conversely, the weighted mean 

zircon εHf(t) values exhibit a complex, inflected overall trend (Figure 4.3b). In detail, the mean 

zircon εHf(t) systematics of the 31 Neoarchaean ultramafic to felsic rocks in the Narryer 

Terrane are highly variable, ranging from near chondritic (εHf(t) +1) to strongly unradiogenic 

Hf (εHf(t) –15) between c. 2745 and 2620 Ma (Figure 4.3b). Each magmatic stage is different 

in regards to rock-types and zircon εHf(t) variability (Table 4.1). The implications of these 

findings are discussed below. 
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6. Discussion 

6.1 Petrogenesis of late Archaean ultramafic–felsic magmas 

In this section, the zircon O and Hf isotope data is used to identify magmatic sources and infer 

the tectonic settings of Neoarchaean ultramafic to felsic intrusions related to cratonisation in 

the Narryer Terrane. This information is combined with previously reported field relations 

and whole-rock geochemical compositions (see Chapter 2, section 4.0) to form the basis of a 

petrogenetic model for each Neoarchaean magmatic stage. 

6.1.1 Magmatic Stage 1 c. 2740 Ma 

The mineralogy and geochemistry of tonalitic to monzogranitic rocks generated during 

magmatic stage 1 are consistent with hydrous and oxidised low temperature parental 

magmas formed in a convergent setting (see section 3.1). 

6.1.1.1 Magmatic Stage 1: magma sources from zircon oxygen isotopes  

The generally mantle-like mean zircon δ18O values of these granitic rocks most likely reflects 

dominantly infracrustal and/or mantle magma sources (Figure 4.3a), the former (infracrustal) 

option being favoured by the Hf isotope data (discussed below). Minor supracrustal input is 

registered by the slightly elevated zircon δ18O values of two samples, tonalitic gneiss 15TKN34 

(δ18O = 6.1 ± 0.4) and granodioritic gneiss 14TKN35 (δ18O = 6.1 ± 0.6). For these rocks, the 

individual spot zircon δ18O analyses show excess scatter (MSWD 1.6 and 2.3, respectively) and 

extend into both the mantle-infracrustal to supracrustal fields, suggestive of mixed magma 

sources (Figure 4.4a). In the case of tonalitic gneiss 15TKN34, this source heterogeneity is 

supported by excess scatter in spot zircon Hf isotope data (εHf(t) = –5.1 ± 1.4; MSWD = 2.4), 

however, there is no systematic covariation with O isotopes (Figure 4.4a). Potential 

candidates for the supracrustal component contributing to these samples include 

sedimentary rock, or an altered volcanic rock. However, both gneisses have a metaluminous 

whole-rock geochemistry, reflecting their hornblende and biotite mineralogy (Supplementary 

Materials 1; Chapter 2, section 5.3.1), which does not accord with input from peraluminous 

sedimentary material. Consequently, an altered volcanic rock is the preferred supracrustal 

source component, and this is consistent with whole-rock geochemistry inferring a mafic 

crustal source composition (Supplementary Materials 1; Chapter 2, section 5.3.1). The lack of 
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O and Hf isotope co-variation suggests that the infracrustal and supracrustal mafic sources 

contributing to the parental magmas may be of similar age, as would be the case for a variably 

weathered basaltic protolith. 

6.1.1.2 Magmatic Stage 1: inferred magma source composition and age from zircon 

hafnium isotopes  

The distinctly sub-chondritic zircon εHf(t) values (weighted mean εHf(t) from –5.6 and –1.3, 

Figure 4.3b) indicate the dominance of older crustal magma sources for the stage 1 granitic 

rocks. Some constraints on the possible ages of these sources is provided by comparison of 

the zircon Hf isotope data to the evolution lines of crustal reservoirs of different ages, where 

these were chosen to correlate with identified periods of magmatism in the Narryer Terrane 

(Figure 4.3b). From this it can be seen that the weighted mean εHf(t) values of six stage 1 

granitic rocks plot between the putative evolution lines of c. 3.25 and 3.50 Ga mafic crust 

extracted from chondritic mantle (Figure 4.3b). On this basis, the zircon O-Hf isotopic data 

generally support Palaeoarchaean mafic infra- and supracrustal sources for the granitic 

magmas emplaced in stage 1 (Figure 4.3b).  

With respect to the Hf isotope data, there are two samples that differ from the main group 

(Figure 4.3b). Monzogranitic gneiss 12TKN27 is the most salient, with relatively radiogenic Hf 

(εHf(t) = –1.3). This distinction is also apparent in whole-rock geochemistry, as this sample 

has high SiO2 (78 wt. %) and HREE contents, and low Al2O3 (12.2 wt. %), Rb (54 ppm), Sr (60 

ppm), V+Cr+Ni, and a prominent negative Eu anomaly compared to other granitic rocks in 

stage 1 (Supplementary Materials 1; Chapter 2, section 5.3.1). These characteristics suggest 

a different origin for 12TKN27, and/or that later high-grade metamorphism has compromised 

the protolith geochemistry, making source inferences ambiguous. Nonetheless, the εHf(t) 

value is sub-chondritic, suggestive of an Archaean crustal source. The second sample of note 

is monzogranite 15TKN17 (εHf(t) = –5.6 ± 1.9; MSWD = 4.8). This exhibits a small degree intra-

sample variation in zircon εHf(t) values (–4 to –7), that could suggest isotope heterogeneity 

in the magmatic zircon cargo in this sample. There is no co-variation of zircon εHf(t) with δ18O 

(Figure 4.4a), however, the zircon spot εHf values plot between the putative evolution curves 

of c. 3.6 to 3.25 Ga mafic crust extracted from CHUR (Figure 4.3b). This, combined with the 
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mantle-like O isotope values, is consistent with derivation of the magma from mafic 

infracrustal sources of Eoarchaean to Palaeoarchaean age. 

6.1.2 Magmatic Stage 2 c. 2680 Ma 

The mineralogy and geochemistry of granodioritic to monzogranitic rocks generated during 

magmatic stage 2 have similarities to Phanerozoic A-type granites, with high Ga/Al2O3 and 

HFSEs, and low Sr/Y and EuN/Eu* (see section 3.2).  

6.1.2.1 Magmatic Stage 2: magma sources from zircon oxygen isotopes  

The mean zircon δ18O values of these rocks are dominantly mantle-like (n = 8 of 12; Table 4.1), 

reflecting infracrustal and/or mantle magma sources (Figure 4.3a). The zircon Hf isotope 

ratios are almost all sub-chondritic, and do not clearly identify mantle input alone (Figure 

4.4b). Zircon grains in sample 18MRN21 have mantle-like δ18O coupled with highly variable 

εHf(t) (+1 to –8) overlapping CHUR (discussed below), possibly suggesting coeval mantle-

derived magmatism and mixing with crustally-derived magmas. There is, however, no clear 

co-variation between zircon O and Hf isotopes in this sample. The mean δ18O values of the 

granodioritic and monzogranitic rocks are variable (5.1–6.5 ‰), with four of the twelve 

samples plotting in the supracrustal field, likely reflecting supracrustal input to the parental 

magmas (Figure 4.3a). There is also a general temporal evolution, with a greater supracrustal 

component correlated with the younger granitic magmas of stage 2. Of those with slightly 

heavy zircon O, granodiorites 15TKN47 (mean δ18O = 6.5 ± 0.2) and 11TKN10 (mean δ18O = 

6.5 ± 0.6) have 65.5 and 68.6 wt. % SiO2 respectively, and a metaluminous whole-rock 

geochemistry, consistent with derivation from a mafic (basaltic) crustal source that has 

interacted with low temperature surface waters. Other samples that register possible 

supracrustal input include 18MRN18 (mean zircon δ18O = 6.1 ± 0.3) and 18MRN13 (mean 

zircon δ18O = 6.3 ± 0.5). These have differentiated whole-rock chemistry with 69.2 and 71.2 

wt. % SiO2, respectively, and weakly peraluminous compositions, likely reflecting fractional 

crystallisation (see Chapter 2, section 5.3.2). The trace element contents, such as strong 

depletion in HREEs (see Supplementary Materials 1), and mineralogy are inconsistent with a 

strongly peraluminous metasedimentary source, and a basaltic source composition is 

preferred on this basis. 
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6.1.2.2 Magmatic Stage 2: inferred magma source composition and age from zircon 

hafnium isotopes  

The mean zircon εHf(t) values of granitic rocks in magmatic stage 2 are all sub-chondritic and 

highly variable, ranging between –2 and –13, reflecting the participation of relatively young 

and ancient magma sources in the formation of these rocks (Figure 4.3b). There are several 

possible explanations for the distribution of the zircon Hf isotope data. One possibility is that 

the granitic magmas resulted from the anatexis of early Archaean crust by mantle-derived 

magmatism, and the isotopic range reflects various degrees of mixing between ancient 

unradiogenic crustal sources and the juvenile mantle-derived magma. This origin is 

particularly applicable for those samples that have relatively radiogenic weighted mean εHf(t) 

values with high MSWDs (i.e., 18MRN18, 18MRN19, 18MRN21, and 18MRN23; Table 4.1), 

consistent with contribution from different magma sources. The lack of co-variation between 

O and Hf isotopes does not support mantle input and reworking of supracrustal rocks, 

although mixing between melts from different infracrustal source rocks would still be 

permissible. Despite the variation in the zircon Hf isotope data (Figure 4.4b), there is no 

observed field evidence, such as mafic intrusions or enclaves, for the direct participation of 

mantle-derived magmatism in their formation. The whole-rock geochemistry is also 

inconclusive regarding input from a mantle-source end-member (see Chapter 2, section 5.3.2; 

Supplementary Materials 1). The granitic rocks with relatively radiogenic Hf, and intra-sample 

Hf isotope variation, do not retain the geochemical hallmarks of interaction with mantle-

derived melts, such as elevated V, Cr, or Ni (see Chapter 2, Figure 2.9). However, this signal 

may be camouflaged by extended magmatic differentiation. Ultimately, therefore, the 

evidence for participation of a coeval mantle-derived melt rests on the variation of εHf(t) 

values, and that some of these data overlap CHUR, requiring a relatively radiogenic source 

(Figure 4.3b; Figure 4.4b). 

The other possibility is that the Hf isotope data spread results from the anatexis of 

heterogeneous Hadean to Mesoarchaean crust (Figure 4.3b). In this scenario, ancient infra- 

and supracrustal sources would be reworked by late Archaean magmas to produce the spread 

of εHf(t) values observed in the dataset. This would require the remelting of relatively juvenile 

crustal sources, because the Hf isotope composition of several samples (18MRN18, 
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18MRN19, 18MRN21, and 18MRN23) plot above the putative evolution lines of c. 3.73 – 3.25 

Ga mafic crust (Figure 4.3b). 

The possibility of coeval mantle input is critical in evaluating the validity of these two 

competing hypotheses. As discussed above, there is no direct field or geochemical evidence 

for the involvement of mantle-derived magmas in the generation of stage 2 granitic rocks, 

but neither is there evidence for a suitable mafic crustal source to explain the most radiogenic 

εHf(t) values in the dataset. There are no significant magmatic events in the Narryer Terrane 

between c. 3250 and 2740 Ma that could have generated such a source. It is therefore 

tentatively concluded that the spread of zircon Hf isotope data reflects a contribution from 

mantle-derived magmas into melts derived from older mafic crust.  

As for magmatic stage 1, constraints on the possible ages of the crustal magma source 

components are provided by comparison of the zircon Hf isotope data to the evolution lines 

of Hadean to Paleoarchaean crustal reservoirs (Figure 4.3b). From this, the weighted mean 

εHf(t) values of several samples (17TKN135, 17TKNDW, 18MRN13, 17TKN127, and 18MRN22) 

plot on or near the putative crustal evolution lines of c. 3.73 to 3.5 Ga mafic crust extracted 

from chondritic mantle (Figure 4.3b). It is therefore inferred that these rocks were generated 

by melting of source materials of these ages. Granodiorites 11TKN10 (εHf(t)= –12.5 ± 2.1) and 

15TKN47 (εHf(t) = –10.7 ± 1.3) have markedly unradiogenic weighted mean εHf(t) values 

plotting on the putative evolution line of Hadean mafic crust (see section 6.1.4). These 

inferences rest on the premise that the foregoing seven granodioritic to monzogranitic rocks 

are derived from a mafic source composition, as is supported by evaluation of the whole-rock 

geochemistry (see Chapter 2, section 5.3.2; Supplementary Materials 1). 

Two samples differ from the main group in magmatic stage 2. 17TKN146 (zircon εHf(t) = –10.0 

± 0.7) has an inherited Palaeoarchaean zircon cargo and whole-rock geochemistry most 

consistent with derivation from an intermediate source composition (see Supplementary 

Materials 1; Table 1). This, combined with the weighted mean zircon εHf(t) value plotting near 

the putative crustal evolution line of c. 3.5 Ga intermediate crust, suggests derivation from a 

tonalitic source, in contrast to the other granitic rocks (Figure 4.3b). Lastly, metagabbronorite 

12TKN73 (εHf(t) = –11.9 ± 0.9) has unradiogenic Hf and plots within the putative crustal 

evolution line of Hadean mafic crust, requiring the involvement of ancient crustal material in 
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the formation of this rock. It is, however, uncertain if the analysed zircons in this rock are 

magmatic, inherited, or derived from metamorphism (see Chapter 2, section 4.2.3) and so the 

significance of the unradiogenic Hf signature is unclear.  

In constraining the sources of the granodioritic to monzogranitic rocks generated during 

magmatic stage 2, the O and Hf isotope data give new insights into the origin of the distinctive 

‘A-type’ geochemistry, as defined by Zr and Ga/Al ratios, of these granitic rocks. It has been 

suggested that this signature results from the differentiation of an alkali basaltic magma or 

fractionated tholeiite extracted from depleted mantle (e.g., Turner et al, 1992; Frost and 

Frost, 1997; Bonin, 2007). However, there is no whole-rock geochemical evidence supporting 

this (see Chapter 2, section 5.3.2), and the sub-chondritic Hf isotope signature of these rocks 

preclude such an origin (Figure 4.3b).  

Alternatively, Anderson (1983) and Creaser et al. (1991) argue that A-type granites may be 

produced by remelting metaluminous tonalites or granodiorites. However, only sample 

17TKN146 has whole-rock geochemistry supporting relations to an intermediate source 

composition in stage 2 (see Supplementary Materials 1; Chapter 2, section 5.3.2), and the 

zircon Hf isotope data of the other granitic rocks are generally inconsistent with derivation 

from intermediate crust (Figure 4.3b). 

Collins et al. (1982) and Whalen et al. (1987) argued that A-type magmas result from the 

anatexis of granulitic residue remaining in the lower crust after extraction of an orogenic 

granitic melt. This residual source model is more appropriate for stage 2 granitic magmatism, 

as the zircon Hf isotopes identify the input of partial melts from ancient lower crustal mafic 

sources that may have been previously reworked during the Archaean (Figure 4.3b). Kemp 

and Hawkesworth (2003) note that elevated temperatures are required to generate A-type 

granitic melts from refractory lower crustal sources and argue heat input from mantle-derived 

magmas are undoubtedly required, reinforcing similar comments from Landenberger and 

Collins (1996). This is consistent with the spread of radiogenic and unradiogenic Hf in zircons 

from granitic rocks in stage 2, possibly identifying a role for CHUR-like mantle melts and 

crustal reworking (Figure 4.3b). 
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Overall, the zircon O and Hf isotope data exhibit a spread of values supporting derivation from 

heterogeneous infra- and supracrustal reservoirs of different ages. This demonstrates that 

the A-type compositions in the Archaean are produced irrespective of the age of the source 

rock, and whether this had interacted with surface-derived fluids. The A-type geochemistry 

imparted onto the granitic parental magmas therefore appears to arise from the melting 

conditions, although a certain, distinctive source composition cannot be ruled out. 

Whole-rock geochemistry can provide information on the melting conditions producing A-

type granitic parental magmas. The high Ga/Al ratios occur due to incorporation of Al3+ into 

plagioclase feldspar, whereas Ga is stabilised in the melt due to association with GaF6
-3 

complexes (Whalen et al., 1987). Similarly, the notably low Sr/Y and EuN/Eu* ratios are 

attributed to fractional crystallisation of plagioclase. The high HFSE contents (i.e., Zr and Nb) 

support high temperature crustal melting (see Chapter 2, section 5.3.2).  

In summary, the geochemical and isotopic features show that anhydrous, low P, and high T 

melting of old, heterogenous mafic crust, and later fractional crystallisation, are largely 

responsible for imparting the A-type geochemical signature of stage 2 granitic rocks. 

6.1.3 Magmatic Stage 3 c. 2630 Ma 

The mineralogy and geochemistry of monzogranitic rocks generated during magmatic stage 

3 also have similarities to A-type granites, such as high K2O, FeO, Zr, and Ga/Al2O3, with low 

low Sr/Y. However, these are distinct from the stage 2 granitic rocks as they exhibit variable 

EuN/Eu* ratios and have lower Cr and Ni contents (see Chapter 2, section 5.3.3).  

6.1.3.1 Magmatic Stage 3: magma sources from zircon oxygen isotopes  

The mean zircon δ18O values are highly variable (4.8–6.6 ‰) and distributed across the 

infracrustal-mantle (n = 5) and supracrustal (n = 4) fields (Figure 4.3a). However, the spot 

zircon εHf(t) values of monzogranitic rocks in stage 3 are all strongly sub-chondritic, and do 

not identify coeval mantle input (Figure 4.4b). Thus, this likely reflects infracrustal and 

supracrustal magma sources (Figure 4.3a). Unlike magmatic stage 2, there is no obvious intra-

stage temporal evolution. 

Monzogranites with mean zircon δ18O values plotting in the supracrustal field (Figure 4.3a) 

include 11TKN32, 17TKN130, 18MRN15, and 18MRN16 (Table 4.1). Of these, biotite 
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monzogranite 11TKN32 (mean δ18O = 6.7 ± 1.2) has a weakly peraluminous whole-rock 

geochemistry, with low Rb (135 ppm), Th (19 ppm), Zr (201 ppm), and Rb/Sr ratio (1.4), and 

markedly low Nb (1 ppm), U (2 ppm), Y (6 ppm) and Yb (1 ppm), compared to other 

monzogranites in stage 3. The REE profile shows strong depletion in HREEs and a weakly 

positive Eu anomaly, interpreted to reflect derivation from a melt-depleted amphibolitic 

source (see Chapter 2, section 5.4). These features are inconsistent with a strongly 

peraluminous sedimentary source. Rather, a refractory basaltic source that has variably 

interacted with low temperature surface waters is more appropriate. Monzogranite 

17TKN130 (mean δ18O = 6.3 ± 0.5) has a less differentiated composition, compared to other 

monzogranites in stage 3, with 68.1 wt. % SiO2, 2.1 wt. % CaO, 18 ppm Cr, and 16 ppm Ni. It 

contains the hydrous minerals biotite and hornblende. These characteristics are consistent 

with derivation from mafic crust (see Chapter 2, section 5.4), here interpreted to be a 

weathered basaltic rock. Conversely, leucogranitic rocks 18MRN15 (mean δ18O = 6.1 ± 0.2) 

and 18MRN16 (mean δ18O = 6.5 ± 0.7) have weakly peraluminous whole-rock compositions 

with 73.3 and 74.8 wt. % SiO2 and Rb/Sr ratios of 5.3 and 5.9, respectively, interpreted to 

reflect derivation from a metaluminous intermediate source by small degree partial melting 

(see Chapter 2, section 5.3.3). 18MRN15 exhibits no significant variation in either O or Hf 

isotopes, consistent with a homogeneous weathered intermediate source (Figure 4.4c). 

However, 18MRN16 shows scatter in O and Hf spot analyses, suggesting contributions from 

heterogeneous intermediate infra- and supracrustal magma sources. 

There are two outlier samples in magmatic stage 3 with markedly high δ18O zircon values 

indicating a supracrustal source component (Figure 4.3a). Metapyroxenite 17TKN152 (mean 

δ18O = 6.9 ± 0.2) has primitive whole-rock geochemical features (e.g., 23 wt. % MgO, 9.9 wt. 

% FeO, 867 ppm Cr and, 1620 ppm Ni), consistent with a pyroxenitic cumulate. However, the 

zircon Hf isotope composition is strongly unradiogenic (εHf(t) = –10.8 ± 0.6), precluding a 

mantle source. The weighted mean zircon εHf(t) value plots on the putative evolution line of 

4.0 Ga mafic crust extracted from chondritic mantle (Figure 4.3b). This, combined with the 

whole rock geochemistry, suggests derivation as a cumulate from a melt of an ancient basaltic 

source that has interacted with low temperature surface waters.  
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The other outlier is metagabbronorite 17TKN151 (mean δ18O = 7.2 ± 0.4) (Figure 4.5). This 

also has a primitive whole-rock geochemistry (e.g., 13.8 wt. % MgO, 9.2 wt. % FeO, 12.2 wt. 

% CaO, 1300 ppm Cr, 182 ppm Ni), consistent with a gabbronoritic cumulate. The Hf isotope 

data are relatively radiogenic (zircon εHf(t)= –1.4 ± 1.2) compared to the other samples 

formed in stage 3, overlapping CHUR (Figure 4.4c). Thus, this sample requires a younger 

magma source. There are two main possibilities to explain for the formation of this 

gabbronorite. The first option is contamination of a mantle-derived parental magma by 

supracrustal materials during ascent into the overlying crust. There is no evidence for co-

variation in the zircon O and Hf isotope data, as would be expected with contamination by 

supracrustal rocks, to support this hypothesis (Figure 4.4c). Hybridisation between a mantle-

derived melt and supracrustal materials may not, however, have been captured by zircon, if 

this phase saturated late in the crystallisation history in a homogenised magma. The second 

possibility is derivation of the magma from a relatively young mafic supracrustal source that 

had interacted with low temperature surface waters. Fractional crystallisation of the 

intermediate parental melt may have resulted in the formation of this mafic to intermediate 

(53.5 wt.% SiO2) cumulate. However, in considering the prior magmatic history of the Narryer 

Terrane, there are no suitable mafic crustal reservoirs that would have the required Hf 

isotopic composition at the time of magma generation (Figure 4.3b). For this reason, the first 

option (contamination of a mantle-derived magma) is favoured as the simplest interpretation 

that accounts for the whole rock geochemistry and zircon isotopic data. This could be tested 

by further sampling of these mafic bodies. 

6.1.3.2 Magmatic Stage 3: inferred magma source composition and age from zircon 

hafnium isotopes  

The mean zircon εHf(t) values of monzogranitic rocks in magmatic stage 3 are all markedly 

sub-chondritic, ranging between –7.7 and –13.6, relating to melting of ancient crustal sources 

(Figure 4.3b). The weighted mean zircon εHf(t) values generally have low MSWDs (Table 4.1), 

suggestive of relatively homogenous crustal sources compared to granodioritic and 

monzogranitic rocks of stage 2.  

As for the previous magmatic stages, constraints on the possible ages of the crustal magma 

source components are provided by comparison of the zircon Hf isotope data to the evolution 
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lines of Hadean to Paleoarchaean crustal reservoirs (Figure 4.3b). Here, the weighted mean 

zircon εHf(t) values of samples 11TKN28, 11TKN32, 17TKN154, and 18MRN28 plot on or near 

the putative crustal evolution lines of c. 3.73 to 3.5 Ga mafic crust extracted from chondritic 

mantle (Figure 4.3b), consistent with the mafic source compositions inferred from whole-rock 

geochemistry (Chapter 2, section 5.3.3; Supplementary Material 1). This is interpreted as 

evidence for derivation of these granites from Eoarchaean to Palaeoarchaean mafic crust. 

Leucogranites 18MRN15 (zircon εHf(t)= –13.6 ± 0.8) and 18MRN16 (zircon εHf(t) = –11.6 ± 

2.3) have strongly unradiogenic Hf, and plot on the putative evolution field of Hadean mafic 

crust, and near the evolution lines of Eoarchaean to Paleoarchaean intermediate crust (Figure 

4.3b). However, as discussed above, the whole-rock geochemistry supports an intermediate 

source composition, thus the latter interpretation is preferred. Similarly, monzogranites 

11TKN25 (zircon εHf(t)= –11.7 ± 1.0) and 17TKN131 (zircon εHf(t)= –11.2 ± 0.7) have 

unradiogenic Hf, plotting near the putative evolution line of 3.5 Ga intermediate crust (Figure 

4.3b). These too have whole-rock geochemistry consistent with an intermediate magma 

source (Chapter 2, section 5.3.3; Supplementary Material 1), thus, a Palaeoarchaean tonalitic 

source is preferred. Lastly, monzogranite 17TKN130 (zircon εHf(t)= –10.8 ± 1.1) plots on the 

upper boundary of the putative evolution line of Hadean mafic crust extracted from CHUR 

(Figure 4.3b). This monzogranitic rock has a less differentiated composition compared to 

other monzogranites in stage 3, with relatively low SiO2 (68.1 wt. %) and high CaO (2.1 wt. %), 

Cr (18 ppm), Ni (16 ppm). These features were interpreted to reflect a mafic crustal source 

(see Chapter 2, section 5.4). It is therefore inferred that this monzogranite was generated by 

melting c. 4.0 Ga mafic crust. Based on comparison of the zircon εHf(t) values with the 

putative evolution lines of intermediate and mafic crustal reservoirs (Figure 4.3b), the Hf 

isotope data support inferences from whole-rock geochemistry (see Chapter 2, section 5.4) 

suggesting a temporal evolution from intermediate to more mafic crustal sources with time. 

This is reflected in the whole-rock geochemistry by an increase in CaO, FeO, Eu, and Sr, and a 

decrease in SiO2, Rb, Th, and Pb in the monzogranites during stage 3. 

As for magmatic stage 2, in constraining the sources of the monzogranitic rocks generated 

during stage 3, the O and Hf isotope data give further insights into the origin of the ‘A-type’ 

geochemistry. Amongst the competing petrogenesis models for A-type granites previously 

discussed, the whole-rock and zircon O-Hf isotope chemistry outlined above again support 
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the residual source model. The data from five samples (11TKN28, 11TKN32, 17TKN130, 

17TKN154, and 18MRN28) are consistent with remelting refractory mafic infra- and 

supracrustal sources (see Chapter 2, section 5.6.2) to produce the A-type parental melts (e.g., 

Whalen et al., 1987), rather than reflecting extreme differentiation of mantle-derived melts 

(e.g., Turner and Foden, 1996), or the hybridisation between such melts and older crust. 

However, the anatexis of refractory tonalitic source rocks (e.g., Anderson, 1983) is supported 

by the whole-rock and zircon O-Hf isotope data of four samples, 18MRN15, 18MRN16, 

11TKN25, and 17TKN131. Unlike magmatic stage 2, there is no evidence in the present data 

set from the granitic rocks for mantle input or the reworking of lower crust due to the influx 

of mafic magmas. Notably, the mean zircon εHf(t) values of five monzogranites from stage 3 

and six granodiorites and monzogranites from stage 2 sit on the same putative evolution lines 

of c. 4.0 to 3.5 Ga mafic crust (Figure 4.3b). This suggests that mafic crustal source reservoirs 

of similar age were repeatedly reworked during the Neoarchaean, consistent with the 

residual source model, ultimately imparting the A-type geochemistry onto the granitic 

parental melts. These data also support the notion that the A-type chemistry of the 

monzogranites can be related to intermediate and mafic source compositions, regardless of 

age or input from the mantle, and irrespective of whether a specific source has interacted 

with low temperature surface waters.  

The A-type monzogranites of stage 3 have a subtly different whole-rock geochemistry to the 

A-type granodiorites and monzogranites from stage 2 (see Chapter 2, section 5.3.3). These 

extend to higher K2O/Na2O, Rb/Sr, and EuN/Eu* ratios, with elevated LREEs and Th, but lower 

Cr and Ni. These chemical features have been interpreted to reflect both high and low 

temperature melting of refractory mafic sources, partially depleted by earlier melting events 

(see Chapter 2, section 5.4). This suggests different source melting conditions to the stage 2 

granitic rocks, producing melts with more variable water contents, and therefore 

temperatures, but ultimately retaining the A-type geochemistry.  

When considered in tandem, the whole-rock geochemical and zircon O-Hf isotopic signatures 

of the A-type granites from stages 2 and 3 suggest that the distinctive A-type geochemistry is 

imparted onto the granitic melt irrespective of the source age, composition, melting 

temperatures, input from a mantle source end-member, or interaction of the source with low 
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temperature surface waters. Rather, the A-type chemistry may be due to derivation from a 

melt depleted source (e.g., after extraction of an ‘I-type’ orogenic granitic melt; Whalen et 

al., 1987). 

6.1.4 Hadean crustal sources for Neoarchaean magmas 

Pyroxenitic (17TKN152), gabbronoritic (12TKN73), granodioritic (15TKN47 and 11TKN10), and 

monzogranitic (17TKN130) samples have whole-rock geochemical compositions consistent 

with derivation of the parental magma from a mafic source during magmatic stages 2 (c. 2680 

Ma) and 3 (c. 2630 Ma) in the Narryer Terrane (sections 6.1.2 and 6.1.3). These have weighted 

mean zircon εHf(t) values ranging between –13 and –11, suggestive of derivation from ancient 

crustal sources (Table 4.1). Furthermore, the zircon εHf(t) values of these samples plot within 

the evolutionary trend of Hadean mafic crust (176Lu/177Hf = 0.022) extracted from a chondritic 

mantle reservoir (Figure 4.3b), and the extension of the εHf(t) – time array defined by the 

filtered Hadean detrital zircon data from the Jack Hills (see Kemp et al., 2010). These results 

reinforce previous zircon Hf isotope research inferring that Neoarchaean monzogranite 

located near the Jack Hills formed from a Hadean source (Kemp et al., 2010) (Figure 4.2), and 

expands the spatial extent of this Hadean crustal source across the Narryer Terrane. Here, we 

augment the zircon Hf isotope data of pyroxenitic to monzogranitic rocks, inferred to be 

related to a Hadean mafic crustal source, with complementary O isotope analysis to uncover 

new insights into the nature of this putative Hadean crust. 

Metapyroxenite 17TKN152 (zircon εHf(t) = –11.0; δ18O = 6.9 ‰), metagranodiorites 15TKN47 

(zircon εHf(t) = –11; δ18O = 6.5 ‰) and 11TKN10 (zircon εHf(t) = –13; δ18O = 6.5 ‰), and 

monzogranite 17TKN130 (zircon εHf(t) = –11.0; δ18O = 6.3 ‰) have weighted mean δ18O 

values that plot in the supracrustal field (Figure 4.3a). This, combined with the foregoing 

zircon Hf isotope data and whole-rock geochemical evidence supporting a mafic source 

composition, is consistent with derivation from a Hadean basaltic source that has exchanged 

oxygen with surface waters at low temperature (Valley et al., 2005).  

The correlation between unradiogenic Hf and heavy δ18O values in zircon from Neoarchaean 

pyroxenitic to monzogranitic rocks in the Narryer Terrane reveals insights into the nature of 

Hadean crust on Earth. Specifically, these data support the notion that the early Earth had 

cooled sufficiently to retain liquid water, and are consistent with the formation of a nascent 



 

120 

 

ocean during the Hadean (Wilde et al., 2001; Kemp et al., 2010). The hydration of basaltic 

crust formed in an oceanic environment may be important for the generation of later granitic 

magmas (e.g., Reimink et al., 2014; Laurent et al., 2020). Kemp et al. (2010) suggest that the 

U–Pb and Hf isotopic characteristics of the Hadean Jack Hills detrital zircons are difficult to 

reconcile with modern plate tectonic processes, and instead favour a setting involving 

protracted intra-crustal reworking. Combining these inferences, it is possible that the Hadean 

basaltic sources to the foregoing Neoarchaean rocks may have formed within an intraplate 

oceanic setting, consistent with oceanic plateau petrogenesis models for Eoarchaean layered 

mafic intrusion remnants and granitic gneisses in the Narryer Terrane (Rowe and Kemp, 

2020). 

6.2 Cratonisation of the Narryer Terrane, Archaean Yilgarn Craton 

Cratonisation of the Narryer Terrane is related to three Neoarchaean magmatic stages 

occurring at c. 2740, 2680, and 2630 Ma (Chapter 2, section 4.2). It was typified by regional 

metamorphism and deformation followed by widespread intrusion of late monzogranitic 

magmas (Myers, 1988). The tectono-magmatic episodes identified in the Narryer Terrane 

reflect similar coeval events occurring across the Archaean Yilgarn Craton, and are related to 

craton-wide processes.  

Magmatic stage 1 (c. 2740 Ma) is typified by I-type tonalitic, granodioritic, and monzogranitic 

magmatism. The zircon O and Hf isotope data support a petrogenesis model invoking 

dominantly Palaeoarchaean mafic infracrustal sources, with minor supracrustal input, 

inferred to be related to a convergent tectonic setting. This magmatic stage occurs coeval 

with an episode of regional metamorphism and deformation across the Yilgarn Craton, 

interpreted to reflect a craton-wide orogenic event (Cassidy et al., 2002; Zibra et al., 2017; 

Goscombe et al., 2019).  

Magmatic stage 2 (c. 2680 Ma) is typified by wide-spread A-type granodioritic and 

monzogranitic magmatism. The zircon O and Hf isotope data support derivation of these from 

a compositionally diverse assemblage of refractory lower crustal sources, ranging from 

Hadean to Palaeoarchaean mafic and intermediate rocks. Notably, the zircon Hf isotope data 

suggest crustal anatexis may have been driven by partial melting of the asthenosphere. These 
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granitic rocks are inferred to have been generated in a post-collisional intraplate setting. This 

magmatic stage is coeval with craton-wide granitic magmatism across the Yilgarn Craton 

(Cassidy et al., 2002), and represents the first stage of cratonisation. 

Magmatic stage 3 (c. 2630 Ma) is typified by A-type monzogranitic magmatism. The zircon O 

and Hf isotopic data suggest derivation from homogeneous infra- and supracrustal sources, 

without coeval mantle input. Melt sources vary in age and composition, and include Hadean 

to Palaeoarchaean mafic and intermediate crust. The monzogranites are here related to late 

intraplate middle and lower crustal anatexis during a waning thermal event. The ages of 

emplacement are coeval with late ‘low-Ca’ potassic granites across the Yilgarn Craton (Cassidy 

et al., 2002), and represent the final stage of cratonisation. 

Overall, the zircon U–Pb, O, and Hf isotopic compositions of the Neoarchaean ultramafic to 

felsic magmas in the Narryer Terrane are consistent with convergent tectonics and 

lithospheric thickening (c. 2740 Ma), followed by extension, decompression, and anatexis of 

the lower crust driven by asthenospheric mantle-derived melts (c. 2680 Ma), then lower and 

middle crustal reworking within an intraplate tectonic setting (c. 2630 Ma). These tectono-

thermal events are corelated with similar events occurring across the Yilgarn, and reflect 

craton-wide processes that ultimately resulted in the cratonisation of the Yilgarn Craton. 

6.3 Cratonisation of Archaean continental crust 

The foregoing zircon isotopic data from ultramafic to felsic intrusions of the Narryer Terrane 

provide evidence for a specific tectono-magmatic evolution related to cratonisation (Figure 

4.6). From this, a general model for cratonisation of Archaean continental crust is posited that 

involves: (1) The sporadic initiation of subduction (Dhuime et al., 2012) and convergence of 

continental nuclei during the late Archaean (Figure 4.6a,b). It is inferred that the convergence 

and later collision of discrete continental nuclei during the late Archaean caused the pervasive 

regional metamorphism observed in most Archaean crust (Sylvester, 1994; Laurent et al., 

2014), and resulted in the formation of larger composite cratons; (2) The thickening of 

continental crust and underlying SCLM, resulting in emergence of the nascent craton from 

the ocean (Johnson and Wing, 2020), rapid erosion, and deposition of sedimentary passive 

margins (Cawood et al., 2018) (Figure 4.6c); (3) Displacement of buoyant, refractory, and low 
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density (i.e., low Fe) cratonic SCLM into deep, fertile, high density asthenospheric mantle 

(Figure 4.6c); (4) The resulting chemical and gravitational instabilities from convergent 

tectonics increase the isostatic buoyancy force acting on the lower SCLM of the thickened 

nascent Archaean craton (Boonma et al., 2019); (5) The craton ascends in the mantle column, 

undergoes extension (Calvert and Doublier, 2018), and thins. Decompression occurs in the 

upper asthenospheric mantle and lower continental crust resulting in adiabatic partial 

melting of near-solidus (high temperature or metasomatised) mantle and compositionally 

variable lower crust of different ages, as evident in the Hf isotope systematics of the rocks 

studied here (Figure 4.6d).
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Figure 4.6. Tectonic model for cratonisation of Archaean continental crust; (a) oceanic plateau generated by episodic high-T mantle upwellings within an intraplate tectonic 
setting; thickened basaltic crust internally differentiates into TTG suites forming continental nuclei; (b) Neoarchaean convergent tectonic processes mobilise continental 
nuclei, resulting in episodic crustal accretion and collisions forming composite cratonic continental crust; (c) Collisions between large continental nuclei result in lithospheric 
thickening, deformation, and regional metamorphism; this process displaces buoyant and depleted (low Ca-Al-Fe) ancient cratonic SCLM into dense, high-T, fertile (high Ca-
Al-Fe) asthenospheric mantle; (d) a temporary increase in the isostatic buoyancy force acting on the base of the cratonic lithosphere results in rebound, ascent, and extension 
of the nascent craton in the mantle-column; this drives decompression melting of asthenospheric mantle; high-T CHUR mantle-derived melts and decompression of near-
solidus lower crust induces anatexis and generation of craton-wide intraplate ‘A-type’ granitic magmas from the lower, then later middle crust.
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We propose that the physical mechanism capable of efficiently partially melting the lower 

crust of an entire Archaean craton is related to decompression, specifically, the isostatic 

buoyancy force that supports cratons in the mantle. The buoyancy force acting on the base 

of an object (craton) equals the total weight of liquid/fluid (asthenospheric mantle) that it 

displaces. The formula for the isostatic buoyancy force acting on the base of an Archaean 

craton is: Fb = ρVfg (Fb: buoyant force, p: density of the fluid [mantle], Vf: volume of displaced 

fluid [mantle], g: gravitational acceleration on Earth [9.81 m/s2]). Consequently, the collision 

and thickening of continental crust and underlying low density SCLM into high density 

asthenospheric mantle generates a temporary increase in the buoyancy force, ultimately 

decompressing the craton and driving wide-spread partial melting. This results in a 

gravitationally stable and chemically differentiated continental crust, comprising anhydrous 

lower crust depleted in K, Th and U, and complementary upper crust enriched in these 

elements (Kemp and Hawkesworth, 2005). 

This model is consistent with: (1) The observed temporal sequence of TTG (tonalite-

trondhjemite-granodiorite) suites related to convergent tectonics, then extension related 

monzogranitic magmatism during the late evolution of Archaean cratons (Laurent et al., 2014; 

Cawood et al., 2018); (2) The compositions and inferred tectonic settings of the granitic 

magmas related to cratonisation in the Narryer Terrane, that evolve from ‘I-type’ tonalitic, 

granodioritic, and monzogranitic melts related to convergent tectonic settings to ‘A-type’ 

monzogranitic intraplate magmas; (3) The spatial distribution of coeval widespread granitic 

magmatism across an entire craton (Champion and Smithies, 2003) and (4) The lack of mantle-

derived ultramafic-mafic magmas and lavas that would be associated with mantle plumes, 

overturns, or delamination of the buoyant SCLM and/or lower crust. 

7. Conclusions 

Archaean cratons are composites of continental crust comprising granite-greenstone belts, 

quartzofeldspathic gneiss terranes, and the thickest SCLM on Earth. They largely formed 

through the amalgamation of early Earth continental nuclei by convergent tectonic processes 

during the Neoarchaean, accompanied by regional metamorphism and deformation. All 

Archaean cratons were stabilised late in their evolution by a craton-wide magmatic event, 
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typified by widespread intrusion of granitic magmas. The cause of this late Archaean 

magmatic event and origin of the related granitic magmas has remained ambiguous.  

Here, the O and Hf isotopic compositions of zircon crystals from 31 ultramafic, mafic, 

intermediate, and felsic rocks previously dated by U–Pb isotopes from the Narryer Terrane of 

the Yilgarn Craton is reported. This was undertaken to ascertain the petrogenesis of late 

Archaean granites in the northwestern Yilgarn Craton and to produce a model for the 

cratonisation of Archaean cratons.  

These data demonstrate that Neoarchaean magmatism related to cratonisation in the 

Narryer Terrane of the Yilgarn Craton is episodic, forming magmatic stages at c. 2740, 2680, 

and 2630 Ma. The whole-rock geochemistry and zircon O–Hf isotopic systematics of granitic 

intrusions evolve both within and between magmatic stages. This evolution is typified by 1) 

tonalitic, granodioritic, and monzogranitic intrusions at c. 2740 Ma with relatively juvenile 

zircon εHf(t) values (–1.3 to –5.6) and dominantly infracrustal-mantle δ18O values (4.9 to 6.1 

‰), related to convergent tectonic processes and crustal thickening; 2) ‘A-type’ granodioritic 

and monzogranitic intrusions at c. 2680 Ma with early relatively radiogenic and variable zircon 

Hf compositions (εHf(t) –2 to –4.9) that evolve to late unradiogenic compositions (εHf(t) –4.9 

to –13.0); this is consistent with the anatexis of a compositionally variable lower crust of 

different ages in an intraplate tectonic setting driven by asthenosphere-derived magmas; 3) 

‘A-type’ monzogranites at c. 2630 Ma with unradiogenic zircon Hf compositions (εHf(t) –7.7 

to –14.0) and infracrustal to supracrustal δ18O values (4.8 to 6.6 ‰), consistent with late 

intraplate crustal anatexis.  

We posit that cratonisation of the Narryer Terrane in the Archaean Yilgarn Craton was an 

episodic process involving the amalgamation of continental nuclei by convergent tectonics, 

lithospheric thickening, then later extension and intraplate crustal anatexis driven by 

decompression melting of the asthenosphere. This temporal sequence appears to be evident 

in the late evolution of many Archaean cratons, and may ultimately result in the cratonisation 

and stabilisation of Archaean continental crust. 



 

126 

 

Acknowledgements 

M. L. Rowe thanks A. Petersson for advice and beneficial discussions on Hf isotope 

geochemistry, L. Martin for O isotope analytical support, and acknowledges field logistic 

support from the Geological Survey of Western Australia (GSWA), and the Robert and Maude 

Gledden Postgraduate Scholarship provided by The University of Western Australia. 

  



 

127 

 

References 

Almeida, J.D.A.C., Dall'Agnol, R., da Silva Leite, A.A., 2013. Geochemistry and zircon 

geochronology of the Archean granite suites of the Rio Maria granite-greenstone terrane, 

Carajás Province, Brazil. Journal of South American Earth Sciences 42, 103–126. 

Anderson, J.L., 1983. Proterozoic anorogenic granite plutonism of North America. Geological 

Society of America Memoir, 161, 133–154. 

Blichert-Toft, J., Albarède, F., 2008. Hafnium isotopes in Jack Hills zircons and the formation 

of the Hadean crust. Earth and Planetary Science Letters, 265(3-4), 686–702. 

Bonin, B., 2007. A-type granites and related rocks: evolution of a concept, problems and 

prospects. Lithos, 97, 1–29. 

Boonma, K., Kumar, A., García-Castellanos, D., Jiménez-Munt, I., Fernández, M., 2019. 

Lithospheric mantle buoyancy: the role of tectonic convergence and mantle composition. 

Scientific Reports 9, 1–8. 

Bouvier, A., Vervoort, J.D., Patchett, P.J., 2008. The Lu–Hf and Sm–Nd isotopic composition of 

CHUR: constraints from unequilibrated chondrites and implications for the bulk 

composition of terrestrial planets. Earth and Planetary Science Letters 273, 48–57. 

Brown, M., Johnson, T., 2018. Secular change in metamorphism and the onset of global plate 

tectonics. American Mineralogist 103, 181–196. 

Calvert, A.J., Doublier, M.P., 2018. Archaean continental spreading inferred from seismic 

images of the Yilgarn Craton. Nature Geoscience 11, 526–530. 

Card, K.D., 1990. A review of the Superior Province of the Canadian Shield, a product of 

Archean accretion. Precambrian Research 48, 99–156. 

Cassidy, K.F., Champion, D.C., McNaughton, N.J., Fletcher, I.R., Whitaker, A.J., Bastrakova, I.V., 

Budd, A.R., 2002. Characterisation and Metallogenic Significance of Archaean Granitoids 



 

128 

 

of the Yilgarn Craton, Western Australia (MERlWA Project No. M281). Minerals and 

Energy Research Institute of Western Australia, Report 222. 

Cawood, P.A., Hawkesworth, C.J., Pisarevsky, S.A., Dhuime, B., Capitanio, F.A., Nebel, O., 

2018. Geological archive of the onset of plate tectonics. Philosophical Transactions of The 

Royal Society A Mathematical Physical and Engineering Sciences A376 (20180169) Vol. 

376, Issue 2132. 

Champion, D.C., Cassidy, K.C., 2010. Granitic magmatism in the Yilgarn Craton: implications 

for crustal growth and metallogeny. In S. Wyche (compiler), Yilgarn Superior Workshop—

Abstracts, Fifth International Archean Symposium. Geological Survey of Western 

Australia Record, Vol. 20, pp. 12–18. 

Champion, D.C., Cassidy, K.F., 2007. An overview of the Yilgarn Craton and its crustal 

evolution. Geoscience Australia Record 14, 8–13. 

Champion, D.C., Smithies, R.H., 2001. Archaean granites of the Yilgarn and Pilbara cratons, 

Western Australia. Geoscience Australia Record 4, 134–136. 

Champion, D.C., Smithies, R.H., 2003. Archaean granites. In Magmas to Mineralisation: The 

Ishihara Symposium. Geoscience Australia, pp. 19–24. 

Collins, W.J., Beams, S.D., White, A.J.R., Chappell, B.W., 1982. Nature and origin of A-type 

granites with particular reference to southeastern Australia. Contributions to Mineralogy 

and Petrology, 80, 189–200. 

Compston, W., Pidgeon, R.T., 1986. Jack Hills, evidence of more very old detrital zircons in 

Western Australia. Nature 321, 766–769. 

Creaser, R.A., Price, R.C., Wormald, R.J., 1991. A-type granites revisited: assessment of a 

residual-source model. Geology, 19, 163–166. 



 

129 

 

Davis, W.J., Bleeker, W., 1999. Timing of plutonism, deformation, and metamorphism in the 

Yellowknife Domain, Slave Province, Canada. Canadian Journal of Earth Sciences 36, 

1169–1187. 

Dey, S., Pandey, U.K., Rai, A.K., Chaki, A., 2012. Geochemical and Nd isotope constraints on 

petrogenesis of granitoids from NW part of the eastern Dharwar craton: possible 

implications for late Archaean crustal accretion. Journal of Asian Earth Sciences 45, 40–

56. 

Dhuime, B., Hawkesworth, C.J., Cawood, P.A., Storey, C.D., 2012. A change in the geodynamics 

of continental growth 3 billion years ago. Science 335, 1334–1336. 

Friend, C.R.L., Nutman, A.P., Baadsgaard, H., Kinny, P.D., McGregor, V.R., 1996. Timing of late 

Archaean terrane assembly, crustal thickening and granite emplacement in the Nuuk 

region, southern West Greenland. Earth and Planetary Science Letters 142, 353–365. 

Frost, C.D., Frost, B.R., 1997. Reduced rapakivi-type granites: the tholeiite connection. 

Geology, 25, 647–650. 

Frost, C.D., Frost, B.R., Chamberlain, K.R., Hulsebosch, T.P., 1998. The Late Archean history of 

the Wyoming province as recorded by granitic magmatism in the Wind River Range, 

Wyoming. Precambrian Research 89, 145–173. 

Froude, D.O., Ireland, T.R., Kinny, P.D., Williams, I.S., Compston, W., Williams, I.R., Myers, J.S., 

1983. Ion microprobe identification of 4,100–4,200 Myr-old terrestrial zircons. Nature 

304, 616–618. 

Goscombe, B., Foster, D.A., Blewett, R., Czarnota, K., Wade, B., Groenewald, B., Gray, D., 

2019. Neoarchaean metamorphic evolution of the Yilgarn Craton: a record of subduction, 

accretion, extension and lithospheric delamination. Precambrian Research 335, 105441. 

Griffin, W.L., O’reilly, S.Y., Afonso, J.C., Begg, G.C., 2009. The composition and evolution of 

lithospheric mantle: a re-evaluation and its tectonic implications. Journal of Petrology 50, 

1185–1204. 



 

130 

 

Guo, B., Liu, S., Zhang, J., Yan, M., 2015. Zircon U–Pb–Hf isotope systematics and geochemistry 

of Helong granite-greenstone belt in Southern Jilin Province, China: Implications for 

Neoarchean crustal evolution of the northeastern margin of North China Craton. 

Precambrian Research 271, 254–277. 

Hawkesworth, C.J., Cawood, P.A., Dhuime, B., Kemp, T.I., 2017. Earth's continental 

lithosphere through time. Annual Review of Earth and Planetary Sciences 45, 169–198. 

Hickman, A.H., Van Kranendonk, M.J., 2012. Early Earth evolution: evidence from the 3.5-1.8 

Ga geological history of the Pilbara region of Western Australia. Episodes 35, 283–297. 

Huang, H., Polat, A., Fryer, B.J., 2013. Origin of Archean tonalite–trondhjemite–granodiorite 

(TTG) suites and granites in the Fiskenæsset region, southern West Greenland: 

implications for continental growth. Gondwana Research 23, 452–470. 

Ivanic, T.J., Van Kranendonk, M.J., Kirkland, C.L., Wyche, S., Wingate, M.T., Belousova, E.A., 

2012. Zircon Lu–Hf isotopes and granite geochemistry of the Murchison Domain of the 

Yilgarn Craton: evidence for reworking of Eoarchean crust during Meso-Neoarchean 

plume-driven magmatism. Lithos 148, 112–127. 

Jelsma, H.A., Vinyu, M.L., Wijbrans, J.R., Verdurmen, E.A.T., Valbracht, P.J., Davies, G.R., 1996. 

Constraints on Archaean crustal evolution of the Zimbabwe craton: a U-Pb zircon, Sm-Nd 

and Pb-Pb whole-rock isotope study. Contributions to Mineralogy and Petrology 124, 55–

70. 

Johnson, B.W., Wing, B.A., 2020. Limited Archaean continental emergence reflected in an 

early Archaean 18 O-enriched ocean. Nature Geoscience 13, 243–248. 

Kamber, B.S., 2015. The evolving nature of terrestrial crust from the Hadean, through the 

Archaean, into the Proterozoic. Precambrian Research 258, 48–82. 

Kampunzu, A.B., Tombale, A.R., Zhai, M., Bagai, Z., Majaule, T., Modisi, M.P., 2003. Major and 

trace element geochemistry of plutonic rocks from Francistown, NE Botswana: evidence 



 

131 

 

for a Neoarchaean continental active margin in the Zimbabwe craton. Lithos 71, 431–

460. 

Kemp, A.I., 2018. Early earth geodynamics: cross examining the geological testimony. 

Philosophical Transactions of The Royal Society A Mathematical Physical and Engineering 

Sciences A376 (20180169) Vol. 376, Issue 2132. 

Kemp A.I.S., Hawkesworth C.J., 2003. Granitic perspectives on the generation and secular 

evolution of the continental crust. In: R. Rudnick (Ed.), Treatise On Geochemistry, The 

Crust, Vol. 12, Elsevier Science, Oxford (2003), pp. 349–410. 

Kemp, A.I.S., Wilde, S.A., Hawkesworth, C.J., Coath, C.D., Nemchin, A., Pidgeon, R.T., DuFrane, 

S.A., 2010. Hadean crustal evolution revisited: new constraints from Pb–Hf isotope 

systematics of the Jack Hills zircons. Earth and Planetary Science Letters 296, 45–56. 

Kinny, P.D., Nutman, A.P., 1996. Zirconology of the Meeberrie gneiss, Yilgarn Craton, Western 

Australia: an early Archaean migmatite. Precambrian Research 78, 165–178. 

Korenaga, J., 2018. Crustal evolution and mantle dynamics through Earth 

history. Philosophical Transactions of the Royal Society A: Mathematical, Physical and 

Engineering Sciences, 376 (2132). 

Landenberger, B., Collins, W. J., 1996. Derivation of A-type granites from a dehydrated 

charnockitic lower crust: evidence from the Chaelundi Complex, Eastern Australia. 

Journal of Petrology, 37, 145–170. 

Laurent, O., Björnsen, J., Wotzlaw, J.F., Bretscher, S., Silva, M.P., Moyen, J.F., Bachmann, O., 

2020. Earth’s earliest granitoids are crystal-rich magma reservoirs tapped by silicic 

eruptions. Nature Geoscience 13, 163–169. 

Laurent, O., Martin, H., Moyen, J.F., Doucelance, R., 2014. The diversity and evolution of late-

Archean granitoids: Evidence for the onset of “modern-style” plate tectonics between 

3.0 and 2.5 Ga. Lithos 205, 208–235. 



 

132 

 

Laurent, O., Paquette, J.L., Martin, H., Doucelance, R., Moyen, J.F., 2013. LA-ICP-MS dating of 

zircons from Meso-and Neoarchean granitoids of the Pietersburg block (South Africa): 

crustal evolution at the northern margin of the Kaapvaal craton. Precambrian Research 

230, 209–226. 

Lee, C.T.A., Yeung, L.Y., McKenzie, N.R., Yokoyama, Y., Ozaki, K., Lenardic, A., 2016. Two-step 

rise of atmospheric oxygen linked to the growth of continents. Nature Geoscience 9, 417–

424. 

Mikkola, P., Lauri, L.S., Käpyaho, A., 2012. Neoarchean leucogranitoids of the Kianta Complex, 

Karelian Province, Finland: source characteristics and processes responsible for the 

observed heterogeneity. Precambrian Research 206, 72–86. 

Moyen, J.F., Laurent, O., 2018. Archaean tectonic systems: a view from igneous rocks. Lithos 

302, 99–125. 

Moyen, J.F., Martin, H., 2012. Forty years of TTG research. Lithos 148, 312–336 

Moyen, J.F., Martin, H., Jayananda, M., Auvray, B., 2003. Late Archaean granites: a typology 

based on the Dharwar Craton (India). Precambrian Research 127, 103–123. 

Mshiu, E.E., Maboko, M.A., 2012. Geochemistry and petrogenesis of the late Archaean high-

K granites in the southern Musoma-Mara Greenstone Belt: Their influence in evolution 

of Archaean Tanzania Craton. Journal of African Earth Sciences 66, 1–12. 

Myers, J.S., 1988. Early Archaean Narryer Gneiss Complex, Yilgarn Craton, Western Australia. 

Precambrian Research 38, 297–307. 

Næraa, T., Kemp, A.I.S., Scherstén, A., Rehnström, E.F., Rosing, M.T., Whitehouse, M.J., 2014. 

A lower crustal mafic source for the ca. 2550 Ma Qôrqut Granite Complex in southern 

West Greenland. Lithos 192, 291–304. 



 

133 

 

Nelson, D.R., Robinson, B.W., Myers, J.S., 2000. Complex geological histories extending for≥ 

4.0 Ga deciphered from xenocryst zircon microstructures. Earth and Planetary Science 

Letters 181, 89–102. 

Patchett, P.J., Tatsumoto, M., 1980. Hafnium isotope variations in oceanic 

basalts. Geophysical Research Letters 7, 1077–1080. 

Peng, T., Wilde, S.A., Fan, W., Peng, B., 2013. Late Neoarchean potassic high Ba–Sr granites in 

the Taishan granite–greenstone terrane: Petrogenesis and implications for continental 

crustal evolution. Chemical Geology 344, 23–41. 

Reimink, J.R., Chacko, T., Stern, R.A., Heaman, L.M., 2014. Earth’s earliest evolved crust 

generated in an Iceland-like setting. Nature Geoscience 7, 529–533. 

Romano, R., Lana, C., Alkmim, F.F., Stevens, G., Armstrong, R., 2013. Stabilization of the 

southern portion of the São Francisco craton, SE Brazil, through a long-lived period of 

potassic magmatism. Precambrian Research 224, 143–159. 

Rowe, M.L., Kemp, A.I., 2020. Spinel, olivine, and pyroxene chemistry of the Eoarchaean 

Manfred Complex (Yilgarn Craton, Western Australia), with implications for the tectonic 

setting of Archaean layered mafic intrusions and the stabilisation of continental nuclei. 

Lithos 356, 105340. 

Scherer, E., Münker, C., Mezger, K., 2001. Calibration of the lutetium-hafnium 

clock. Science 293, 683–687. 

Segal, I., Halicz, L., Platzner, I.T., 2003. Accurate isotope ratio measurements of ytterbium by 

multiple collection inductively coupled plasma mass spectrometry applying erbium and 

hafnium in an improved double external normalization procedure. Journal of Analytical 

Atomic Spectrometry 18, 1217–1223. 

Shields, G.A., 2007. A normalised seawater strontium isotope curve: possible implications for 

Neoproterozoic-Cambrian weathering rates and the further oxygenation of the Earth. 

Earth 2, 35–42. 



 

134 

 

Shirey, S.B., Richardson, S.H., 2011. Start of the Wilson cycle at 3 Ga shown by diamonds from 

subcontinental mantle. Science 333, 434–436. 

Smit, M.A., Mezger, K., 2017. Earth’s early O2 cycle suppressed by primitive continents. Nature 

Geoscience 10, 788–792. 

Smithies, R.H., Champion, D.C., 1999. Late Archaean felsic alkaline igneous rocks in the 

Eastern Goldfields, Yilgarn Craton, Western Australia: a result of lower crustal 

delamination? Journal of the Geological Society 156, 561–576. 

Smithies, R.H., Champion, D.C., Van Kranendonk, M.J., 2009. Formation of Paleoarchean 

continental crust through infracrustal melting of enriched basalt. Earth and Planetary 

Science Letters 281, 298–306. 

Söderlund, U., Patchett, P.J., Vervoort, J.D., Isachsen, C.E., 2004. The 176Lu decay constant 

determined by Lu–Hf and U–Pb isotope systematics of Precambrian mafic 

intrusions. Earth and Planetary Science Letters 219, 311–324. 

Spencer, C.J., 2020. Continuous continental growth as constrained by the sedimentary record. 

American Journal of Science 320, 373–401. 

Sylvester, P.J., 1994. Archean granite plutons. Developments in Precambrian Geology 11, 

261–314. 

Turner, S., Sandiford, M., Foden, J., 1992. Some geodynamic and compositional constraints 

on" postorogenic" magmatism. Geology, 20, 931–934. 

Valley, J.W., Lackey, J.S., Cavosie, A.J., Clechenko, C.C., Spicuzza, M.J., Basei, M.A.S., Wei, C.S., 

2005. 4.4 billion years of crustal maturation: oxygen isotope ratios of magmatic zircon. 

Contributions to Mineralogy and Petrology 150, 561–580. 

Vervoort, J.D., Patchett, P.J., Söderlund, U., Baker, M., 2004. Isotopic composition of Yb and 

the determination of Lu concentrations and Lu/Hf ratios by isotope dilution using MC‐

ICPMS. Geochemistry, Geophysics, Geosystems 5, 1–15. 



 

135 

 

Whalen, J. B., Currie, K. L., Chappell, B. W., 1987. A-type granites: geochemical characteristics, 

discrimination and petrogenesis. Contributions to Mineralogy and Petrology, 95, 407–

419. 

Whalen, J.B., Percival, J.A., McNicoll, V.J., Longstaffe, F.J., 2004. Geochemical and isotopic 

(Nd–O) evidence bearing on the origin of late-to post-orogenic high-K granitoid rocks in 

the Western Superior Province: implications for late Archean tectonomagmatic 

processes. Precambrian Research 132, 303–326. 

Wilde, S.A., Valley, J.W., Peck, W.H., Graham, C.M., 2001. Evidence from detrital zircons for 

the existence of continental crust and oceans on the Earth 4.4 Gyr ago. Nature 409, 175–

178. 

Williams, I.R., Myers, J.S., 1987. Archaean geology of the Mount Narryer region Western 

Australia (Vol. 22). Geological Survey of Western Australia, State Printing Division. 

Woodhead, J.D., Hergt, J.M., 2005. A preliminary appraisal of seven natural zircon reference 

materials for in situ Hf isotope determination. Geostandards and Geoanalytical 

Research 29, 183–195. 

Zibra, I., Clos, F., Weinberg, R.F., Peternell, M., 2017. The ~2730 Ma onset of the Neoarchean 

Yilgarn Orogeny. Tectonics 36, 1787–1813.



 

 

 

Chapter 5 

Conclusions 

 

  



 

137 

 

Chapter 5: Conclusions 

1. Petrogenesis of late Archaean granite: Implications for crustal 

evolution and formation of early Earth continents 

Archaean cratons are ancient fragments of the early Earth’s continental crust and are 

comprised of granite-greenstone belts, quartzofeldspathic gneiss terranes, and chemically 

depleted sub-continental lithospheric mantle (SCLM). Due to their antiquity, Archaean 

cratons have been subjected to deformation and metamorphism. These processes have 

destroyed primordial lithospheric architecture and altered whole-rock geochemical 

compositions, hindering attempts to understand the petrogenesis of magmas related to the 

formation of Archaean continental crust. During their late evolution, Archaean cratons were 

cratonised and stabilised. This is typified by a period of regional metamorphism followed by 

craton-wide high K2O granitic magmatism, resulting in chemical and thermal stratification of 

the Archaean lithosphere. The amalgamation of continental nuclei by convergent tectonic 

processes and later cratonisation of the composite Archaean crust resulted in the formation 

of early Earth continents, with significant effects on the Earth’s lithosphere, atmosphere, and 

hydrosphere. However, the nature and origin of the late Archaean magmatic events related 

to cratonisation of Archaean cratons remains ambiguous. 

This research aimed to produce a model for the cratonisation of Archaean cratons. To do this, 

we ascertained the petrogenesis of Neoarchaean magmas in the Narryer Terrane related to 

cratonisation of the Yilgarn Craton in Western Australia. We sampled ultramafic, mafic, 

intermediate, and felsic rocks comprising the mid- to lower continental crust, therefore 

mitigating against the effects of magmatic differentiation, and preserving rock compositions 

closer to that of the parental magma. The research methods included detailed fieldwork, 

petrography, whole-rock geochemistry, and zircon U–Pb, O, and Hf isotopic analysis. 

We present evidence that the formation of the Archaean Yilgarn Craton of Western Australia 

is related to a distinctive process involving three Neoarchaean magmatic stages, a secular 

evolution in magma compositions, sources, and tectonic settings, and decompression melting 

of the asthenosphere. Zircon U–Pb ages of ultramafic–felsic lower crust of the Narryer 
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Terrane in the Yilgarn Craton identifies episodic magmatism at c. 2740, 2680, and 2630 Ma. 

The whole-rock geochemistry of granitic magmas related to cratonisation compositionally 

evolves between magmatic stages. This is typified by relatively high CaO/K2O, V, and EuN/Eu* 

nominal ‘I-type’ tonalitic to monzogranitic magmas inferred to be generated in a convergent 

tectonic setting at c. 2740 Ma, then later high K2O/Na2O, Zr, and Ga/Al2O3 ‘A-type’ 

granodioritic and monzogranitic magmas related to intraplate tectonic settings at c. 2680–

2630 Ma. Zircon U–Pb, O, and Hf isotopic compositions define a secular evolution in magma 

sources involving Hadean to Paleoarchaean crustal and asthenospheric mantle end-members, 

that evolves to include a greater supracrustal input to late magmas.  

We invoke a model for cratonisation of the Yilgarn Craton that involves Archaean crustal and 

SCLM thickening by proto-tectonic collisions at c. 2740 Ma, followed by intraplate anatexis of 

the lower crust at c. 2680 Ma, then middle crust at c. 2630 Ma. Here, collision between the 

Hadean to Paleoarchaean Narryer Terrane with the nascent Neoarchaean Yilgarn Craton 

resulted in lithospheric thickening, deformation, and regional metamorphism, displacing 

buoyant and depleted (low Ca-Al-Fe) ancient cratonic SCLM into dense, high-T, fertile (high 

Ca-Al-Fe) asthenospheric mantle. The temporary increase in the isostatic buoyancy force 

acting on the base of the cratonic lithosphere resulted in rebound, ascension, and extension 

of the nascent craton in the mantle-column, driving decompression melting of asthenospheric 

mantle. We infer that high-T CHUR mantle-derived melts and decompression of near-solidus 

lower crust induces anatexis and generation of craton-wide intraplate ‘A-type’ granitic 

magmas from the lower, then later middle crust, ultimately cratonising the lithosphere and 

forming an Archaean craton. 

2. Further research 

A number of additional research methods can be employed to identify specific characteristics 

of Neoarchaean magmas in the Narryer Terrane. These are outlined below and could 

potentially yield further information on the petrogenesis of ultramafic to felsic magmas 

related to cratonisation of the Yilgarn Craton. 
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2.1 Mineral element chemistry 

Electron probe microanalysis (EPMA) of minerals from ultramafic, mafic, intermediate, and 

felsic rocks can provide additional information related to magma sources, magmatic 

compositional evolution, pressure and temperature estimations, and inferred tectonic 

settings.   

Spinel ([Mg, Fe] [Al, Fe3+, Cr]3 O4) is a resilient accessory mineral within ultramafic and mafic 

rocks that is considered to be a petrogenetic and tectonic setting indicator (Barnes and 

Roeder, 2001). EPMA of spinel can yield information that can identify the composition of the 

parental magma (Barnes, 1998), support or refute petrogenetic relations between spatially 

related intrusions or enclaves (Rowe and Kemp, 2020), identify the composition of the 

mantle-source (Dick and Bullen, 1984), and infer the tectonic setting of melt generation (Arai 

et al., 2011; Barnes and Roeder, 2001).  

Similarly, intermediate and felsic rocks contain minerals that can yield information related to 

magma conditions. For example, allanite-epidote solid-solution compositions can be used as 

a thermometer (Schmidt and Thompson, 1996). Magmatic hornblende chemistry within rocks 

with the appropriate mineral assemblages can yield estimations of magma emplacement 

depth, temperature, and H2O activity (Mutch et al., 2016; Holland and Blundy, 1994). 

2.2 Zircon trace element chemistry 

Trace element analysis of zircon by LA-ICP-MS can yield information related to the parental 

magmas of the host rocks. Ti concentrations can be indicative of magmatic temperatures 

while zircon is on the liquidus (Ferry and Watson, 2007). The REE contents in zircon record 

the original magma oxidation state, as a granitic melt with an elevated fO2 will oxidise Ce3+ to 

Ce4+, facilitating substitution with Si4+ and Zr4+ in the zircon crystal lattice, increasing 

concentrations (Trail et al., 2012). This results with conspicuous positive Ce anomalies 

hallmarking oxidised parental magma conditions. Similarly, under low fO2 conditions, Eu3+ is 

reduced to Eu2+, substituting with Ca2+ and partitioning into plagioclase feldspar. This results 

with negative Eu anomalies in zircon due to Eu partitioning into plagioclase. 
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2.3 Apatite Rb–Sr isotopic analysis 

Apatite crystals occurring as inclusions within zircon can be used as a proxy for estimating 

parental magma compositions and potential magma sources (see Emo et al., 2018). LA-ICP-

MS of zircon-hosted apatite from granitic rocks can yield information used to approximate 

the initial Sr (87Sr/86Sr0) and the Rb/Sr of the magmatic source. From this, the SiO2 and model 

age of the source may be estimated, potentially providing complementary information to the 

zircon Hf isotopic data from a given sample. 
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Supplementary material 1: Description of U–Pb zircon results 

Introduction to geochronology summary 

Reported zircon weighted mean 207Pb/206Pb ages below are quoted with 95% uncertainties 

and 1 sigma uncertainties for single analyses. MSWD is an abbreviation of mean square 

weighted deviates and f204 is the proportion of common 206Pb in total measured 206Pb (see 

Supplementary Table 1). CL is an abbreviation of cathodoluminescence. Analyses that do not 

overlap with concordia but are less than 5% discordant are referred to as slightly discordant. 

Analyses with discordance between 5 and 10% are referred to as moderately discordant. 

Analyses over 10% discordant are referred to as strongly discordant.  

1. Magmatic stage 3 

1.1 Sample 17TKN154: metamonzogranite, west of W Well (abd), western Narryer Terrane 

17TKN154 is a sheared, alkali feldspar-porphyritic, biotite–hornblende monzogranite. About 

200 zircons were separated. The crystals are pale brown, translucent, anhedral to euhedral, 

and 150–400 µm long. In CL images, they exhibit mainly concentric oscillatory zoning. 

Eighteen analyses of 18 zircons were conducted during a single analytical session. The 

analyses indicate low to moderate U contents of 52–244 ppm, with a median of 89 ppm, and 

Th from 35 to 275 ppm; Th/U ratios are 0.65 – 1.35. Common Pb is low, with f204 ≤0.4%. The 

analyses are concordant to slightly discordant, and their distribution indicates minor ancient 

Pb loss. All 18 analyses yield a weighted mean 207Pb/206Pb date of 2619 ± 5 Ma (MSWD = 0.74), 

interpreted as the igneous crystallisation age of the monzogranite. 
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Figure 1.1.1. Concordia diagram for sample 17TKN154. Red ellipses represent analyses of interpreted primary 

magmatic zircons included in the weighted mean 207Pb/206Pb date. 
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Figure 1.1.2. CL image of zircons from sample 17TKN154. 
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1.2 Sample 18MRN28: monzogranitic gneiss, west of W Well (abd), western Narryer Terrane 

18MRN28 is an enclave of biotite–amphibole monzogranitic gneiss within metamonzogranite 

17TKN154. About 200 zircons were separated. The crystals are pale pink, translucent, 

subhedral to euhedral, and 100–250 µm long. In CL images, they exhibit concentric oscillatory 

zoning. Some zircons contain apatite inclusions. Seventeen analyses of 17 zircons were 

conducted during a single analytical session. The analyses indicate moderate U contents of 

169–301 ppm, with a median of 254 ppm, and Th from 135 to 279 ppm; Th/U ratios are 0.61 

– 1.17. Common Pb is low, with f204 ≤0.1%. The analyses are concordant to slightly discordant, 

and their distribution indicates minor recent Pb loss. All 17 analyses yield a weighted mean 

207Pb/206Pb date of 2621 ± 4 Ma (MSWD = 0.9), interpreted as the igneous crystallisation age 

of the granitic protolith. 

 

Figure 1.2.1. Concordia diagram for sample 18MRN28. Red ellipses represent analyses of interpreted primary 

magmatic zircons. 
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Figure 1.2.2. CL image of zircons from sample 18MRN28. 
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1.3 Sample 17TKN151: metagabbronorite, west of Churla Well (abd), western Narryer Terrane 

17TKN151 is a metagabbronorite from which about 150 zircons were separated. The crystals 

are pale pink and brown, translucent, anhedral to euhedral, and 50–200 µm long. In CL 

images, they exhibit distinctive concentric oscillatory zoning. Sixteen analyses of 16 zircons 

were conducted during a single analytical session. The analyses indicate moderate to high U 

contents of 123–1790 ppm, with a median of 401 ppm, and Th from 37 to 786 ppm; Th/U 

ratios are 0.27 – 0.89. Common Pb is very low, with f204 <0.1%. The analyses are concordant 

to strongly discordant, and their distribution indicates recent and ancient Pb loss.  

Analyses 6.1 and 2.1 have high U concentrations, are moderately to strongly discordant, and 

yield young 207Pb/206Pb dates of 1662 and 2532 Ma, respectively, interpreted to reflect Pb 

loss. Analysis 14.1 yields a 207Pb/206Pb date of 2597 ± 9 Ma (1), suggestive of Pb loss. The 

remaining 13 analyses yield a weighted mean 207Pb/206Pb date of 2623 ± 4 Ma (MSWD = 0.88), 

interpreted as the igneous crystallisation age of the gabbronorite. 

 

Figure 1.3.1. Concordia diagram for sample 17TKN151 (all data). Red ellipses represent analyses of interpreted 

primary magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 207Pb/206Pb date. 
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Figure 1.3.2. Concordia diagram for sample 17TKN151 (data subset). Red ellipses represent analyses of 

interpreted primary magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 

207Pb/206Pb date. 
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Figure 1.3.3. CL image of zircons from sample 17TKN151. 
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1.4 Sample 17TKN152: metapyroxenite, west of Churla Well (abd), western Narryer Terrane 

17TKN152 is a metamorphosed pyroxenite. About 200 zircons were separated. The crystals 

are pale brown to colourless, translucent, anhedral to euhedral, and 50–300 µm long. In CL 

images, they exhibit distinctive concentric oscillatory zoning. Twenty-seven analyses of 26 

zircons were conducted during a single analytical session. The analyses indicate variable and 

high U contents of 33–657 ppm, with a median of 200 ppm, and Th from 70 to 1224 ppm; 

Th/U ratios are also mainly high and variable between 0.17 – 7.68. Common Pb is low, with 

f204 ≤0.3%. The analyses are concordant to slightly discordant, and their distribution indicates 

minor recent and ancient Pb loss. Four analyses (17.1, 20.1, 18.1, and 1.1) yield 207Pb/206Pb 

dates of 3092, 3083, 3036, and 2685 Ma, respectively, interpreted as the ages of xenocrystic 

cores. of the remaining 23 analyses yield a weighted mean 207Pb/206Pb date of 2625 ± 3 Ma 

(MSWD = 0.91), interpreted as the igneous crystallisation age of the pyroxenite. 

 

Figure 1.4.1. Concordia diagram for sample 17TKN152 (all data). Red ellipses represent analyses of interpreted 

primary magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 207Pb/206Pb date. 
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Figure 1.4.2. Concordia diagram for sample 17TKN152 (data subset). Red ellipses represent analyses of 

interpreted primary magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 

207Pb/206Pb date. 
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Figure 1.4.3. CL image of zircons from sample 17TKN152. 
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Figure 1.5.2. CL image of zircons from sample 17TKN131. 
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1.6 Sample 11TKN25: monzogranite, northwest of Elizabeth Springs Well, Narryer Terrane 

Sample 11TKN25 is a biotite monzogranite, from which about 150 zircons were separated. 

The crystals are pale brown, translucent, fractured, anhedral to subhedral, and 30–100 µm 

long. In CL images, they exhibit mainly concentric oscillatory zoning. Many zircons have 

apatite inclusions. Twenty analyses of 20 zircons were conducted over two analytical sessions. 

The analyses indicate moderate U contents of 204–1050 ppm, with a median of 658 ppm, and 

Th from 109 to 1947 ppm. Th/U ratios are between 0.30 – 2.36. Common Pb is low; values for 

f204 are <0.3% for all but one analysis. The analyses are concordant to strongly discordant. 

Eight analyses are strongly discordant and yield 207Pb/206Pb dates ranging between c. 2561 

and 2151 Ma, indicative of radiogenic Pb loss and are discarded. The upper-intercept of a 

discordia regression from these analyses is considered unreliable due to recent and ancient 

Pb loss; consequently, the preferred interpretation below is based on the oldest seven 

analyses, which have lower U concentrations and appear to have undergone mainly recent 

Pb loss. Five analyses are moderately to strongly discordant and yield 207Pb/206Pb dates 

ranging between c. 2612 and 2584 Ma, also suggestive of radiogenic Pb loss. The oldest seven 

analyses form a group yielding a weighted mean 207Pb/206Pb date of 2629 ± 6 Ma (MSWD = 

1.2), interpreted as the igneous crystallisation age of the monzogranite. 
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Figure 1.6.1. Concordia diagram for sample 11TKN25 (all data). Red ellipses represent analyses of interpreted 

primary magmatic zircons; the grey ellipses indicate analyses excluded from the weighted mean. 
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Figure 1.6.2. Concordia diagram for sample 11TKN25 (data subset). Red ellipses represent analyses of 

interpreted primary magmatic zircons; the grey ellipses indicate analyses excluded from the weighted mean. 
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1.7 Sample 17TKN130: metamonzogranite, southeast of Piljong Well, Narryer Terrane 

Sample 17TKN130 is an alkali feldspar-porphyritic, biotite metamonzogranite. About 200 

zircons were separated. The crystals are brown, anhedral to euhedral, 70–200 µm long, 

variably fractured, and contain apatite inclusions. In CL images, most crystals luminesce only 

weakly, although some zircons contain cores that exhibit well-defined concentric zoning. 

Twenty analyses of 17 zircons were conducted during two analytical sessions. The analyses 

indicate U contents of 102–915 ppm, with a median of 464 ppm, and Th from 89 to 879 ppm; 

Th/U ratios are highly variable and range from 0.13 to 2.10. Common Pb is low, with f204 

≤0.3%. The analyses are concordant to slightly discordant and their distribution indicates both 

ancient and recent Pb loss. All 20 analyses yield a weighted mean 207Pb/206Pb date of 2630 ± 

2 Ma (MSWD = 1.2), interpreted as the igneous crystallisation age of the monzogranite. 

 

Figure 1.7.1. Concordia diagram for sample 17TKN130. Red ellipses represent analyses of interpreted primary 

magmatic zircons. 
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Figure 1.7.2. CL image of zircons from sample 17TKN130. 
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1.8 Sample 11TKN32: metamonzogranite, west of Churla Well (abd), western Narryer Terrane 

11TKN32 is a biotite metamonzogranite, from which about 200 zircons were separated. The 

crystals are pale brown, translucent, subhedral to euhedral, and 70–150 µm long. In CL 

images, they exhibit poorly luminescent oscillatory zoning. Twenty analyses of 20 zircons 

were conducted during a single analytical session. The analyses indicate variable U contents 

of 193–2502 ppm, with a median of 544 ppm, and Th from 5 to 1062 ppm; Th/U ratios are 

0.01 – 1.25. Common Pb is moderate, with f204 ≤0.95%. The analyses are concordant to 

strongly discordant, and their distribution indicates recent and ancient Pb loss.  

Analyses 14.1, 10.1, and 3.1 are concordant to slightly discordant and yield 207Pb/206Pb dates 

of 3096, 2892, and 2651 Ma, respectively, interpreted as the ages of xenocrysts and 

xenocrystic cores. Seven moderately to strongly discordant analyses yield 207Pb/206Pb dates 

ranging from 2657 to 1838 Ma, and are discarded. Analyses 13.1 and 4.1 yield 207Pb/206Pb 

dates of 2620 ± 5 and 2616 ± 6 Ma (1, respectively, suggestive of Pb loss. Eight analyses 

yield a weighted mean 207Pb/206Pb date of 2636 ± 5 Ma (MSWD = 1.6), interpreted as the 

igneous crystallisation age of the monzogranite. 
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Figure 1.8.1. Concordia diagram for sample 11TKN32 (all data). Red ellipses represent analyses of interpreted 

primary magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 207Pb/206Pb date. 
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Figure 1.8.2. Concordia diagram for sample 11TKN32 (data subset). Red ellipses represent analyses of 

interpreted primary magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 

207Pb/206Pb date. 
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Figure 1.8.3. CL image of zircons from sample 11TKN32 

 

 

 

 

 

 

 

 

 



 

167 

 

1.9 Sample 18MRN15: leucomonzogranite, northeast of No 27 Bore, eastern Narryer Terrane 

18MRN15 is a leucocratic biotite monzogranite. About 200 zircons were separated. The 

crystals are pale red and brown, translucent, subhedral to euhedral, and 80–250 µm long. In 

CL images, they exhibit mainly concentric oscillatory zoning. Few zircons contain apatite 

inclusions. Seventeen analyses of 17 zircons were conducted during a single analytical session. 

The analyses indicate high U contents of 240–863 ppm, with a median of 493 ppm, and Th 

from 50 to 687 ppm; Th/U ratios are 0.17 – 1.00. Common Pb is low, with f204 <0.1%. The 

analyses are concordant to slightly discordant, and their distribution indicates minor recent 

Pb loss. Three analyses (7.1, 1.1, and 8.1) yield 207Pb/206Pb dates of c. 3596, 3585, and 3320 

Ma, respectively, interpreted as the ages of xenocrysts and xenocrystic cores. The remaining 

14 analyses yield a weighted mean 207Pb/206Pb date of 2642 ± 2 Ma (MSWD = 1.0), interpreted 

as the igneous crystallisation age of the leucomonzogranite. 

 

Figure 1.9.1. Concordia diagram for sample 18MRN15 (all data). Red ellipses represent analyses of interpreted 

primary magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 207Pb/206Pb date. 
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Figure 1.9.2. Concordia diagram for sample 18MRN15 (data subset). Red ellipses represent analyses of 

interpreted primary magmatic zircons. 
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Figure 1.9.3. CL image of zircons from sample 18MRN15. 

 

 

 

 

 

 

 

 



 

170 

 

1.10 Sample 18MRN16: metamonzogranite, east of No 27 Bore, Murchison Domain 

18MRN16 is a sheared, alkali feldspar-porphyritic, biotite monzogranite. About 200 zircons 

were separated. The crystals are pale brown, translucent, subhedral to euhedral, and 50–250 

µm long. In CL images, they exhibit mainly concentric oscillatory zoning. Few zircons contain 

apatite inclusions. Sixteen analyses of 16 zircons were conducted during a single analytical 

session. The analyses indicate moderate U contents of 111–729 ppm, with a median of 355 

ppm, and Th from 46 to 732 ppm; Th/U ratios are 0.15 – 1.49. Common Pb is low, with f204 

≤0.3%. The analyses are concordant to slightly discordant and their distribution indicates 

recent and ancient Pb loss. Two analyses (1.1 and 14.1) yield 207Pb/206Pb dates of c. 3324 and 

2693 Ma, interpreted as the ages of a xenocryst and a xenocrystic core, respectively. Fourteen 

remaining analyses yield a weighted mean 207Pb/206Pb date of 2643 ± 2 Ma (MSWD = 0.57), 

interpreted as the igneous crystallisation age of the monzogranite. 

 

Figure 1.10.1. Concordia diagram for sample 18MRN16 (all data). Red ellipses represent analyses of interpreted 

magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 207Pb/206Pb date. 
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Figure 1.10.2. Concordia diagram for sample 18MRN16 (data subset). Red ellipses represent analyses of 

interpreted magmatic zircons. 
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Figure 1.10.3. CL image of zircons from sample 18MRN16. 
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1.11 Sample 11TKN28: metagranodiorite, northwest of Elizabeth Springs Well, Narryer Terrane 

Sample 11TKN28, a biotite metagranodiorite, yielded about 200 zircons. The crystals are pale 

brown, translucent, fractured, subhedral to euhedral, and 40–300 µm long. In CL images, they 

exhibit mainly concentric oscillatory zoning, and some contain apatite inclusions. Few zircons 

exhibit distinctive subhedral cores in transmitted light. Nineteen analyses of 16 zircons were 

conducted during a single analytical session. The analyses indicate mainly moderate U 

contents of 393–1102 ppm, with a median of 556 ppm, and relatively low Th, from 36 to 314 

ppm; Th/U ratios are 0.04 – 0.56. Common Pb is low, all analyses indicate f204 ≤0.7%. The 

analyses are concordant to moderately discordant, and do not form a single group, based on 

their 207Pb/206Pb dates. Visually, the analyses appear to form two groups, with the distribution 

of analyses in each group in a concordia diagram suggestive of mainly recent Pb loss. Mixture-

modelling of 207Pb/206Pb dates also suggests two components: one at c. 2675 Ma, based on 

about seven analyses, and a younger one at c. 2643 Ma, based on about 12 analyses.  

It is possible that the older group represents inherited zircons, and the younger one reflects 

igneous crystallization of the granodiorite. Alternatively, the granodiorite could have 

crystallized at c. 2675 Ma, and the younger analyses reflect a combination of ancient and 

recent Pb loss. If the first possibility is preferred, 11 analyses yield a weighted mean 

207Pb/206Pb date of 2645 ± 5 (MSWD = 1.4), which can be interpreted as the igneous 

crystallisation age of the granodiorite. The oldest seven analyses yield a weighted mean 

207Pb/206Pb date of 2675 ± 5.0 (MSWD = 1.0), which can be interpreted as the age of a 

xenocrystic component. The single remaining analysis (10.1) indicates a significantly younger 

207Pb/206Pb date of 2621 ± 6 Ma (1σ), interpreted to reflect loss of radiogenic Pb. 
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Figure 1.11. Concordia diagram for metagranodiorite sample 11TKN28. Red ellipses represent analyses of 

interpreted primary magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 

207Pb/206Pb date. 
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2. Magmatic stage 2 

2.1 Sample 18MRN13: monzogranite, north-east of Eulogy Well, Narryer Terrane 

18MRN13 is a biotite monzogranite, from which about 200 zircons were separated. The 

crystals are brown to pale brown, translucent, subhedral to euhedral, and 50–200 µm long. 

In CL images they mainly exhibit oscillatory zoning, and some zircons contain apatite 

inclusions. Eighteen analyses of 18 zircons were conducted over two analytical sessions. The 

analyses indicate moderate U contents of 68–539 ppm, with a median of 247 ppm, and Th 

from 26 to 419 ppm; Th/U ratios are 0.12 – 1.63. Common Pb is low, with f204 ≤0.2%. The 

analyses are concordant to slightly discordant and their distribution indicates minor ancient 

and recent Pb loss. Four analyses (2.1, 7.1, 16.1, and 14.1) yield 207Pb/206Pb dates of c. 3624, 

3470, 3318, and 3167 Ma, respectively, and are interpreted as analyses of xenocrysts and 

xenocrystic cores. Thirteen analyses yield a weighted mean 207Pb/206Pb date of 2674 ± 5 Ma 

(MSWD = 1.7), interpreted as the igneous crystallisation age of the monzogranite. A single 

analysis, 3.1, yields a younger 207Pb/206Pb date of c. 2656 Ma, attributed to radiogenic Pb loss.  

 

Figure 2.1.1. Concordia diagram for sample 18MRN13 (all data). Red ellipses represent analyses of interpreted 

magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 207Pb/206Pb date. 
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Figure 2.1.2. Concordia diagram for sample 18MRN13 (data subset). Red ellipses represent analyses of 

interpreted magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 207Pb/206Pb date. 
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Figure 2.1.3. CL image of zircons from sample 18MRN13. 
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2.2 Sample 12TKN73: metagabbronorite, north of Mount Dugel Well, Narryer Terrane 

12TKN73 is a metamorphosed gabbronorite, from which only six zircons were separated. The 

crystals are pale brown, translucent, anhedral to subhedral, and 50–200 µm long. In CL 

images, they exhibit both irregular and oscillatory zoning. Eleven analyses of three zircons 

were conducted during a single analytical session. The analyses indicate high U contents of 

327–1849 ppm, with a median of 766 ppm, and Th from 173 to 622 ppm; Th/U ratios are 0.10 

– 0.90. Common Pb is low, with f204 <0.2%. The analyses are concordant to strongly 

discordant, and their distribution indicates both ancient and minor recent Pb loss. 

Analysis 3.1 yields a moderately discordant 207Pb/206Pb date of c. 3401 Ma, and is interpreted 

to represent a xenocrystic zircon. Two high U analyses (1.3 and 2.2) are strongly discordant, 

and yield 207Pb/206Pb dates of c. 2598 and 2242, respectively, interpreted to reflect 

radiogenic-Pb loss. Five analyses yield a weighted mean 207Pb/206Pb date of 2674 ± 5 Ma 

(MSWD = 0.30), interpreted as the igneous crystallisation age of the gabbro (see Results 

section 4.2.3 for discussion). Three analyses yield younger 207Pb/206Pb dates of 2656–2646 

Ma, interpreted to reflect Pb loss.  
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Figure 2.2.1. Concordia diagram for sample 12TKN73 (all data). Red ellipses represent analyses of interpreted 

primary magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 207Pb/206Pb date. 
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Figure 2.2.2. Concordia diagram for sample 12TKN73 (data subset). Red ellipses represent analyses of 

interpreted primary magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 

207Pb/206Pb date. 
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2.3 Sample 17TKN135: granodioritic gneiss, east of Currie Currie Bore, Narryer Terrane 

About 200 zircons were separated from 17TKN135, a granodioritic gneiss. The crystals are 

pale brown, translucent, subhedral to euhedral, and 100–250 µm long. In CL images, they 

exhibit mainly poorly luminescent irregular oscillatory zoning. Some zircons contain apatite 

inclusions. Fourteen analyses of 14 zircons were conducted during a single analytical session. 

The analyses indicate mainly high U contents of 242–976 ppm, with a median of 793 ppm, 

and Th from 8 to 307 ppm. Th/U ratios range from 0.01 to 0.60. Common Pb is low, with f204 

<0.1%. The analyses are concordant to slightly discordant, and their distribution indicates 

minor recent and ancient Pb loss. Two analyses, 4.1 and 8.1, yield 207Pb/206Pb dates (1) of 

2646 ± 9 and 2646 ± 14 Ma, respectively, suggestive of Pb loss. The remaining 12 analyses 

yield a weighted mean 207Pb/206Pb date of 2674 ± 4 Ma (MSWD = 1.7), interpreted as the 

igneous crystallisation age of the granodiorite protolith. 

 

 

Figure 2.3.1. Concordia diagram for sample 17TKN135. Red ellipses represent analyses of interpreted primary 

magmatic zircons; the grey ellipses indicate analyses excluded from the weighted mean 207Pb/206Pb date. 
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Figure 2.3.2. CL image of zircons from sample 17TKN135. 
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2.4 Sample 18MRN18: monzogranitic migmatite, west of No 2 Bore, Murchison Domain 

18MRN18 is a monzogranitic migmatite, from which about 200 zircons were separated. The 

crystals are pale brown, translucent, subhedral to euhedral, and 50–220 µm long. In CL 

images, they exhibit mainly concentric oscillatory zoning. Many zircons contain apatite 

inclusions. Twenty analyses of 20 zircons were conducted over two analytical sessions. The 

analyses indicate moderate U contents of 52–568 ppm, with a median of 138 ppm, and Th 

from 44 to 503 ppm; Th/U ratios are 0.25 – 2.69. Common Pb is mainly low, with f204 <0.40, 

except for one discordant analysis with f204 of 1.44%. The analyses are concordant to strongly 

discordant and their distribution indicates mainly recent Pb loss. 

Seven analyses yield 207Pb/206Pb dates of 3352–2707 Ma, interpreted as analyses of 

xenocrysts and xenocrystic cores. Three analyses yield 207Pb/206Pb dates of 2652–2654 Ma, 

and one analysis indicates high common Pb and is 14% discordant; these four analyses are 

interpreted to reflect loss of radiogenic Pb. The remaining nine analyses yield a weighted 

mean 207Pb/206Pb date of 2676 ± 5 Ma (MSWD = 1.2), interpreted as the igneous crystallisation 

age of the monzogranitic protolith. 
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Figure 2.4.1. Concordia diagram for sample 18MRN18 (all data). Red ellipses represent analyses of interpreted 

magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 207Pb/206Pb date. 
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Figure 2.4.2. Concordia diagram for sample 18MRN18 (data subset). Red ellipses represent analyses of 

interpreted magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 207Pb/206Pb date. 
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Figure 2.4.3. CL image of zircons from sample 18MRN18. 
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2.5 Sample 17TKN146: metamonzogranite, south-west of Duffy Well, Narryer Terrane 

17TKN146 is a sheared, alkali feldspar-porphyritic, biotite monzogranite, from which about 

200 zircons were separated. The crystals are pale brown, translucent, subhedral to euhedral, 

and 70–250 µm long. In CL images, they exhibit mainly concentric oscillatory zoning. Some 

zircons contain apatite inclusions. Eighteen analyses of 18 zircons were conducted during a 

single analytical session. The analyses indicate mainly moderate U contents of 27–1307 ppm, 

with a median of 256 ppm, and Th from 37 to 628 ppm; Th/U ratios are 0.04 – 1.70. Common 

Pb is low, with f204 ≤0.3%. The analyses are concordant to slightly discordant and their 

distribution indicates minor ancient and recent Pb loss. Three analyses (7.1, 15.1, and 1.1) 

yield 207Pb/206Pb dates of 3455, 3284, and 3235 Ma, respectively, interpreted as the ages of 

inherited cores. Fifteen analyses yield a weighted mean 207Pb/206Pb date of 2678 ± 4 Ma 

(MSWD = 1.4), interpreted as the igneous crystallisation age of the monzogranite. 

 

Figure 2.5.1. Concordia diagram for sample 17TKN146 (all data). Red ellipses represent analyses of interpreted 

primary magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 207Pb/206Pb date. 
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Figure 2.5.2. Concordia diagram for sample 17TKN146 (data subset). Red ellipses represent analyses of 

interpreted primary magmatic zircons. 
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Figure 2.5.3. CL image of zircons from sample 17TKN146. 
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2.6 Sample 11TKN10: granodiorite, southwest of 7 Mile Well, northeastern Narryer Terrane 

About 200 zircons were separated from biotite granodiorite sample 11TKN10. The crystals 

are pale brown, variably fractured, translucent, subhedral to euhedral, and 40–200 µm long. 

In CL images, they exhibit mainly concentric oscillatory zoning. Some zircons contain apatite 

inclusions. Seventeen analyses of 17 zircons were conducted during a single analytical session. 

The analyses indicate moderate U contents of 202–957 ppm, with a median of 290 ppm, and 

Th from 68 to 1176 ppm; Th/U ratios are 0.19 – 1.96. Common Pb is low, f204 for all analyses 

is ≤0.8%. Sixteen analyses are concordant to slightly discordant and yield a weighted mean 

207Pb/206Pb date of 2679 ± 4 Ma (MSWD = 0.42), interpreted as the igneous crystallisation age 

of the granodiorite. The single excluded analysis (3.1) is >9% discordant and interpreted to 

reflect loss of radiogenic Pb. 

 

Figure 2.6. Concordia diagram for sample 11TKN10. Red ellipses represent analyses of interpreted primary 

magmatic zircons; the grey ellipse indicates a discordant analysis excluded from the weighted mean 207Pb/206Pb 

date. 

 



 

191 

 

2.7 Sample 17TKNDW: monzogranite, west of Deep Well, Narryer Terrane 

17TKNDW is an alkali feldspar-porphyritic, biotite monzogranite and about 200 zircons were 

separated. The crystals are pale brown, translucent, subhedral to euhedral, and 100–400 µm 

long. In CL images, they exhibit mainly concentric oscillatory zoning. Many zircons contain 

apatite inclusions. Fourteen analyses of 14 zircons were conducted during a single analytical 

session. The analyses indicate moderate U contents of 141–728 ppm, with a median of 261 

ppm, and Th from 12 to 463 ppm; Th/U ratios are 0.02 – 1.72. Common Pb is low, with f204 

≤0.2%. The analyses are concordant to slightly discordant, and their distribution indicates 

minor recent and ancient Pb loss. Two analyses, 2.1 and 14.1, yield 207Pb/206Pb dates of 3489 

and 2702 Ma, respectively, and are interpreted to represent xenocrystic cores. Analysis 14.1 

is only slightly older but indicate a very low Th/U ratio, and is different to the other analyses. 

The remaining 12 analyses yield a weighted mean 207Pb/206Pb date of 2680 ± 5 Ma (MSWD = 

1.1), interpreted as the igneous crystallisation age of the monzogranite. 

 

Figure 2.7.1. Concordia diagram for sample 17TKNDW (all data). Red ellipses represent analyses of interpreted 

primary magmatic zircons; grey ellipses represent analyses excluded from the weighted mean 207Pb/206Pb date.  



 

192 

 

 

Figure 2.7.2. Concordia diagram for sample 17TKNDW (data subset). Red ellipses represent analyses of 

interpreted primary magmatic zircons; the grey ellipse represents one of the two analyses excluded from the 

weighted mean 207Pb/206Pb date.  
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Figure 2.7.3. CL image of zircons from sample 17TKNDW. 
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2.8 Sample 17TKN127: monzogranite, west of Deep Well, Narryer Terrane 

17TKN127 is an alkali feldspar-porphyritic, biotite monzogranite, from which about 200 

zircons were separated. The crystals are pale brown, translucent, subhedral to euhedral, and 

70–300 µm long. In CL images, they exhibit mainly concentric oscillatory zoning. Some zircons 

contain apatite inclusions. Twelve analyses of 12 zircons were conducted during a single 

analytical session. The analyses indicate moderate to high U contents of 93–1631 ppm, with 

a median of 208 ppm, and Th from 38 to 465 ppm; Th/U ratios are 0.11 – 1.51. Common Pb 

is low, with f204 ≤0.18%. The analyses are concordant to slightly discordant, and their 

distribution indicates minor recent Pb loss. Analysis 7.1 yields a 207Pb/206Pb date of c. 3154 

Ma, interpreted as the age of a xenocryst. Eleven analyses yield a weighted mean 207Pb/206Pb 

date of 2682 ± 5 Ma (MSWD = 2.2), interpreted as the igneous crystallisation age of the 

monzogranite. 

 

Figure 2.8.1. Concordia diagram for sample 17TKN127 (all data). Red ellipses represent analyses of interpreted 

primary magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 207Pb/206Pb date. 
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Figure 2.8.2. Concordia diagram for sample 17TKN127 (data subset). Red ellipses represent analyses of 

interpreted primary magmatic zircons. 
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Figure 2.8.3. CL image of zircons from sample 17TKN127. 
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2.9 Sample 15TKN47: granodiorite, south of Spargo Well, northwestern Murchison Domain 

About 150 zircons were separated from sample 15TKN47, a biotite–hornblende granodiorite. 

The crystals are pale brown, translucent, anhedral to euhedral, and 50–150 µm long. In CL 

images, they luminesce poorly and exhibit irregular concentric oscillatory zoning. Many 

zircons contain apatite inclusions.  

Eighteen analyses of 18 zircons were conducted during a single analytical session. The 

analyses indicate moderate to high U contents of 212–1149 ppm, with a median of 312 ppm. 

Th concentrations range from 59 to 995 ppm, and Th/U ratios are 0.05 – 1.94. Common Pb is 

low, with values for f204 ≤0.28%. The analyses are concordant to moderately discordant, and 

their distribution suggests minor recent Pb loss. Two analyses moderately discordant (7% and 

12%) are excluded from the weighted mean date. A single analysis yields a significantly 

younger date of 2672 ± 6 Ma (1), suggestive of Pb loss. The remaining 15 analyses yield a 

weighted mean 207Pb/206Pb date of 2691 ± 4 Ma (MSWD = 1.1), interpreted as the igneous 

crystallisation age of the granodiorite.  
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Figure 2.9.1. Concordia diagram for sample 15TKN47. Red ellipses represent analyses of interpreted primary 

magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 207Pb/206Pb date. 
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Figure 2.9.2. CL image of zircons from sample 15TKN47. 
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2.10 Sample 18MRN22: metagranodiorite, north of No 24 Bore, Murchison Domain 

18MRN22 is an enclave of biotite metagranodiorite within a monzogranite. About 200 zircons 

were separated. The crystals are pale brown, translucent, subhedral to euhedral, and 90–300 

µm long. In CL images, they exhibit irregular and concentric oscillatory zoning. Some zircons 

contain apatite inclusions. Twenty-one analyses of 21 zircons were conducted over two 

analytical sessions. The analyses indicate moderate to high U contents of 132–1120 ppm, with 

a median of 439 ppm, and Th from 38 to 1223 ppm; Th/U ratios are between 0.05 – 1.56. 

Common Pb is low, with f204 ≤0.2%. The analyses are concordant to slightly discordant, and 

their distribution indicates minor recent and ancient Pb loss. Sixteen analyses yield a weighted 

mean 207Pb/206Pb date of 2684 ± 4 Ma (MSWD = 2.1), interpreted as the igneous crystallisation 

age of the granodiorite. Five analyses yield younger 207Pb/206Pb dates of 2667–2668 Ma, 

interpreted to reflect radiogenic-Pb loss.  

 

Figure 2.10.1. Concordia diagram for sample 18MRN22 (all data). Red ellipses represent analyses of interpreted 

primary magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 207Pb/206Pb date. 
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Figure 2.10.2. CL image of zircons from sample 18MRN22. 
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2.11 Sample 18MRN21: metamonzogranite, west of No 29 Bore, Narryer Terrane 

18MRN21 is a metamorphosed biotite monzogranite, from which about 200 zircons were 

separated. The crystals are pale brown, translucent, anhedral to subhedral, and 80–300 µm 

long. In CL images, they exhibit both irregular and oscillatory zoning, but many zircons 

luminesce poorly. Few contain apatite inclusions. Twenty-one analyses of 21 zircons were 

conducted over two analytical sessions. The analyses indicate high U contents of 299–3788 

ppm, with a median of 1247 ppm, and Th from 39 to 904 ppm; Th/U ratios are between 0.02 

– 1.33. Common Pb is low, with f204 ≤0.2%. The analyses are concordant to strongly 

discordant, and their distribution indicates both recent and ancient Pb loss.  

 

Two analyses (18.1 and 9.1) yield 207Pb/206Pb dates of c. 2976 and 2736 Ma, respectively 

interpreted as the ages of a xenocryst and xenocrystic core. Eleven mainly high U, moderately 

to strongly discordant analyses yield 207Pb/206Pb dates of 2665–2339 Ma, interpreted to 

reflect radiogenic Pb loss. Seven analyses yield a weighted mean 207Pb/206Pb date of 2688 ± 3 

Ma (MSWD = 0.94), interpreted as the igneous crystallisation age of the monzogranite. One 

very high-U analysis, 7.1, is reversely discordant, presumably due to matrix effects, and yields 

a slightly but significantly younger 207Pb/206Pb date of 2678 ± 2 Ma, ascribed to Pb loss.  
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Figure 2.11.1. Concordia diagram for sample 18MRN21 (all data). Red ellipses represent analyses of interpreted 

primary magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 207Pb/206Pb date. 
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Figure 2.11.2. Concordia diagram for sample 18MRN21 (data subset). Red ellipses represent analyses of 

interpreted primary magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 

207Pb/206Pb date. 
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Figure 2.11.3. CL image of zircons from sample 18MRN21. 
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2.12 Sample 18MRN19: monzogranite, west of No 2 Bore, Murchison Domain 

18MRN19 is an amphibole–biotite monzogranite. The 200 zircons separated are pale brown, 

translucent to opaque, anhedral to euhedral, and 40–300 µm long. In CL images, some exhibit 

concentric oscillatory zoning, many luminesce poorly, and most are overgrown by thin rims. 

Few zircons contain apatite inclusions.  

Seventeen analyses of 17 zircons were conducted over two analytical sessions. The analyses 

indicate moderate to high U contents of 71–1318 ppm, with a median of 295 ppm, and Th 

from 25 to 451 ppm; Th/U ratios are 0.02 – 0.96. Common Pb is mainly low, with all f204 

≤0.95%. The analyses are concordant to strongly discordant and their distribution indicates 

recent and ancient Pb loss. The youngest group of five concordant to near-concordant 

analyses yields a weighted mean 207Pb/206Pb date of 2692 ± 7 Ma (MSWD = 1.6), interpreted 

as the igneous crystallisation age of the monzogranite. Eleven concordant to moderately 

discordant analyses of discrete zircons and zircon cores yield older 207Pb/206Pb dates of 3049–

2721 Ma, interpreted as the ages of xenocrystic zircons. A single high U, strongly discordant 

analysis (6.1) yields a 207Pb/206Pb date of c. 2441 Ma, interpreted to reflect Pb loss.  
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Figure 2.12.1. Concordia diagram for sample 18MRN19 (all data). Red ellipses represent analyses of interpreted 

magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 207Pb/206Pb date. 
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Figure 2.12.2. Concordia diagram for sample 18MRN19 (data subset). Red ellipses represent analyses of 

interpreted magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 207Pb/206Pb date. 
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Figure 2.12.3. CL image of zircons from sample 18MRN19. 
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2.13 Sample 18MRN23: monzogranite, east of Piabubba Well, Murchison Domain 

18MRN23 is a biotite monzogranite, from which about 200 zircons were separated. The 

crystals are pale brown, translucent, subhedral to subhedral, and 50–250 µm long. In CL 

images, they exhibit oscillatory zoning and many zircons contain apatite inclusions. Sixteen 

analyses of 16 zircons were conducted during a single analytical session. The analyses indicate 

mainly moderate U contents of 66–1302 ppm, with a median of 288 ppm, and Th from 73 to 

1042 ppm; Th/U ratios are 0.29 – 1.10. Common Pb is low, with f204 ≤0.2%. The analyses are 

concordant to slightly discordant, and their distribution indicates minor recent Pb loss. One 

analysis (1.1) yields a 207Pb/206Pb date of c. 3226 Ma, interpreted as the age of a xenocryst. 

Fifteen analyses yield a weighted mean 207Pb/206Pb date of 2698 ± 3 Ma (MSWD = 0.64), 

interpreted as the igneous crystallisation age of the monzogranite. 

 

Figure 2.13.1 Concordia diagram for sample 18MRN23 (all data). Red ellipses represent analyses of interpreted 

primary magmatic zircons; the grey ellipse indicates an analysis excluded from the weighted mean 207Pb/206Pb 

date. 
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Figure 2.13.2. Concordia diagram for sample 18MRN23 (data subset). Red ellipses represent analyses of 

interpreted primary magmatic zircons. 
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Figure 2.13.3. CL image of zircons from sample 18MRN23. 
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3. Magmatic stage 1 

3.1 Sample 18MRN01: metamonzogranite, east of Thoolmugga Well (abd), Narryer Terrane 

18MRN01 is a sheared, alkali feldspar-porphyritic, biotite monzogranite. About 200 zircons 

were separated. The crystals are brown to pale brown, translucent, subhedral to euhedral, 

and 80–300 µm long. In CL images, they exhibit mainly oscillatory zoning, but luminesce 

poorly. Many zircons contain apatite inclusions. Twenty analyses of 20 zircons were 

conducted during a single analytical session. The analyses indicate high U contents of 503–

1486 ppm, with a median of 931 ppm, and Th from 31 to 536 ppm; Th/U ratios are 0.03 – 

0.53. Common Pb is low, with f204 ≤0.2%. The analyses are concordant to strongly discordant, 

and their distribution indicates recent and ancient Pb loss. 

A group of seven analyses with low to moderate Th/U yield 207Pb/206Pb dates ranging between 

c. 2785 and 2740 Ma. In CL images, the zircons luminesce poorly. In transmitted light images, 

some zircons exhibit brown cores encapsulated by a pale brown exterior domain, and are 

interpreted as xenocrystic cores that have variably lost Pb. Three analyses (4.1, 17.1, and 16.1) 

are moderately to strongly discordant and have been discarded due to Pb loss. Another group 

of six analyses yield 207Pb/206Pb dates ranging between c. 2710 and 2654 Ma, interpreted as 

resulting from radiogenic Pb loss. A group comprising four low Th/U analyses (20.1, 6.1, 11.1, 

and 9.1) yield a weighted mean 207Pb/206Pb date of 2725 ± 4 Ma (MSWD = 1.01), interpreted 

as the igneous crystallisation age of the monzogranite. This interpretation is preferred on the 

basis on the following: occurrence of 18MRN01 intruding and mingling with older 

quartzofeldspathic gneisses, potentially the source of the interpreted xenocrystic cores; 

derivation of age from concordant and the least discordant analyses with similar Th/U ratios 

that form a coherent group with a MSWD closest to 1.0. 
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Figure 3.1.1. Concordia diagram for sample 18MRN01 (all data). Red ellipses represent analyses of interpreted 

primary magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 207Pb/206Pb date. 
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Figure 3.1.2. Concordia diagram for sample 18MRN01 (data subset). Red ellipses represent analyses of 

interpreted primary magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 

207Pb/206Pb date. 
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Figure 3.1.3. CL image of zircons from sample 18MRN01. 
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3.2 Sample 15TKN34: tonalitic gneiss, southwest of Dickens Bore, northwestern Murchison 

Domain 

15TKN34 is a tonalitic gneiss, from which about 200 zircons were separated. The crystals are 

pale brown, translucent, subhedral to euhedral, and 100–350 µm long. In CL images, they 

exhibit distinctive concentric oscillatory zoning and few zircons contain apatite inclusions. 

Twenty-two analyses of 22 zircons were conducted over two analytical sessions. The analyses 

indicate moderate U contents of 61–810 ppm, with a median of 272 ppm, and Th from 27 to 

737 ppm; Th/U ratios are 0.15 – 0.91. Common Pb is low, with values for f204 below ≤0.34%. 

The analyses are concordant to slightly discordant, and their distribution indicates minor 

recent and ancient Pb loss.  

Analyses 11.1 and 4.1 yield 207Pb/206Pb dates of c. 3253 and 3298 Ma respectively; in CL 

images, analysis spots are located within zircon cores that variably exhibit irregular 

luminescent rims encapsulated by heterogenous luminescent and non-luminescent domains. 

These are interpreted as analysis of xenocrysts and xenocrystic cores. Thirteen analyses yield 

a weighted mean 207Pb/206Pb date of 2734 ± 5 Ma (MSWD = 1.7), interpreted as the igneous 

crystallisation age of the tonalite protolith. Seven analyses yield younger 207Pb/206Pb dates of 

2718–2674 Ma, interpreted to reflect Pb loss. 
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Figure 3.2.1. Concordia diagram for tonalitic gneiss sample 15TKN34 (all data). Red ellipses represent analyses 

of interpreted primary magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 

207Pb/206Pb date. 
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Figure 3.2.2. Concordia diagram for tonalitic gneiss sample 15TKN34 (subset of data). Red ellipses represent 

analyses of interpreted primary magmatic zircons; grey ellipses indicate analyses excluded from the weighted 

mean 207Pb/206Pb date. 
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Figure 3.2.3. CL image of zircons from sample 15TKN34. 
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3.3 Sample 14TKN35: granodioritic gneiss, west of Dickens Bore, northwestern Murchison 

Domain 

14TKN35 is a granodioritic gneiss. About 200 zircons were separated. The crystals are pale 

brown, translucent, subhedral to euhedral, and 80–300 µm long. In CL images, they exhibit 

mainly concentric oscillatory zoning, and some zircons contain apatite inclusions. Seventeen 

analyses of 12 zircons were conducted during a single analytical session. The analyses indicate 

low U contents of 97–318 ppm, with a median of 152 ppm, and Th from 96 to 400 ppm. Th/U 

ratios are 0.39 – 1.55. Common Pb is low, with values for f204 ≤0.17%. The analyses are slightly 

discordant, and their distribution indicates minor recent Pb loss. All 17 analyses yield a 

weighted mean 207Pb/206Pb date of 2739 ± 3 Ma (MSWD = 0.72), interpreted as the igneous 

crystallisation age of the granodioritic protolith. 

 

 

Figure 3.3.1. Concordia diagram for sample 14TKN35. Red ellipses represent analyses of interpreted primary 

magmatic zircons.  
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Figure 3.3.2. CL image of zircons from sample 14TKN35. 
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3.4 Sample 17TKN80: tonalitic gneiss, east of Turner Well, southeastern Narryer Terrane 

17TKN80 is a tonalitic gneiss, from which about 200 zircons were separated. The crystals are 

pale brown, translucent, anhedral to subhedral, and 70–200 µm long. In CL images, they 

exhibit oscillatory zoning. Sixteen analyses of 15 zircons were conducted during a single 

analytical session. The analyses indicate moderate U contents of 88–824 ppm, with a median 

of 487 ppm, and Th from 33 to 418 ppm; Th/U ratios are 0.11 – 0.80. Common Pb is generally 

low, with f206 for most analyses ≤0.2%, and two analyses with f204 of 1.6 and 0.5%. The analyses 

are concordant to strongly discordant, and their distribution indicates both recent and 

ancient Pb loss. Two analyses 4.0 and 15.0 are moderately discordant and yield 207Pb/206Pb 

dates of 2750 and 2763 Ma, respectively, interpreted as analysis of xenocrystic cores. 

Analyses 1.0 and 2.0 yield 207Pb/206Pb dates of 2694 and 2717 Ma, interpreted as reflecting 

radiogenic Pb loss. Twelve analyses yield a weighted mean 207Pb/206Pb date of 2739 ± 4 Ma 

(MSWD = 2.0), interpreted as the igneous crystallisation age of the tonalitic protolith. 
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Figure 3.4. Concordia diagram for sample 17TKN80. Ellipses represent analyses of interpreted primary magmatic 

zircons. 
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3.5 Sample 18MRN10: granodioritic gneiss, southwest of Deep Well, Narryer Terrane 

18MRN10 is a granodioritic gneiss, from which about 200 zircons were separated. The crystals 

are pale brown, translucent, subhedral to euhedral, and 70–250 µm long. In CL images, they 

luminesce poorly. Twenty-one analyses of 21 zircons were conducted during a single 

analytical session. The analyses indicate high U contents of 581–3728 ppm, with a median of 

1158 ppm, and Th from 20 to 655 ppm; Th/U ratios are 0.01 – 0.28. Common Pb is low, with 

f204 ≤0.4%. The analyses are concordant to strongly discordant and their distribution indicates 

ancient and recent Pb loss.  

A group comprising nine analyses are moderately to strongly discordant, yield 207Pb/206Pb 

dates of 2654–2307 Ma, and are interpreted to reflect radiogenic Pb loss. A second group of 

seven analyses are concordant to slightly discordant, yield 207Pb/206Pb dates ranging between 

ca. 2725 and 2333 Ma, and are interpreted to reflect Pb loss. A group comprising five analyses 

(21.1, 6.1, 14.1, 7.1, and 16.1) yield a weighted mean 207Pb/206Pb date of 2739 ± 8 Ma (MSWD 

= 2.2), interpreted as the igneous crystallisation age of the granodiorite protolith. This 

interpretation is preferred on the basis of this age group being comprised of the oldest and 

most concordant analyses with a MSWD closest to 1.0. Including younger analyses results in 

increased age error and MSWD, indicating the possible inclusion of analyses that have lost 

radiogenic Pb.  
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Figure 3.5.1. Concordia diagram for sample 18MRN10 (all data). Red ellipses represent analyses of interpreted 

primary magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 207Pb/206Pb date. 
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Figure 3.5.2. Concordia diagram for sample 18MRN10 (data subset). Red ellipses represent analyses of 

interpreted primary magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 

207Pb/206Pb date. 
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Figure 3.5.3. CL image of zircons from sample 18MRN10. 
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3.6 Sample 14TKN36: tonalitic gneiss, east of Turner Well, eastern Narryer Terrane 

14TKN36 is a tonalitic gneiss, from which about 200 zircons were separated. The crystals are 

pale brown, translucent, subhedral to euhedral, and 100–300 µm long. In CL images, they 

exhibit mainly concentric oscillatory zoning. Some zircons contain apatite inclusions. 

Seventeen analyses of 14 zircons were conducted during a single analytical session. The 

analyses indicate mostly moderate U contents of 132–698 ppm, with a median of 357 ppm 

(including one analysis (12.1) with 698 ppm). Th concentration ranges from 66 to 642 ppm, 

and Th/U ratios are 0.12 – 1.02. Common Pb is low, with all values for f204 ≤0.17%. The 

analyses are concordant to slightly discordant, and their distribution indicates minor recent 

Pb loss. All 17 analyses yield a weighted mean 207Pb/206Pb date of 2740 ± 2 Ma (MSWD = 0.67), 

interpreted as the igneous crystallisation age of the tonalitic protolith. 

 

 

Figure 3.6.1. Concordia diagram for sample 14TKN36. Red ellipses represent analyses of interpreted primary 

magmatic zircons.  
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Figure 3.6.2. CL image of zircons from sample 14TKN36. 
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3.7 Sample 12TKN27: monzogranitic gneiss, southwest of Gum Tree Well, Narryer Terrane 

12TKN27 is a monzogranitic gneiss, from which about 100 zircons were separated. The 

crystals are pale brown, translucent, anhedral to subhedral, and 70–200 µm long. In CL 

images, they exhibit oscillatory zoning. Few contain apatite inclusions. Thirteen analyses of 

13 zircons were conducted during a single analytical session. The analyses indicate moderate 

U contents of 318–857 ppm, with a median of 578 ppm, and Th from 202 to 510 ppm; Th/U 

ratios are 0.35 – 0.91. Common Pb is low, with f204 ≤0.1%. The analyses are concordant to 

slightly discordant, and their distribution indicates minor recent Pb loss. All 13 analyses yield 

a weighted mean 207Pb/206Pb date of 2741 ± 2 Ma (MSWD = 0.8), interpreted as the igneous 

crystallisation age of the monzogranitic protolith. 

 

Figure 3.7. Concordia diagram for sample 12TKN27. Red ellipses represent analyses of interpreted primary 

magmatic zircons. 
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3.8 Sample 15TKN17: monzogranite, east of No. 1 Bore (abd), northwestern Murchison Domain 

15TKN17 is an alkali feldspar-porphyritic, biotite–hornblende monzogranite. About 200 

zircons were separated. The crystals are pale brown, translucent, subhedral to euhedral, and 

100–250 µm long. In CL images, they exhibit concentric oscillatory zoning and some zircons 

contain apatite inclusions. Twenty-two analyses of 22 zircons were conducted over two 

analytical sessions. The analyses indicate variable U contents of 136–2847 ppm, with a 

median of 588 ppm, and Th from 48 to 1476 ppm; Th/U ratios are 0.12 – 1.09. Common Pb is 

low, with values for f204 ≤0.18%. The analyses are concordant to moderately discordant, and 

their distribution indicates minor recent and ancient Pb loss.  

Analysis 14.1 indicates high uranium and is reversely discordant (-13.2%). Its 207Pb/206Pb date 

of c. 2799 Ma identifies this zircon as a xenocryst. Two analyses, 10.1 and 15.1, yield young 

207Pb/206Pb dates of c. 2728 and 2714 Ma respectively, interpreted to reflect Pb loss. Nineteen 

analyses are <2.5σi from the weighted mean (including 20.1, which has very high uranium and 

also is -11.4% reversely discordant owing to matrix effects). These yield a weighted mean 

207Pb/206Pb date of 2745 ± 4 Ma (MSWD = 1.9), interpreted as the igneous crystallisation age 

of the monzogranite. 
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Figure 3.8.1. Concordia diagram for monzogranite sample 15TKN17. Red ellipses represent analyses of 

interpreted primary magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 

207Pb/206Pb date. 
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Figure 3.8.2. CL image of zircons from sample 15TKN17. 
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4. Paleoarchaean samples 

4.1 Sample 12TKN02: granodioritic gneiss, northwest of Mindel Well, Narryer Terrane 

Sample 12TKN02 is a alkali feldspar-porphyritic, biotite granodiorite gneiss, from which about 

150 zircons were separated. The crystals are pale brown, translucent, subhedral to euhedral, 

and 30–120 µm long. In CL images, they exhibit mainly concentric oscillatory zoning. Thirteen 

analyses of 13 zircons were conducted during a single analytical session. For most analyses, 

U and Th contents are mainly moderate (217–905 ppm and 48–857 ppm, respectively), 

although one analysis (13.1) indicates U of 2266 and Th of 2223 ppm. Th/U ratios are 0.06 – 

1.87. Common Pb is low, with all values for f204 <0.25%. The analyses are concordant to 

moderately discordant. With one exception (4.1, which is concordant and significantly 

younger), 12 analyses are well-correlated but moderately dispersed about a discordia (MSWD 

= 3.5), yielding an upper intercept of 3320 ± 23 Ma and an imprecise lower intercept of c. 

1400 Ma. The distribution of analyses suggests mainly ancient Pb loss at c. 1400 Ma, but with 

additional dispersion that may reflect superimposed ‘geologically recent’ Pb loss. The 

discordia regression cannot be improved without excluding analyses in a highly subjective 

manner. However, the two oldest analyses are concordant to slightly discordant and indicate 

the lowest uranium concentrations, and hence would appear to have lost the least amount 

of radiogenic Pb. On that basis, their weighted mean 207Pb/206Pb date of 3308 ± 6 Ma (MSWD 

= 0.05) can be interpreted as the igneous crystallization age of the granodiorite protolith.  
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Figure 4.1. Concordia diagram for granodioritic gneiss sample 12TKN02. Red ellipses represent analyses of 

interpreted primary magmatic zircons included in the weighted mean 207Pb/206Pb date. 
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4.2 Sample 15TKN41: tonalitic gneiss, west of Dickens Bore, northwestern Murchison Domain 

15TKN41 is a tonalitic gneiss enclave within granodiorite (sample 15N47). About 200 zircons 

were separated. The crystals are pale brown, translucent, subhedral to euhedral, and 60–220 

µm long. In CL images, they exhibit distinctive concentric oscillatory zoning, and some appear 

to contain older cores. Twenty analyses of 20 zircons were conducted over two analytical 

sessions. The analyses indicate low to moderate U contents of 76–599 ppm, with a median of 

259 ppm, and Th from 49 to 559 ppm. The Th/U ratios are 0.12 – 1.21. Common Pb is low, 

with all values for f204 ≤0.21%. The analyses are concordant to moderately discordant. 

Two analyses of zircon cores yield concordant to slightly discordant dates of c. 3619 and 3489 

Ma. In CL images, crystal 6.1 exhibits distinctive igneous zoning within a domain that has 

irregular luminescent margins. This component itself is encapsulated by a non-luminescent 

rim. Crystal 7.1 has two outer domains encapsulating the core that both exhibit irregular 

luminescent margins. These analyses are interpreted as inherited xenocrystic cores. Two 

analyses of zircon rims (10.1 and 18.1) yield concordant dates of c. 2757 and 2723 Ma. In CL 

images, both crystals have been analysed on non-luminescent crystal domains surrounding 

an irregular luminescent zircon core. The Th/U ratios of these analyses are 0.12 (10.1) and 

0.31 (18.1), and are significantly to slightly lower than the Th/U ratios of zircons that are not 

interpreted as older xenocrysts (Th/U ratios 1.21 – 0.42, with a median of 0.88). It is possible 

metamorphism has affected some zircon rims within the granodioritic gneiss enclave, 

lowering their Th/U ratios and crystallising younger rims (e.g., Kinny and Nutman, 1996). 

Alternatively, the gneiss enclave may be late Archaean, and contain a high number of early 

Archaean xenocrysts. Eight analyses yield a cluster of ages between c. 3415 and 3361 Ma, and 

their distribution is suggestive of ancient and recent Pb loss. The preferred interpretation is 

derived from a group comprising eight analyses <2σi from the weighted mean. These yield a 

weighted mean 207Pb/206Pb date of 3447 ± 4 Ma (MSWD = 0.92), interpreted as the igneous 

crystallisation age of the tonalitic protolith. 
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Figure 4.2.1. Concordia diagram for sample 15TKN41. Red ellipses represent analyses of interpreted primary 

magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 207Pb/206Pb date. 
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Figure 4.2.2. Concordia diagram inset for sample 15TKN41. Red ellipses represent analyses of interpreted 

primary magmatic zircons; grey ellipses indicate analyses excluded from the weighted mean 207Pb/206Pb date. 
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Figure 4.2.3. CL image of zircons from sample 15TKN41. 
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Supplementary material 2: data tables 

Please see related electronic file Supplementary_Material_2_data tables.xls 

 

These include:  

 

Supplementary Table 2a: U-Pb zircon analytical data 

 

Supplementary Table 2b: OGC U-Pb zircon analytical data 

 

Supplementary Table 2c: Whole-rock geochemistry of igneous rocks of the Narryer and 

northwestern Youanmi Terranes 
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Supplementary material 3: additional information 

Supplementary material 3a. Photomicrographs of granitic rocks. (a) metatonalite (15TKN34) in cross-polarised 

light (XP); (b) sheared amphibole–biotite monzogranite (17TKN154) in plane-polarised light (PPL); (c) biotite 

monzogranite (17TKN131) (XP); (d) hornblende–biotite monzogranite (17TKN154) with oxidised magnetite with 

titanite overgrowths (PPL); (e) metagabbronorite enclave (17TKN140) (XP); (f) pyroxenite cumulate (17TKN152) 

(XP). Opx: orthopyroxene; Cpx: clinopyroxene; Hbl; hornblende; Mag: magnetite; Qz: quartz; Pl: plagioclase; Ap: 

apatite; Bt: biotite; Afs: alkali feldspar; Ttn: titanite; Aln: allanite; Grt: garnet; Zrn: zircon; Crd: cordierite; Phl: 

phlogopite. 
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Supplementary material 3b. Field photographs of granitic rocks from the Narryer Terrane and northwestern 

Murchison Domain of the Yilgarn Craton; (a) Large plutonic intrusion of monzogranite 18MRN21 (c. 2688 Ma) 

from the north-eastern Narryer Terrane; (b) monzogranite 18MRN18 (c. 2678 Ma) and granitic migmatite 

intruding quartzofeldspathic gneisses that contain enclaves of metasedimentary rock; (c) Neoarchaean 

monzogranitic intrusion south of the Jack Hills supracrustal belt; (d) granodioritic enclave 18MRN22 (c. 2683 Ma) 

within large monzogranitic intrusion in the eastern Narryer Terrane; here, microcline phenocrysts nucleated on 

the margin of the granodioritic enclaves as they were disaggregated and partially assimilated. 
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Chapter 3 

Data Repository Items 
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Data Repository Items 

DR Methods 

1.1 Sampling and petrography 

Diatexite samples were obtained through detailed fieldwork in the northern Narryer Terrane. 

All petrography was performed by standard thin-section optical microscopy at the University 

of Western Australia (UWA). 

1.2 Whole-rock geochemistry 

Samples were processed at UWA with a tungsten-carbide (WC) jaw-crusher to remove 

weathered surfaces and alteration, then broken into small fragments for inspection. From 

these, the least altered were selected for whole-rock geochemical analysis and pulverised 

with a WC plate crusher. Rock chips were processed into fine powder with a WC ring-mill. 

Whole-rock geochemical analyses were undertaken by Bureau Veritas. Major elements were 

analysed by x-ray fluorescence spectrometry (XRF). Fused discs were prepared by fusing a 

1:10 sample:flux mix (LiBO2, LiB4O7 and LiNO3 flux) at c. 1025˚C. Loss on ignition (LOI) was 

determined by thermogravimetric analysis. Trace element concentrations were conducted by 

laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS), with detection 

limits between 0.01 and 5 ppm for trace elements. Rock standards analysed with the samples 

included GRD-1, OREAS 24b, NCSDC86308, NCSDC14004a, OREAS 120, JSS 831-1, BB1, 

SARM4, and GIOP-114. There is generally good agreement between measured versus 

expected values for reference materials and between duplicate sample pairs and original 

versus repeat analyses (Table DR5).   

1.3 Zircon U/Pb-O-Hf isotopic analysis 

Following whole-rock geochemistry preparation, the least altered remaining rock fragments 

were processed for zircon separation at the UWA and GSWA laboratories. Sample fragments 

were crushed by a WC plate crusher then milled and sieved to 500 µm. Resulting materials 

were washed and decanted to remove fine particles, then panned in deionised water to heavy 

mineral fractions. Each sample batch was then mixed with lithium heteropolytungstate (LST) 

heavy liquids (c. 2.9 g/cm3 at 20˚C) in glass separating funnels and left to differentiate into 

heavy and light mineral separates. The heavy mineral concentrate was then drained through 
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filter paper, washed in deionised water, and dried under heat lamps. The remaining heavy 

mineral separates had highly magnetic minerals removed by hand magnet, followed with 

processing by a Frantz isodynamic magnetic separator with a longitudinal tilt of 20˚, 

transverse tilt of 10˚, and magnetic current varying between 0.2 and 0.8 A. Zircons were hand-

picked from the resulting heavy mineral separate via optical microscopy. 150–200 

representative crystals were selected from all samples when possible. Zircon mounts were 

prepared with zircons placed in parallel rows away from the mount margins either side of a 

central row of zircon standards. Crystals were mounted in 25 mm diameter epoxy disks and 

mount surfaces polished to expose zircon interiors. The mounted zircons were photographed 

in transmitted light (TL), reflected light (RL), and imaged by cathodoluminescence (CL). CL 

imaging of internal zircon structures was conducted at Curtin University (CU) with a Tescan 

Mira scanning electron microscope. Prior to U-Pb analytical sessions, each zircon mount was 

ultrasonically cleaned in petroleum spirit, ethanol, and detergent solution, then rinsed in 

deionised water and dried in an oven at 60˚C for 24-hours. The polished surface of each 

mount was then evaporatively coated with 40 nm of gold to achieve conductivity. 

1.4 SHRIMP zircon U-Pb methods 

Zircons from two diatexite samples were dated by sensitive high-resolution ion microprobe 

(SHRIMP II) in the John de Laeter Centre at Curtin University, Western Australia. Procedures 

for U–Th–Pb analysis of zircon were based on those described by Wingate and Lu (2018), 

Claoué-Long et al. (1995), and Compston et al. (1984). The primary O2- ion beam had a net 

current between 1.5 and 3.0 nA. Prior to each analysis, the surface was cleaned by rastering 

the primary beam over the analysis area (40 x 40 m) for 2–3 minutes. Mass resolution was 

>5,000 to resolve Pb isotopes from ion interferences. Data were collected in sets of six scans 

through nine mass stations (species and count times in brackets): 196 ([90Zr2
16O]+, 2 s); 204 

(204Pb+,10 s); 204.1 (background, 10 s); 206 (206Pb+, 10 s), 207 (207Pb+, 30 s); 208 (208Pb+, 10 s); 

238 (238U+, 5 s); 248 ([232Th16O]+, 5 s); and 254 ([238U16O]+, 2 s). Data were reduced using the 

SQUID 2.5 and Isoplot 3.7 add-ins for Microsoft Excel (Ludwig, 2009; Ludwig, 2012), using 

decay constants recommended by Jaffey et al. (1971) and compiled by Steiger and Jager 

(1977). U/Pb were calibrated to the M257 zircon standard (238U/206Pb = 10.992 (561.3 Ma), 

840 ppm 238U; Nasdala et al., 2008) using a power law relationship between 206Pb+/238U+ and 

UO+/U+ and a calibration exponent of 2.0 (Claoué-Long et al., 1995). Concurrent analysis of 
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zircons from the 3465.4 Ma Owens Gully Diorite (Curtin University sample OGC1; Stern et al., 

2009) was used to monitor the accuracy of 207Pb/206Pb ratios. Common lead corrections were 

not made due to inaccurate monitoring of background count rates during the analytical 

session, leading to negative 204 counts. Details of data reduction and interpretation for each 

sample are presented below, and analytical data are presented in Table DR2. Interpreted 

crystallisation ages for all samples are based on 207Pb/206Pb and are summarised in Fig. 3. 

Weighted mean ages are reported with 95% confidence intervals, calculated as tσ√MSWD, 

where MSWD is >1, and by 1.96σ where MSWD is <1. Individual dates falling more than 2.5σi 

from the weighted mean value are considered candidates for rejection from the age 

calculation, based ideally on evidence for geological heterogeneity, such incorporation of 

inherited zircon material or crystal domains that have lost radiogenic Pb. Uncertainties of 

238U/206Pb* and dates also include reproducibility (external, minimum 0.50%) and calibration 

(internal) uncertainties. 

1.5 SIMS zircon O-isotope analysis 

In-situ oxygen isotope compositions (18O/16O) were measured using a SIMS (Cameca IMS-

1280) at the Centre for Microscopy, Characterisation and Analysis (CMCA), University of 

Western Australia (UWA). Resin mounts were carefully cleaned with detergent, ethanol and 

distilled water and then coated with 20nm-thick Au. A ~ 2.5 nA focused Cs+ primary beam was 

operated at 10 kV and the secondary ion beam was extracted at -10 kV. The analysis area was 

pre-sputtered using a 15 × 15 μm raster for 40 seconds, followed by automated secondary 

centering in the field aperture (FA; 3000 μm) and entrance slit (ES; 150 μm). The analysis used 

a 10 × 10 μm raster employing dynamic transfer at a 100 × field magnification for 12 × 4 

second integrations. Two oxygen isotopes were measured simultaneously using 

multicollection Faraday Cup (FC) detectors with amplifiers of 1010 Ω resistor for 16O and 1011 

Ω for 18O. An exit slit of 500 μm was used on each of the multicollector detectors, providing a 

nominal mass resolving power (MRP) of c. 2500. The magnetic field was regulated using 

nuclear magnetic resonance (NMR). A normal incidence electron gun was used for charge 

compensation for all analyses. Typical 16O and 18O count rates were 1.8 × 109 and 3.5 × 106 

cps, respectively. Instrument stability was monitored by analysing the zircon reference 

material 91500, which was analysed twice every five unknowns. External precision as 

measured on zircon 91500 is 0.3‰ (2SD). Instrumental mass fractionation was corrected 
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using zircon 91500 (9.94 0.1 ‰, Wiedenbeck et al., 2004). Accuracy of the results was 

monitored using OGC, which returned 18O = 5.82  0.32 ‰ (2SD, n=7, published value 5.88 

 0.06 ‰, Petersson et al., 2019). Data processing follows procedure described by Kita et al. 

(2009). Precision on single spot analyses is the sum in quadrature of the internal error and 

external precision as measured on zircon 91500. 

1.6 LA-ICP-MS zircon Hf-isotope analysis 

Zircon Lu-Hf analyses were undertaken at The University of Western Australia during a single 

analytical session using a 193 nm Cetac Analyte G2 excimer laser installed with a two-volume 

HelEx2 sample cell, and a Thermo-Scientific Neptune Plus Multicollector ICP-MS. The Lu-Hf 

spots ranged in size from 20 μm on thin zircon rims to 50 μm on cores. These overlapped pits 

from previous U-Pb isotope analyses. Each analysis was initiated by a 30 s electronic on-peak 

baseline followed by an ablation period of 60 s involving 60 integration cycles of one second 

each. A laser pulse repetition rate of 4 Hz was used and the laser energy was held at ~5 J/cm2, 

which equates to an ablation rate of ~0.05 μm per pulse for zircon. Helium carrier gas (1.0 

l/min) was used to transport the ablated particles from the sample chamber. This was 

combined with argon gas (flow rate c. 0.6 l/min) and nitrogen (~0.012 l/min) further 

downstream before entering the argon plasma torch. Masses 171Yb, 173Yb, 175Lu, 176(Hf + Lu + Yb), 

177Hf, 178Hf, 179Hf and 180(Hf + W + Ta) were measured simultaneously by Faraday detectors. 

Isobaric interference of 176Yb and 176Lu on 176Hf was calculated using the measured intensities 

of 171Yb and 175Lu along with known isotopic ratios of 176Yb/171Yb = 0.897145 (Segal et al., 2003) 

and 176Lu/175Lu = 0.02655 (Vervoort et al., 2004). Mass bias corrections were calculated using 

the exponential law. For calculations of βHf, measured intensities of 179Hf and 177Hf and a 

canonical 179Hf/177Hf ratio of 0.7325 were used (Patchett and Tatsumoto, 1980). βYb was 

calculated using the measured intensities of 173Yb and 171Yb and a 173Yb/171Yb ratio of 1.130172 

(Segal et al., 2003). Mass bias behaviour of Lu was assumed to be identical to Yb. Mud Tank 

and OGC zircon references were used for quality control. Analysed 176Hf/177Hf ratios of the 

sample zircon were normalised based on a comparison between the average of analysed 

176Hf/177Hf of Mud Tank zircon measured during the analytical session (0.282492 ± 0.000004; 

2SD) and its reported 176Hf/177Hf of 0.282507 ± 0.000006 determined by solution analysis 

(Woodhead and Hergt, 2005). OGC zircon standard yielded a mean 176Hf/177Hft of 0.280565 ± 

0.000017 (2SD) (176Hf/177Hft solution analysis value 0.280554 ± 0.000007 [2SD]; Kemp et al., 
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2017). FC1 zircon standard yielded a mean 176Hf/177Hf of 0.282183 ± 0.000031 (2SD) (176Hf/177Hf 

solution analysis value 0.282184 ± 0.000016 [2SD]; Woodhead and Hergt, 2005). Finally, 

91500 zircon standard yielded a mean 176Hf/177Hf of 0.282315 ± 0.000012 (2SD) (176Hf/177Hf 

solution analysis value 0.282313 ± 0.000008 [2SD]; Blichert-Toft (2008). All analyses were 

screened for within run variability to decipher any heterogeneities within the analysed zircon 

grains. Calculations of εHf were done using the SHRIMP determined weighted mean 207Pb/206Pb 

zircon age of the sample, λ176Lu = 1.867 × 10−11 a−1 (Scherer et al., 2001; Söderlund et al., 2004), 

(176Lu/177Hf)CHUR = 0.0336 and (176Hf/177Hf)CHUR = 0.282785 ± 11 (Bouvier et al., 2008). 

DR SHRIMP Data Interpretation. 18MRN11 and 18MRN12 

Results 

U–Pb zircon geochronology 

Zircons from two samples were dated during a single analytical session. Eleven analyses of 

the M256 zircon standard obtained during the session indicated an external spot-to-spot 

(reproducibility) uncertainty of 0.64% (1σ) and a 238U/206Pb* calibration uncertainty of 0.24% 

(1σ), both of which are included in the uncertainties of 238U/206Pb* ratios and dates in Table 

DR2. Five of six analyses of OGC zircon yielded a weighted mean 207Pb/206Pb date of 3459.5 ± 

2.5 Ma (1σ, MSWD = 0.79); a mass fractionation correction was therefore applied to increase 

207Pb/206Pb ratios measured in the two samples by 0.61%.  

Sample 18MRN11: diatexite migmatite, south-west of 6 Mile Well, Narryer Terrane 

Zircons from sample 18MRN11 are brown to pale brown, subhedral to euhedral, and 70–300 

µm long. In transmitted light, the crystals exhibit cores and rims, both of which show 

concentric zoning (Fig. DR6a). In Cl images, the cores are variably rounded, and some are 

irregular and exhibit embayed surfaces. In some cores, the distinct concentric zoning is 

truncated at core boundaries (Fig. DR6b). The rims are dark In Cl images, locally up to 40 µm 

wide, and are internally featureless or show indistinct zoning. Twenty-four analyses were 

conducted of 12 zircons, mostly analysing both core and corresponding rim in each crystal. 

Twelve analyses of 11 zircon cores indicate moderate U contents of 98–540 ppm, with a 

median of 208 ppm. Thorium content is 51 to 446 ppm, and Th/U ratios are 0.43 – 0.88. In 

contrast, 12 analyses of 11 zircon rims indicate mainly very high U contents of 640–2539 ppm, 
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with a median of 1369 ppm, whereas Th content is low, 19 to 91 ppm, and Th/U ratios are 

0.014 – 0.102. Twelve analyses of zircon cores yield a range of 207Pb/206Pb dates between 

2767 and 2732 Ma, and 11 of 12 analyses of zircon rims yield a weighted mean 207Pb/206Pb 

date of 2644 ± 2 Ma (MSWD = 1.1). The single excluded rim analysis yields a date of 2623 ± 2 

Ma (1σ), consistent with minor loss of radiogenic Pb from the analysed site. 

 

Figure DR1. Concordia diagram for sample 18MRN11. Blue ellipses are ‘rim’ and green-yellow-red are ‘core’ 

analyses 

Sample 18MRN12: Granitic diatexite, south-west of 6 Mile Well, Narryer Terrane 

Zircons from sample 18MRN12 are very similar to those in sample 18MRN11. They are brown 

to pale brown, subhedral to euhedral, slightly rounded, and 60–250 µm long. Concentrically 

zoned cores and rims are observed in both transmitted light and CL images (Fig. DR6c,d). In 

Cl images, the cores are mainly irregular in outline, some are broken, some are embayed and 

may be partially resorbed, and some exhibit concentric zoning truncated at core boundaries 

(Fig. DR6d). The rims are locally up to 30 µm wide, dark In CL images, and show indistinct 

zoning. Eleven analyses were conducted of six zircons, mostly analysing both core and rim in 

each crystal. Five analyses of five zircon cores indicate moderate U contents of 182–752 ppm, 

with a median of 203 ppm. Thorium content is 115 to 567 ppm, and Th/U ratios are 0.52 – 

18MRN11
diatexite

2644 ± 2 Ma 
n = 11, MSWD = 1.14
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0.75. Six analyses of five zircon rims indicate mainly high U contents of 899–1666 ppm, with 

a median of 1419 ppm. Th content is low, 17 to 113 ppm, and Th/U ratios are 0.012 – 0.081. 

Five analyses of zircon cores yield a range of 207Pb/206Pb dates between 2759 and 2736 Ma. 

Six analyses of zircon rims yield 207Pb/206Pb dates of 2665–2609 Ma, are variably discordant, 

and are dispersed beyond analytical precision. A weighted mean of two analyses yields an age 

of 2651 ± 33 Ma (MSWD = 1.7). Two concordant analyses yield a concordia age (Ludwig, 1998) 

of 2650 ± 9 Ma (MSWD = 2.0), whereas the younger dates indicated by the remaining four 

discordant analyses may reflect loss of radiogenic Pb.   

 

Figure DR2. Concordia diagram for sample 18MRN12. Blue ellipses are ‘rim’ and green-yellow-red are ‘core’ 

analyses 

 

Interpretation 

U–Pb zircon geochronology 

The two dated samples were collected approximately 50 m apart. Zircons in the two dated 

samples are essentially identical in both transmitted-light and CL images (Fig. DR6) and 

produced very similar U–Pb results (Fig. 3). Although the rounding and truncation of 

18MRN12
diatexite

2651 ± 33 Ma 
n = 2, MSWD = 1.7
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concentric zoning in some zircon cores are features consistent with abrasion during 

sedimentary transport, they could also signify magmatic dissolution, which is suggested also 

by the irregular outlines and embayments in many cores (Fig DR6b,d). The outer (rim) surfaces 

of zircons are also slightly rounded, particularly in 18MRN12 (Fig. DR6c,d), and this occurred 

during or after rim growth, and was not related to older sedimentary processes. 

The U and Th contents and Th/U ratios of the cores are moderate, very similar in the two 

samples, and typical of zircons crystallised from a felsic (i.e. granitic) magma. Similar 

appearance, unimodal and identical U-Pb dates, and relative proximity of the two samples, 

indicates that the zircon cores in the two samples were derived from granitic sources of 

similar ages, potentially related to a c. 2740 Ma magmatic event in the Narryer Terrane. The 

rounding and embayment of cores and truncation of zoning prior to or during metamorphism 

could reflect magmatic dissolution.  

Zircon rims yielded similar dates of 2650 ± 9 and 2644 ± 2 Ma, and their very high U and very 

low Th contents are also similar between the two samples. Very low Th/U ratios (median 0.02) 

are typical in some cases of zircons crystallised during high-grade metamorphism. We 

interpret the date of c. 2645 Ma as the age of high-grade metamorphism and migmatization. 

DR Metamorphic Modelling: P-T calculations for sample 18MRN11  

A P-T pseudosection was calculated for diatexite sample 18MRN11 using THERMOCALC v. 

3.40 with the internally consistent thermodynamic dataset ds62 of Holland and Powell (2011). 

Pseudosections were calculated for the geologically realistic system of NCKFMASHTO (Na2O-

CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O-TiO2-Fe2O3) with the activity-composition (a-x) models of 

White et al. (2014).  

Sample 18MRN11 preserves local mineral reaction microstructures that are characterised by 

the partial replacement of cordierite by andalusite. Despite the presence of these 

microstructures, the sample is considered homogeneous at the thin section scale, and thus 

the bulk composition used for modelling was obtained by whole-rock XRF analysis.  

Variations in H2O and Fe2O3 components of the bulk composition are well known to affect the 

stability of mineral phases in P-T space. Accordingly, the Fe2O3 and H2O contents used for the 
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P-T calculations were selected using T-Mo (Mo = Fe2O3/(FeO + Fe2O3)) and T-MH2O diagrams 

(see figures DR7 and DR8). This firstly allows for assessment of the effect of changing the 

Fe2+/Fe3+ ratio on the phase equilibria over the compositional range of Mo = 0 (i.e. all Fe 

existing as FeO; reduced composition) to Mo = 1 (i.e. all Fe as Fe2O3; oxidised). It also allows 

for assessment of the effect of changing the H2O content on the position of the solidus and 

the stability of hydrous phases over a range of MH2O = 0 (H2O content set to 0.01 wt%; very 

anhydrous) to MH2O = 1 (LOI value). The measured LOI from whole-rock XRF analysis is 

considered to provide a maximum value for the amount of H2O present at peak conditions 

due to hydration of the sample during retrogression, as well as the presence of other volatiles 

such as CO2, F and Cl.  

Using the T-MH2O approach, the H2O content was selected so that the peak assemblage was 

bounded to lower temperatures by the solidus, reflecting conditions where the assemblage 

was in equilibrium with melt. The chosen H2O content (MH2O = 0.9; ~90% of the LOI value) is 

consistent with the abundance of H2O-bearing phases comprising the inferred peak 

metamorphic mineral assemblage in this sample (biotite and cordierite), and a conservative 

estimate of the H2O contents of biotite and cordierite in granulites (e.g. Deer et al., 1992).  

The T-Mo diagram reveals that the peak assemblage is stable only at very reduced 

compositions and that the Fe3+ content has a large influence on the stability of magnetite and 

garnet (Figure DR9). The T-Mo approach was supplemented by an estimation of the 

abundance of Fe3+ versus Fe2+ in the rock. This was estimated from the abundance of minerals 

in thin section, and their representative stoichiometrically recast electron microprobe 

compositions. The absence of Fe3+-oxides in this sample, and very low abundance of ilmenite, 

suggests that the Fe2O3 content in 18MRN11 is very low. For the P-T calculations, 

approximately 5% of total iron was assumed to be Fe3+. A small amount of Fe2O3 was 

incorporated in the bulk composition to reflect the likelihood of a small amount of Fe2O3 being 

present in natural rocks, which can modify the stability of silicate minerals such as biotite and 

sillimanite (e.g. White et al., 2002).  

The bulk rock composition(s) used to calculate the P-T pseudosection, T-Mo and T-MH2O 

diagrams is given below in figures DR7 – DR9. The H2O and Fe2O3 contents are indicated by 

bold vertical lines. The solidus is indicated with a dashed line. The stability field of the inferred 
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peak mineral assemblage is outlined in bold yellow (bi-g-cd-ksp-pl-q-liq). The arrow shown on 

the P-T pseudo- section (Figure DR7) is the inferred post-peak P-T path for this sample. The 

replacement of cordierite by andalusite occurs via a series of assemblages that record the 

progressive decrease in the modal proportion of existing minerals (cordierite, garnet, 

ilmenite) and an increase in proportion of new minerals (andalusite, late biotite).  

Field observations of abundant garnet-cordierite bearing leucosomes suggest that this rock 

underwent partial melting, and hence that melt forms part of the peak mineral assemblage. 

18MRN11 is representative of the residual anhydrous bulk composition. The modelled 

residual composition is appropriate to obtain information about the peak and retrograde P-T 

evolution. The P-T model cannot be used to make specific quantitative interpretations about 

the prograde P-T history due to the open-system behaviour of melt loss, meaning that the 

effective (equilibrium) bulk composition evolves as a function of prograde melting and melt 

loss.  
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Figure DR3. Geological map of the northwestern Archaean Yilgarn Craton (Narryer Terrane and Murchison 

Domain) with sample locations from the present study (white circles) and Hammerli et al. (2018) (yellow circles) 

identifying rocks with low 18O zircon values (modified from Myers and Hocking, 1998). 

 

Figure DR4. Photomicrographs: (a) diatexite 18MRN11 with coarse alkali feldspar crystals containing quartz and 

biotite inclusions (plane-polarised light [PPL]); (b) 18MRN11 cross-polarised light (XP); (c) retrograde andalusite 

in diatexite 18MRN11; strongly peraluminous assemblage Bt, Crd, and And reflecting low pressure high 

temperature melting and later retrograde reactions, with formation of fine grained andalusite aggregates 

around cordierite (PPL); (d) granitic diatexite 18MRN12 exhibiting igneous-like texture with Afs, Pl, Qz, and Bt 

(XP). Qz: quartz; Pl: plagioclase; Bt: biotite; Afs: alkali feldspar; Crd: cordierite; And: andalusite. 
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Figure DR5. Whole-rock geochemistry of Narryer Terrane diatexites (18MRN11 and 18MRN12) and 

metasedimentary enclave (18TKN14) compared with Archaean SP3-type and SP4-type granites (Sylvester, 1994) 

and Himalayan leucogranites (Kemp and Hawksworth, 2005). 
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Figure DR6. Photomicrographs and cathodoluminescence images (CL) of zircon grains from 18MRN11 and 

18MRN12: (a) diatexite migmatite (18MRN11) plane-polarised light (PPL); (b) diatexite migmatite (18MRN11) CL 

with SHRIMP U-Pb (pink), SIMS O-isotope (blue), and LA-ICP-MS Hf-isotope spot analyses (green); (c) diatexite 

(18MRN12) (PPL); (d) diatexite (18MRN12) CL. 
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Figure DR10. Field photograph of typical diatexite outcrop (camera lens for scale). Note metasedimentary 

enclave in lower righthand side of image. 
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Data Repository Items: data tables 

 

Please see related electronic files: 

 

Table DR1 whole-rock geochemistry.xls 

 

Table DR2 SHRIMP U-Pb data.xls 

 

Table DR3 zircon O-isotope compositions.xls 

 

Table DR4 zircon Hf isotopes.xlsx 

 

Table DR5 geochem_STs.xlsx 

 

Table DR6 zircon U–Pb, O, and Hf isotopes.xlsx  



 

270 

 

Chapter 4 

Supplementary Materials 

  



 

271 

 

Chapter 4 

Supplementary materials 1: sample descriptions and inferences  

The following sample descriptions of Neoarchaean ultramafic, mafic, and intermediate to 

felsic rocks from the Narryer Terrane of the Yilgarn Craton is provided to infer an appropriate 

parental magma source composition required for meaningful Hf isotope interpretations. 

Here, we interrogate the mineralogy, whole-rock geochemistry, and zircon U–Pb, O, and Hf 

isotopic data to provide evidence for: 1) the magma source composition(s); 2) where 

appropriate, infer an approximate source age (on the basis of zircon Hf isotope data); 3) 

discriminate melt contributions from possible source end-members. Where suitable, we 

combine the analysis of related samples, specifically those of similar age with comparable 

whole-rock geochemistry. In some instances, a source composition and source age (as 

inferred from Hf isotopes) cannot be resolved, and we discuss reasonable alternative source 

rocks. If an appropriate homogenous source composition can be estimated by the foregoing 

evidence, we then infer a tectonic setting related to the generation of the parental magma. 

1.1 Magmatic Stage 1 c. 2740 Ma 

Early monzogranite 15TKN17 (δ18O = 5.4 ‰; εHf(t) = –5.6) formed at c. 2745 Ma. It exhibits a 

hydrous, biotite and hornblende mineral assemblage. It has 72.9 wt. % SiO2, with elevated Cr 

(14 ppm) and Ni (10 ppm). Relative to later monzogranites, it has low Rb/Sr (1.9), LREEs (e.g., 

La [41 ppm]), Nb (6 ppm), Sr (126 ppm), Y (11 ppm), Yb (1 ppm), and Zr (134 ppm). Low 

Ga/Al2O3 ratios and Zr contents place it in the field of nominal ‘I-type’ granites formed in a 

convergent tectonic setting. The foregoing geochemical characteristics are consistent with 

relation to a mafic source. Variable εHf(t) values are also consistent with contribution from 

multiple Hf isotopic sources, possibly involving juvenile and relatively unradiogenic source 

rocks. The weighted mean εHf(t) value sits near the putative evolution line of c. 3.5 Ga mafic 

crust extracted from fertile mantle (Fig. 3b). However, the elevated weighted mean εHf(t) 

MSWD value (4.8) suggests possible contribution from slightly older c. 3.6 Ga mafic crust and 

a more juvenile mafic crustal source. These data support relations to a hydrous hybrid 

parental magma and are reconcilable with a convergent tectonic setting, as suggested from 

the whole-rock Zr contents and Ga/Al2O3 ratio. 
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Monzogranitic gneiss 12TKN27 (δ18O = 4.9 ‰; εHf(t) = –1.3) has high SiO2 (78 wt. %) and HREE 

contents, and low Al2O3 (12.2 wt. %), Rb (54 ppm), Sr (60), V (7 ppm), LREEs (La+Ce+Nd), Rb/Sr 

(0.9), and V+Cr+Ni compared to other granitic rocks in stage 1. It exhibits a conspicuous 

negative Eu anomaly. These whole-rock geochemical characteristics a difficult to reconcile 

with a specific source composition. It is likely high-grade metamorphism has compromised 

the protolith geochemistry. The high SiO2 and negative Eu anomaly are suggestive of relations 

with a compositionally evolved source and/or magmatic differentiation.  There is no evidence 

for covariation in O and Hf isotopes or derivation from multiple sources. The weighted mean 

εHf(t) value does not plot near the crustal evolution lines of Archaean intermediate or mafic 

crust (Fig. 3b). This monzogranitic gneiss may be best interpreted as the product of a well 

isotopically mixed and compositionally evolved magma related to a juvenile melt and early 

Archaean crust. This could result in the relatively radiogenic weighted mean εHf(t) value 

compared to other granitic magmas in magmatic stage 1.  

Tonalitic gneiss 14TKN36 (δ18O = 5.8 ‰; εHf(t) = –4.6) has 64.5 wt. % SiO2, with relatively high 

CaO (4.4 wt. %), MgO (1.9 wt. %), Cr (31 ppm), Ni (20 ppm), Sc (11 ppm), and V (83 ppm), and 

low K2O (2.2 wt. %), Rb (98 ppm), Th (17 ppm), Zr (178 ppm), and LREEs compared to other 

Neoarchaean granitic rocks. There is no covariation in spot O-Hf isotopes, however, there is 

variability in O isotopes that ranges from the upper mantle-infracrustal field into the 

supracrustal field, suggestive of input from multiple sources (Fig. 4a). The weighted mean 

εHf(t) values sits within error of the putative evolution line of c. 3.25 Ga mafic crust extracted 

from a CHUR-mantle reservoir (Fig. 3b). The whole-rock geochemistry of the tonalitic gneiss 

is suggestive of relations with a primitive mafic source end-member, possibly supported by 

the O isotope data varying between the mantle and supracrustal fields. Ultimately, the 

tonalitic protolith may be the result of hydrous melt hybridisation between a primitive 

infracrustal mafic source and a supracrustal mafic to intermediate source. These data, 

combined with the Zr contents and Ga/Al2O3 ratios, support generation in a convergent 

tectonic setting. 

Granodioritic gneiss 18MRN10 (δ18O = 5.6 ‰; εHf(t) = –5.1) has 74.8 wt. % SiO2, with relatively 

low Al2O3 (13.4 wt. %), K2O (2.5 wt. %), LREEs, Lu (0.01 ppm), Sc (2 ppm), Rb (93 ppm), Y (7 

ppm), Yb (0.4 ppm), and Zr (148 ppm) compared to many later Neoarchaean granitic rocks. 



 

273 

 

Notably, it has lower V (9 ppm), Ni (4 ppm), and Cr (9 ppm) relative to other granitic rocks in 

stage 1. It has a strong depletion in HREEs and a weak negative Eu anomaly. It has Zr contents 

and Ga/Al2O3 ratios reflecting relations to ‘I-type’ granites in convergent tectonic settings and 

straddles the trondhjemite-granodiorite field on a CIPW normative plot (see Chapter 2, Figure 

13). There is no evidence for covariation in O-Hf isotopes, and the weighted mean δ18O value 

possibly reflects derivation from an infracrustal source. The weighted mean εHf(t) values sits 

between the putative crustal evolution lines of c. 3.25 and 3.50 Ga mafic crust extracted from 

a chondritic mantle, likely reflecting derivation from Paleoarchaean mafic crust (Fig. 3b). 

These foregoing geochemical traits are consistent with derivation from a high-P garnet 

bearing amphibolitic crustal source in a convergent tectonic setting. 

Granodioritic gneiss 14TKN35 (δ18O = 6.1 ‰; εHf(t) = –5.6) has relatively high CaO (3.4 wt. %), 

FeOt (4.1 wt. %), MgO (1.3 wt. %), Cr (21 ppm), Ni (11 ppm), Sr (195 ppm), and V (60 ppm), 

with generally low SiO2 (68.2 wt. %), Nb (9 ppm), Rb (91 ppm), Th (25 ppm), U (1 ppm), and 

Zr (230 ppm) compared to later granitic rocks. It also has depleted LREE contents and Ga/Al2O3 

ratios consistent with nominal ‘I-type’ granites formed in convergent tectonic settings. The 

foregoing whole-rock geochemical composition is also congruous with derivation from a 

mafic source. There is no evidence for O-Hf isotope covariation, however, δ18O values vary 

between the mantle and supracrustal fields, suggestive of contribution from multiple sources 

(Fig. 4a). The weighted mean εHf(t) value plots within error of the putative evolution line of 

c. 3.50 Ga mafic crust (Fig. 3b). Overall, the geochemical characteristics are congruous with 

melt hybridisation between Paleoarchaean basaltic supracrustal and infracrustal sources, in 

a convergent tectonic setting. 

Tonalitic gneiss 15TKN34 (δ18O = 6.1 ‰; εHf(t) = –5.1) exhibits a hydrous and oxidised mineral 

assemblage consisting of biotite, hornblende, magnetite, and titanite. Relative to other 

Neoarchaean granitic rocks, it generally has high Al2O3 (16.1 wt. %), CaO (4.6 wt. %), Na2O 

(4.6 wt. %), MgO (1.6 wt. %), Sr (318 ppm), V (65 ppm), Cr (13 ppm), Ni (12 ppm), and Sc (10 

ppm), with low SiO2 (65.2 wt. %), K2O (1.4 wt. %), Nb (5 ppm), Ta (0.4 ppm), Rb (64 ppm), Th 

(14 ppm), U (0.4 ppm), Zr (228 ppm) and Ga/Al2O3 ratios. It also has low LREE (La+Ce+Nd) 

contents, exhibiting a smooth REE profile, depletion in HREEs, and no Eu anomaly. There is no 

evidence for covariation in O-Hf isotopes. δ18O values range between the upper mantle and 
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supracrustal fields, suggestive of relations with multiple sources (Fig. 4a). The weighted mean 

εHf(t) sits between the putative evolution lines of c. 3.25 and 3.50 Ga mafic crust extracted 

from CHUR-mantle (Fig. 3b) (MSWD = 1.4; Table 1), suggesting contribution from multiple Hf 

isotopic reservoirs. Ultimately, the foregoing geochemical data is consistent with derivation 

from a basaltic supracrustal source, with a possible contribution from a infracrustal mafic 

melt. These chemical traits are similar to those that occur within a convergent tectonic 

setting. 

Monzogranitic gneiss 18MRN01 (δ18O = 5.0 ‰; εHf(t) = –4.0) is 71.9 wt. % SiO2, with high 

Na2O (4.1 wt. %), Ba (3020 ppm), Co (54 ppm), and Sr (449 ppm), and low FeO (1.2 wt. %), 

MgO (0.3 wt. %), Cr (2 ppm), Lu (0.1 ppm), Nb (4 ppm), Ta (0.4 ppm), Ni (2 ppm), Rb (73 ppm), 

Y (7 ppm), and Yb (0.4 ppm) compared to later granitic rocks. It has low Ga/Al2O3, depleted 

LREEs (La+Ce+Nd), a negative Eu anomaly, and strong depletion in HREEs. These whole-rock 

geochemical characteristics are consistent with derivation from a garnet amphibolitic source. 

There is no covariation in O-Hf isotopes, and the weighted mean δ18O value is infracrustal. 

The weighted mean εHf(t) value sits on the putative evolution line of c. 3.25 Ga mafic crust 

extracted from a CHUR mantle reservoir (Fig. 3b). These geochemical data are suggestive of 

derivation from a high-pressure garnet amphibolitic infracrustal source in a convergent 

tectonic setting.  

1.2 Magmatic Stage 2 c. 2680 Ma 

Granodioritic to monzogranitic intrusions 18MRN23, 18MRN19, 15TKN47, and 18MRN21 

formed between c. 2700 and 2690 Ma (Table 1). Early monzogranites 18MRN23 (δ18O = 5.6 

‰; εHf(t) = –4.4) and 18MRN19 (δ18O = 5.4 ‰; εHf(t) = –2.0) have differentiated whole-rock 

compositions (72.1–73.1 wt. % SiO2), mantle-infracrustal δ18O values, and relatively 

radiogenic Hf compared to later granitic rocks in magmatic stage 2. The weighted mean εHf(t) 

value of 18MRN23 sits on the putative evolution line of c. 3.25 Ga mafic crust extracted from 

a chondritic mantle (Fig. 3b). However, variability in the range of εHf(t) values (Table 1; MSWD 

= 2.2) is consistent with mixing between isotopically different reservoirs, reflecting possible 

hybridisation between older and younger materials. This observed Hf isotopic variability 

requires a more juvenile source component contributing to the parental magma, possibly 

invoking a coeval mantle-source end member. Similarly, c. 2690 Ma monzogranite 18MRN19 
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has a relatively juvenile Hf composition (εHf(t) = –2.0) compared to later granitic rocks and 

doesn’t sit on a crustal evolution line of potential sources constrained by known early 

Archaean magmatic events in the Narryer Terrane (Fig. 3b). The Hf and O isotopic 

compositions of 18MRN19 may reflect formation from an isotopically homogeneous melt, 

conceivably related to hybridisation between an Archaean crustal source and coeval mantle-

derived melt. Notably, coeval c. 2690 Ma granodioritic rock 15TKN47 (δ18O = 6.5 ‰; εHf(t) = 

–11.0) has elevated Ni (60 ppm) and Cr (45 ppm) contents, 65.5 wt. % SiO2, supracrustal δ18O 

values, and unradiogenic Hf. On a εHf(t)-time arrays diagram, it sits within the evolution field 

of Hadean crust extracted from a chondritic mantle (Fig. 3b). It is difficult to reconcile the 

granodiorite’s isotopic homogeneity with derivation from multiple sources. Rather, these 

data are suggestive of derivation from a Hadean basaltic supracrustal source residing in the 

lower crust, the implications of which are discussed below (section 6.1.4). The markedly 

different zircon O and Hf isotopic compositions of coeval granitic samples 18MRN19 and 

15TKN47 is evidence for the anatexis of a heterogeneous lower crust during magmatic stage 

2. Lastly, c. 2690 Ma monzogranite 18MRN21 (δ18O = 5.3 ‰; εHf(t) = –4.9) is 75.6 wt. % SiO2, 

and has the most variable εHf(t) values (MSDW = 6.1), ranging from +0.5 to –8.3. This 

monzogranite exhibits some evidence for covariation between spot δ18O and εHf(t) values, 

with a general trend from relatively radiogenic Hf with mantle-infracrustal δ18O to 

unradiogenic Hf with higher δ18O values extending towards, but not overlapping with, the 

supracrustal field (Fig. 4b). These data are reconcilable with derivation from an early Archaean 

infracrustal source, with crustal anatexis caused by interaction with coeval juvenile melts 

extracted from a CHUR mantle reservoir. This, alongside other early granitic rocks with 

juvenile εHf(t) values, potentially identifies a thermal mechanism driving lower crustal 

anatexis during magmatic stage 2. 

Following this early thermal event, later c. 2685 to 2680 Ma granodioritic to monzogranitic 

rocks 18MRN22 (δ18O = 5.1 ‰; εHf(t) = –7.3), 17TKN127 (δ18O = 5.5 ‰; εHf(t) = –7.3), and 

17TKNDW (δ18O = 5.5 ‰; εHf(t) = –8.5) trend towards slightly less radiogenic weighted mean 

εHf(t) values with infracrustal-mantle δ18O (Table 1). Granodioritic rock 18MRN22 has 67.9 

wt. % SiO2 and a CIPW norm compositional projection bordering the tonalite-trondhjemite-

granodiorite fields on an An-Ab-Or diagram, possibly relating a mafic source (see Chapter 2, 

Figure 13). Monzogranitic sample 17TKN127 has a differentiated whole-rock composition 
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with 72.9 wt. % SiO2 and a Rb/Sr ratio of 1.74, but with elevated Cr (27 ppm) and Ni (12 ppm) 

contents. These granitic rocks sit on the putative crustal evolution lines of Eoarchaean mafic 

crust extracted from a CHUR mantle reservoir (Fig. 3b). This is consistent with derivation from 

mafic crust produced during known thermal events in the Narryer Terrane between c. 3.73 

and 3.60 Ga. 

Granodioritic sample 11TKN10 (δ18O = 6.5 ‰; εHf(t) = –13.0) formed at c. 2680 Ma and does 

not contain any identified zircon inheritance. It has 68.6 wt. % SiO2, elevated Cr (17 ppm) and 

Ni (12 ppm) contents, supracrustal δ18O values, and strongly unradiogenic Hf. On a εHf(t)-

time arrays diagram it plots within the crustal evolution field of Hadean mafic crust extracted 

from a CHUR mantle reservoir (Fig. 3b). Similar to sample 15TKN47, these data are 

reconcilable with derivation from a Hadean supracrustal basaltic source and warrant further 

discussion below (section 6.1.4).  

Conversely, c. 2680 Ma monzogranitic sample 17TKN146 (δ18O = 5.6 ‰; εHf(t) = –10.0) has a 

differentiated composition (73.8 wt. % SiO2; Rb/Sr = 2.3; Ni = 5 ppm; Cr = 4 ppm) and contains 

abundant zircon inheritance, with spot 207Pb/206Pb dates ranging between c. 3455 and 3235 

Ma (Table 1). The weighted mean εHf(t) value plots near the putative crustal evolution line of 

c. 3.5 Ga intermediate crust derived from the partial melting of c. 3.6 Ga mafic crust extracted 

from a CHUR mantle reservoir (Fig. 3b). These data are consistent with derivation from a 

Paleoarchaean intermediate crustal source, similar in age and composition to known tonalitic 

gneisses in the Narryer Terrane (Myers, 1988). 

The final group of granodioritic to monzogranitic rocks in magmatic stage 2 were emplaced c. 

2675 Ma. Monzogranitic sample 18MRN18 (δ18O = 6.1 ‰; εHf(t) = –4.9) has 69.2 wt. % SiO2 

and exhibits a significant spread in εHf(t) values, ranging between –3.5 and –9.7. This 

potentially reflects derivation from isotopically different sources, also possibly invoking a 

CHUR-like mantle melt contribution and hybridisation with evolved supracrustal sources. 

However, this sample has low Cr (4 ppm) and Ni (6 ppm) contents, a Rb/Sr ratio of 0.9, and a 

Dy/Yb ratio above 3.0, suggestive of amphibole fractionation or retension in the source. The 

weighted mean εHf(t) value sits near the putative evolution line of c. 3.25 Ga mafic crust (Fig. 

3b), however, the highly variable εHf(t) values (MSWD = 4.0) suggest contribution from 

radiogenic and unradiogenic isotopic reservoirs. These data may be reconcilable with 
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hybridisation between a mantle-derived melt and supracrustal sources, followed by fractional 

crystallisation of the parental magma. Granodioritic sample 17TKN135 (δ18O = 5.9 ‰; εHf(t) 

= –6.9) has a distinctive geochemistry, with low SiO2 (63.2 wt. %), high FeOt (8.2 wt. %), CaO 

(4.3 wt. %), Sc (26 ppm), and Zr (729 ppm) compared to other granitic rocks. It contains no 

identified zircon inheritance and has mantle-infracrustal δ18O values. The weighted mean 

εHf(t) value sits on the putative evolution line of c. 3.6 Ga mafic crust extracted from a CHUR 

mantle reservoir (Fig. 3b). These data are consistent with derivation from an infracrustal mafic 

source generated during an Eoarchaean thermal event in the Narryer Terrane, coeval with 

protoliths to a component of the Meeberrie gneiss (Myers, 1988). Monzogranitic sample 

18MRN13 (δ18O = 6.3 ‰; εHf(t) = –7.2) has an evolved major element composition with 71.2 

wt. % SiO2 and 4.6 wt. % K2O, but low Rb/Sr (0.8), EuN/Eu*, and markedly low Y (8 ppm). It 

also has strong depletion in HREEs and only a slight negative Eu anomaly, despite an evolved 

major element composition. These chemical traits are consistent with derivation from a 

garnet-bearing amphibolitic source. It has a supracrustal zircon δ18O value, and the weighted 

mean εHf(t) value sits on the putative crustal evolution line of c. 3.6 Ga mafic crust extracted 

from a CHUR mantle reservoir (Fig. 3b). These foregoing data speak to the possibility of 

Eoarchaean basaltic crust being reworked by Neoarchaean magmas generated during stage 

2. 

Lastly, gabbronoritic sample 12TKN73 (δ18O = 5.4 ‰; εHf(t) = –12.0) has infracrustal δ18O 

values coupled with strongly unradiogenic Hf. The weighted mean εHf(t) value sits within the 

crustal evolution field of Hadean mafic crust extracted from a CHUR mantle reservoir (Fig. 

3b). Assuming the analysed zircons are not inherited and magmatic (see discussion in Chapter 

2, section 4.2.3), these unradiogenic Hf data preclude a mantle source end-member for the 

parental magma. Rather, they may reflect derivation from a Hadean mafic infracrustal source 

(Fig. 3b); the implications of this are discussed in detail below (section 6.1.4). Alternatively, 

these zircons may have formed during high-grade metamorphism, consistent with the 

granulitic texture in the gabbronoritic rock. If this is correct, then the Hf isotopic composition 

may have been inherited from an ancient mafic protolith, and the interpreted petrogenesis 

remains ambiguous. 
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1.3 Magmatic Stage 3 c. 2630 Ma 

Early monzogranitic and leucogranitic samples 18MRN15 (εHf(t) = –14.0; δ18O = 6.1 ‰), 

18MRN16 (εHf(t) = –12.0; δ18O = 6.1 ‰), and 11TKN28 (εHf(t) = –8.6; δ18O = 5.0 ‰) formed 

between c. 2645 and 2640 Ma. These have Palaeoarchaean to Neoarchaean zircon 

inheritance (Table 1) and whole-rock geochemical compositions (i.e., high SiO2, K2O, Pb, Th, 

and Rb) consistent with derivation from intermediate to felsic crustal sources (Chapter 2, 

section 5.3.3; Figure 12). Leucogranitic rocks 18MRN15 and 18MRN16 have the most 

unradiogenic Hf of the monzogranites in magmatic stage 3, with weighted mean εHf(t) values 

of –14.0 and –12.0, respectively (Fig. 3b; Table 1). These have highly evolved whole-rock 

compositions (73.3–74.8 wt. % SiO2; Rb/Sr = 5.3–5.9), suggestive of derivation from an 

intermediate source composition by small degree partial melting. The weighted mean εHf(t) 

value of monzogranitic sample 18MRN15 plots within error of the putative crustal evolution 

line of c. 3.6 Ga intermediate crust derived from c. 3.73 Ga mafic crust extracted from a CHUR 

mantle reservoir (Fig. 3b). This is consistent with the c. 3600 and 3585 Ma zircon inheritance 

(Table 1). This monzogranite’s weighted mean εHf(t) value nominally plots within the crustal 

evolution field of Hadean mafic crust, however, the whole-rock geochemistry is unlikely to 

relate a mafic source for the parental magma, and an intermediate source composition is 

preferred on this basis. Similarly, the weighted mean εHf(t) value of monzogranite 18MRN16 

plots near the putative evolution line of 3.5 Ga intermediate crust derived from partially 

melting c. 3.60 Ga mafic crust extracted from CHUR mantle (Fig. 3b). However, the εHf(t) 

values are variable (MSWD = 2.3), suggestive of derivation from multiple isotopic reservoirs, 

possibly invoking Eoarchaean to Palaeoarchaean crustal sources. Ultimately, both 

monzogranites 18MRN15 and 18MRN16 have whole-rock geochemistry, zircon inheritance, 

and isotopic characteristics compatible with derivation from c. 3.60 to 3.50 Ga intermediate 

crustal sources, consistent with the ages and tonalitic compositions of early Archaean 

gneisses in the Narryer Terrane (Myers, 1988). The last monzogranite in this group, 11TKN28 

(εHf(t) = –8.6; δ18O = 4.9 ‰), has 71.7 wt. % SiO2 and 4.2 wt. % K2O, relatively lower than most 

other monzogranites in magmatic stage 3. It exhibits a depleted HREE profile (i.e., Lu), and 

has low Nb (14 ppm) and Y (13 ppm), coupled with elevated Sr (161 ppm), relative to typical 

monzogranites of stage 3. This whole-rock composition is compatible with derivation from a 

crustal amphibolitic source followed by magmatic differentiation. Zircon δ18O values are few 
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(n = 3), and highly variable (ranging between 3.8 and 6.5 ‰), leaving discrimination between 

infracrustal-mantle and supracrustal sources ambiguous. The weighted mean εHf(t) value 

plots on the putative crustal evolution line of c. 3.73 Ga mafic crust extracted from a CHUR 

mantle source (Fig. 3b), similar in age to the Eoarchaean Manfred Complex in the Narryer 

Terrane (Myers, 1988), and may represent derivation from mafic crust formed during this 

thermal event. 

Monzogranitic sample 11TKN32 (εHf(t) = –7.9; δ18O = 6.6 ‰) formed at c. 2635 Ma. It has 

73.5 wt. % SiO2, 5.5 wt. % K2O, and low FeO (0.6 wt. %). Notably, this metamonzogranite has 

low Rb (135 ppm), Th (19 ppm), Zr (201 ppm), and markedly low Nb (1 ppm), U (2 ppm), Y (6 

ppm) and Yb (1 ppm). It has the most distinctive REE profile of the monzogranites in stage 3, 

resembling those of early Archaean tonalitic gneisses in the Narryer Terrane, exhibiting low 

REE concentrations, a positive Eu anomaly, and depletion in HREEs (see Chapter 2, Figure 11). 

These geochemical characteristics are consistent with derivation from a refractory 

amphibolitic source. The weighted mean εHf(t) value sits on the putative evolution line of c. 

3.60 Ga mafic crust extracted from a CHUR mantle reservoir (Fig. 3b). These features, 

combined with the supracrustal weighted mean δ18O value, are suggestive of derivation from 

a 3.60 Ga refractory basaltic crustal source.  

Monzogranite 17TKN130 (εHf(t) = –11.0; δ18O = 6.3 ‰) formed at c. 2630 Ma and exhibits a 

biotite, hornblende, magnetite, titanite mineral assemblage. It has relatively low SiO2 (68.1 

wt. %), and high CaO (2.1 wt. %), Cr (18 ppm), Ni (16 ppm), REEs, HFSE (Y+Nb+Zr), compared 

to other stage 3 monzogranites. These foregoing characteristics are consistent with derivation 

from an amphibolitic source. The weighted mean εHf(t) value plots on the putative crustal 

evolution boundary line between early Eoarchaean and late Hadean mafic crust extracted 

from a chondritic mantle reservoir (Fig. 3b), warranting discussion below (see section 6.1.4). 

This, combined with the supracrustal weighted mean δ18O value, supports possible derivation 

from a c. 4.0 Ga basaltic source. 

Monzogranitic rock 11TKN25 (εHf(t) = –11.0; δ18O = 4.8 ‰) has low SiO2 (68.6 wt. %) and high 

FeOt+MgO (4.2 wt. %), Zr (666 ppm), Th (120 ppm), Sr (155 ppm), Cr (10 ppm), and Ni (8 ppm) 

relative to other monzogranitic rocks in magmatic stage 3. It is enriched in LREEs (La+Ce+Nd 

and Eu), however, it exhibits a negative Eu anomaly and is slightly depleted in HREEs. 11TKN25 
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has a weakly peraluminous aluminium saturation index and no identified zircon inheritance. 

These geochemical traits are difficult to unambiguously attribute to a specific source 

composition. Generally, monzogranitic rocks in magmatic stage 3 with high Th, LREEs, and 

negative Eu anomalies are more readily relatable to an intermediate source. However, this 

monzogranite has some features (low SiO2 and HREEs with elevated FeO+MgO, Cr, and Ni) 

reconcilable with an intermediate parental magma derived from an amphibolitic source, and 

later magmatic differentiation. The preferred source composition has significant impacts on 

the inferred source age, as suggested by the weighted mean εHf(t) value of –11.0. If a mafic 

source is preferred, then the εHf(t) value sits on the putative crustal evolution line of mafic 

crust extracted from a CHUR mantle source at c. 4.0 Ga (Fig. 3b). Alternatively, if an 

intermediate source composition is correct, then the εHf(t) value sits within error of c. 3.50 

Ga intermediate crust derived from melting a mafic source of similar age with a εHf(t) value 

of –0.8.  

Monzogranite 17TKN131 (εHf(t) = –11.0; δ18O = 5.9 ‰) formed at c. 2625 Ma and has 70.1 

wt. % SiO2 and an elevated Rb/Sr ratio (2.4) relative to many other monzogranites in stage 3. 

It has elevated LREEs (La+Ce+Nd), Zr (551 ppm), Th (91 ppm), U (14 ppm), possibly reflecting 

the zircon, titanite, and allanite mineralogy. It also has slightly elevated Sc (10 ppm) and Cr 

(10 ppm). The whole-rock geochemistry is difficult to attribute to a specific source 

composition. If a mafic source is preferred, then the weighted mean εHf(t) value sits on the 

putative crustal evolution boundary between Eoarchaean and Hadean mafic crust derived 

from a CHUR-like mantle (Fig. 3b). If an intermediate source composition is more suitable, 

then the parental magma may have been derived from c. 3.50 Ga tonalitic crust, itself formed 

by anatexis of similar aged mafic crust with an εHf(t) value of –0.8, like monzogranite 

11TKN25. 

Metapyroxenite 17TKN152 (εHf(t) = –11.0; δ18O = 6.9 ‰) formed at c. 2625 Ma and is the 

only ultramafic sample. It exhibits a cumulate texture defined by coarse poikilitic 

orthopyroxene with plagioclase inclusions, with subordinate clinopyroxene, but abundant 

magmatic zircon. The metapyroxenite is 23 wt. % MgO, 9.9 wt. % FeO, with high Cr (867 ppm), 

Ni (1620 ppm), Rb (128 ppm), Zr (85 ppm), Nb (7 ppm), and Y (15 ppm), and notably low Sr (2 

ppm). It also has elevated LREE contents, a conspicuous negative Eu anomaly, and slight 
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depletion in HREEs. The whole-rock geochemistry of the metapyroxenite does not faithfully 

reflect the parental magma composition, due to its formation as a cumulate. Rather, these 

elemental concentrations largely reflect the modal mineralogy. However, information related 

to the potential source may be extracted from some elements, including the REE profile, Rb/Sr 

ratios, and Ni-Cr contents. It could be reasonable to assign a mantle source for the pyroxenitic 

rock on the basis of the high MgO, Ni, and Cr contents. However, the elevated FeO, Zr, Rb, 

and LREEs, combined with the negative Eu anomaly and low HREE contents, are suggestive of 

a primitive crustal source. One possibility is that this pyroxenitic rock formed as a cumulate 

from an intermediate parental magma derived from a mafic crustal source. In this case, the 

magmatic zircon O-Hf isotopic data yield critical information for assigning a source 

composition. Firstly, there is no covariation in O and Hf isotopes, casting doubt on the 

contribution from multiple sources (Fig. 4c). The weighted mean δ18O value of 6.9 ‰ is 

supracrustal, excluding an infracrustal or mantle source. This, combined with the weighted 

mean εHf(t) value of –11.0, is suggestive of an ancient supracrustal source, with no evidence 

for contribution from a mantle source end-member (Fig. 3b). The foregoing geochemical 

characteristics are consistent with formation from an intermediate parental magma derived 

from a c. 4.0 Ga supracrustal basaltic source extracted from a chondritic mantle reservoir, 

warranting further discussion (section 6.1.4). 

Metagabbronorite 17TKN151 (εHf(t) = –1.4; δ18O = 7.2 ‰) also formed at c. 2625 Ma and is 

spatially related to metapyroxenite sample 17TKN152. It exhibits a cumulate texture 

comprised by orthopyroxene, clinopyroxene, and plagioclase feldspar. It has 13.8 wt. % MgO, 

9.2 wt. % FeO, 12.2 wt. % CaO, 1300 ppm Cr, 182 ppm Ni, 42 ppm Sr, 25 ppm Rb, and 1 ppm 

U. The metagabbronoritic cumulate has low REE contents, defining a flat trend with a slight 

negative Eu anomaly. Relative to pyroxenitic sample 17TKN152 it has low Ni, possibly related 

to olivine fractional crystallisation. Given this gabbronorite formed as a cumulate, the whole-

rock geochemistry is ambiguous in assigning a magma source composition. The zircon O-Hf 

data is different from all other samples analysed in this study and places the gabbronoritic 

rock as an outlier (Fig. 5). The weighted mean δ18O value (7.2 ‰) is strongly supracrustal. 

However, the weighted mean εHf(t) value (–1.4), warrants further discussion, as it can be 

attributed to a number of factors. One possibility is that the gabbronoritic cumulate formed 

from a CHUR-like mantle-derived melt strongly contaminated with supracrustal materials. 
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However, there is no evidence for O-Hf isotopic covariation supporting hybridisation of 

isotopically distinct melts (Fig. 4c). A second option is that the gabbronorite formed as a 

cumulate from an intermediate melt derived from a supracrustal mafic source with an 

unusual Hf isotopic composition. This can be achieved by partially melting a supracrustal 

basaltic source extracted from slightly depleted mantle (εHf(t) +3) at c. 3.25 Ga, coeval with 

the granitic Dugel Gneiss protoliths (Myers, 1988). No other magmas generated during stage 

3 have any geochemical evidence for relations with a mantle-source. On this basis, we prefer 

the latter option for the petrogenesis of the gabbronoritic cumulate. 

Granitic sample 18MRN28 (εHf(t) = –7.7; δ18O = 5.8 ‰) formed at c. 2620 Ma and is comprised 

by a biotite, amphibole, magnetite, and titanite mineral assemblage. It has relatively low SiO2 

(69.4 wt. %), K2O (5.0 wt. %), Rb (152 ppm), Th (21 ppm), and U (2 ppm), and high Al2O3 (15.1 

wt. %), CaO (2.6 wt. %), Sr (294 ppm), and Eu (3 ppm) compared to other stage 3 

monzogranites. It exhibits a positive Eu anomaly, consistent with its feldspar dominated 

mineralogy. These foregoing characteristics are congruous with derivation from an 

amphibolitic source. The weighted mean δ18O value is infracrustal. The weighted mean εHf(t) 

values sits on the putative evolution line of c. 3.60 Ga mafic crust extracted from CHUR-like 

mantle (Fig. 3b). These lines of evidence are suggestive of derivation from a late Eoarchaean 

infracrustal amphibolitic source. 

Monzogranite 17TKN154 (εHf(t) = –7.8; δ18O = 5.7 ‰) is the youngest granitic rock, forming 

at c. 2620 Ma. It has a biotite, hornblende, magnetite, titanite mineral assemblage. Relative 

to other stage 3 monzogranites it has high CaO (3.4 wt. %), FeO (4.6 wt. %), TiO2 (1.1 wt. %), 

Eu (3 ppm), Sr (190 ppm), Sc (15 ppm), and Y (61 ppm), and low SiO2 (66.7 wt. %), K2O (4.0 wt. 

%), Rb (130 ppm), U (3 ppm), and Th (26 ppm). These foregoing characteristics are consistent 

with derivation from an amphibolitic source. The weighted mean δ18O value is infracrustal 

and the weighted mean εHf(t) value sits on the putative evolution line of 3.60 Ga mafic crust 

extracted from a CHUR mantle reservoir (Fig. 3b). These data are consistent with derivation 

of the monzogranite by partial melting of a late Eoarchaean infracrustal amphibolitic source. 
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Supplementary materials 2: data tables 

 

Please see related electronic files: 

 

Supplementary Table A zircon O–Hf isotopic data.xlsx 

 

Supplementary Table B zircon O isotope data.xls 

 

Supplementary Table C zircon standards Hf isotopic data.xlsx 




